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Abstract. During the crystallization of liquid metal in a shell casting mold, significant normal stresses occur on its surfaces. On the inner — compres-
sive, on the outer — tensile. They are especially pronounced at the initial moment of cooling time. This can lead to damage to the casting mold, and
hence damage to the crystallizing metal casting. It is possible to reduce the level of stress-strain state in the surface layers by applying special annular
(temperature) recesses (seams) to the outer and inner surfaces. In this paper, the problem of the influence of temperature seams in inner and outer
layers of a shell mold (SM) on the level of its stress-strain state (SSS) during crystallization of a steel casting was formulated and solved. The normal
stresses G,,, G55, which occur both on the inner and outer surfaces of SM at the initial moment of metal casting and cooling of the steel casting, are
accepted as a parameter of SM resistance to cracking. An axisymmetric problem for a cylindrical ceramic SM is considered. Based on the formulated
objective function, the paper presents an algorithm for solving the problem using the equations of the linear theory of elasticity, the equation of thermal
conductivity and the proven numerical method. As a result of solving the problem, the minimum number and locations of recesses on the inner and
outer surfaces of SM, ensuring a decrease in normal stresses, were determined. The results of solving the problem are presented in the form of stress
plots across the sections of the considered area. The authors analyzed the obtained results of SM resistance to cracking and gave recommendations
on the use of the obtained results in various scientific and technical fields.
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AnHomayus. lpyu KpuCTaIITU3aLNH )KUIKOTO METalIa B 000JI0YKOBOM JIUTEHHON (hopMe Ha ee MOBEPXHOCTIX BOSHUKAIOT 3HAYUTEIIbHbIC HOPMaJIbHbIC

HaIpsDKSHUS: Ha BHYTPEHHEH — CXKMMAIOIHe, Ha Hapy:KHOH — pacTsruaronire. OCOOCHHO SPKO OHM MPOSIBIISIFOTCS B HAYaJIbHBIH MOMEHT BPEMEHH
OXJIKACHUSI. DTO MOXKET MPHUBECTH K MOBPEKICHUIO JUTEHHOW (OPMBI, a 3HAYMT, U K MOBPEKIACHUIO KPUCTAJUIU3YIOIICIHCS METaINYeCKoit
ormBKU. CHU3UTH YPOBEHb HANPSHKEHHO-IE()OPMUPOBAHHOTO COCTOSHUS B IOBEPXHOCTHBIX CJIOSIX MOXKHO € TIOMOILBIO HAHECEHHUS HA BHEIIHIOKO
1 BHYTPECHHIOIO MOBEPXHOCTH CIELHATbHBIX KOJNBIEBBIX (TEMIEpaTypHbIX) BbITOYCK (1IBOB). B Hacrosiei padore chopMynnpoBaHa U penieHa
3aj1a4ya 10 BIMSIHUIO TEMIIEPaTyPHbIX HIBOB BO BHYTPEHHHX M BHEIIHHX CJIOSIX 0005104K0BO#T (hopmbl (OD) Ha ypoBeHb €€ HANPsHKEHHO-1e(OpMH-
posannoro cocrositus (HJIC) npu kpucranmu3annu craibHON OTIIMBKH. B kadecTBe napamerpa croiikocti O®D Kk TpenmHo00pa30BaHUIO TPHHSTHI
HOPMAJIbHBIE HATIPSDKEHNS O, ,, G55, BOSHUKAIONIME KAK HA BHYTPEHHEH, Tak U BHEIIHEH MoBepxHOCTAX O® B HAYaIbHBIA MOMEHT 3aJMBKH METAILIA
1 OXJIQKACHHS CTAIBbHON OTIMBKH. PaccMarpuBaeTcsi ocecHMMETpUYHAs 3a/1a4a Ul HHIMHIpHYecKoil kepamudeckoit OD. Ha ocHoBe cdopmy-
JIMPOBAHHOW LIeJICBOM (DYHKIIMU NPHUBEACH AJTOPUTM PEIICHHS 33aJa4i C UCIIOIb30BAaHUEM YPaBHEHUH JIMHEIHONW TEOPUH YIPYTOCTH, YPAaBHCHUS
TEIJIONPOBOIHOCTH M anpoOMPOBAHHOTO YUCIEHHOrO MeTona. B pesynbrare pemienus 3aJaud ONnpeiesieH0 MUHUMAIbHOE KOJMYeCTBO U MecTa
PAacIIOIOKeHNUS BBITOUCK HAa BHYTPEHHEH 1 BHEIIHeH noBepxHocTH O®D, 0becneunBaroniX YMEHbIICHHE HOPMAIbHBIX HANpsDKEHUH. Pe3ynbrarst
pelIeHHUs 3a/1a41 NPeICTaBICHbI B BU/E JIIOP HANPSHKEHUH 110 CEYSHUM paccMaTpuBaeMoit oonacty. JlaH aHaau3 MomyyYeHHbIX pe3y/IbTaToB CTON-
rxocti O k TpenmHo00pazoBaHui0. [{aHbl PEKOMEHIAIUH 110 HCIOIB30BAHUIO PE3YJIBTaTOB PAOOTHI B Pa3JIMYHBIX HAYYHO-TEXHIMUYECKUX 00IaCTsIX.
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B INTRODUCTION

Investment casting is widely used to produce geomet-
rically complex castings while maintaining dimensional
accuracy.

However, this process is characterized by a relatively
high rejection rate of shell molds (SMs), primarily due
to micro- and macrocracking as well as partial or comp-
lete mold failure during shape formation and, most criti-
cally, during key technological operations such as firing
and metal pouring, especially at the early stage of cool-
ing. These failures result from nonuniform heating across
the thickness of the shell mold. Consequently, the limi-
ted durability of SMs is mainly associated with elevated
stress—strain state (SSS) levels within the mold. To miti-
gate these effects, a range of technological solutions is
applied in industrial practice.

The stress—strain state of multilayer shell casting
molds has been extensively studied by both domestic
and international researchers. In particular, studies [1; 2]
examined the influence of shell mold shape and geo-
metry; works [3; 4] focused on wall thickness; investiga-
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tions [5; 6] addressed the properties of mold materials;
and publications [7 — 9] analyzed the influence of casting
geometry. Domestic studies dedicated to this problem are
presented in [10 — 13]. Similar issues have also been inves-
tigated in relation to permanent mold casting [14; 15].

The present study continues the authors’ research on
the crack resistance of ceramic SMs used in investment
casting. In earlier work, the SSS of cylindrical SMs dur-
ing pouring with liquid metal was investigated using
mathematical modeling. The theoretical analysis identi-
fied optimal physical parameters of the SM material and
its morphological structure as key factors governing crack
resistance. These results formed the basis for the deve-
lopment of new SM designs and configurations, for which
several Russian Federation patents for inventions have
been granted (including Nos. 2743439 and 2763359).

The theoretical investigations are based on a numeri-
cal method [16] applied to the following problem: liquid
metal is poured into a multilayer SM, where it solidifies
to form a casting; during subsequent cooling, the tem-
perature field and stress—strain state in the cross-sections
of the SM are determined.
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At the initial stage of the study, the analysis was
performed for a casting in the form of a cylinder with
a spherical rounding at the lower part, which simulates
a riser-type casting model within a shell mold.

Further theoretical investigations of cylindrical SMs
focused on quantifying how the force interaction with
the supporting filler (SF) and the interlayer friction para-
meters within the shell mold affect its stress—strain state
(SSS) [17; 18]. These results also led to the granting of Rus-
sian Federation patents (Nos. 2769192 and 2788296).

As shown by industrial monitoring of casting-mold
durability, the most unpredictable casting geometry is
spherical (ball-shaped). For spherical SMs, the optimal
supporting-filler (SF) coverage angle and its effect on the
stress—strain state (SSS) of the SM were determined
in [19].

Foreign studies [20 — 22] present numerical-method-
based mathematical modeling of these processes, whereas
works [23; 24] address modeling of the SSS in a solidi-
fying casting.

The search for technological solutions to reduce
critical SSS levels in SMs led to a new ceramic SM
design [25]. The proposed design builds on a well-known
approach for reducing thermal stresses in castings by
introducing so-called stiffening ribs [26].

It was shown that the durability of spherical SMs
increases when annular (temperature) seams, or recesses,
are introduced on the inner surface of the mold. A similar
durability increase associated with such seams has also
been reported for metal casting molds.

When steel is poured into a spherical shell mold,
the internal normal stresses across the cross-section are
fully compressive and reach relatively high values. Accor-
dingly, the theoretical analysis focused on conditions that
reduce the absolute magnitude of these stresses. The most
effective solution was a shell mold design incorporating
annular seams in the inner layer (lining) [25]. In contrast,
for cylindrical shell molds, the greatest risk is associated
with tensile normal stresses at the mold—SF contact surface.

In the present study, we consider a ceramic shell
mold with a cylindrical section and theoretically analyze
the effect of temperature seams not only in the outer layer
of the shell mold but also on its inner surface. A “rigid”
mold configuration is examined, namely a single-layer
ceramic mold with a constant shear modulus.

[ MATHEMATICAL FORMULATION OF THE PROBLEM

An axisymmetric body of revolution is considered
(Fig. 1), comprising a liquid phase (metal) (/), a solidify-
ing shell (1), a shell mold (Z11), a supporting filler (/V), cir-
cular recesses ai on the surface of the lining (surface S,),
and circular recesses bi on the contact surface between
the mold (/7]) and the supporting filler (/V) (surface S,).

Let 4 be a finite set of circular recesses a, on surface
S,;A=1{a,i=1,..,n}; and let B be a finite set of circu-

lar recesses b, on surface S,; B={b,, k=1, .., m}. Let
C=A4VU B. As follows from the authors’ numerous stu-
dies, the critical stresses during steel pouring into a shell
mold are o,, and o,,. Moreover, during steel cooling in
a SM with cylindrical sections, the hazardous stresses
are the tensile stresses 6,, on surface S,, whereas during
steel cooling in a shell mold of spherical configuration,
the hazardous stresses are the compressive stresses o
on surface S, .

Problem statement. Determine the minimum number
and placement of recesses 4 on surface S, of the shell
mold and the number of recesses B on surface S;, as
well as their geometric arrangement, such that during
metal cooling in the casting mold the maximum (abso-
lute) stresses in the domain Q at T = 1" remain within pre-
scribed limits for the axisymmetric problem:
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Fig. 1. Calculation scheme of the system with indication of the surface
to the problem boundary conditions:
S, — inner contact surface of liquid and solidified metal;
— inner contact surface of solidified metal and ceramic mold;
— outer contact surface of ceramic mold and supporting filler;
1 —liquid metal; /7 — crust of solidified metal;
111 — shell mold (SM); IV — supporting filler;
R —radius of SM spherical part; 4 — height of SM cylindrical part
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here O is the meridional cross-section domain; t° is

the maximum cooling time after which the temperature

over the domain Q begins to equalize and the normal

stresses 6,, and o, start to decrease in absolute value.
The value of t* is determined from the function

F = max|oy4(t,0)], (2)

under the constraint T < 60 s.

To compute F, we write the governing equations
in a Cartesian coordinate system for each subdomain
(Fig. 1) using linear elasticity theory:

— domain I
511:(722:(’.33:(;:1)1; 3)
B =—vh; 0 =q,A6;
— domain /1, I1I:
c;;=0,i,j=1,2,3;
* * 1
8 —08,7 =2Gp8,.j; € =¢; —388,./.; e=¢;;
4)

€ =3kpc+3ocp(9—9;); g :O,S(U,-,j +Uj,z')5

00 .

C,y— =div(hgradf),
ot

where G, are the components of the stress tensor; o is

the hydrostatic stress; &, are the components of the elastic

strain tensor; 4 is the height of the liquid metal column;

i :l—2u
E

» is the bulk compression coefficient; p is

Poisson’s ratio; £ is Young’s modulus; GP(G) is the shear
modulus in domain p (p = 11, 11]); a, is the linear thermal
expansion coefficient; a, is the thermal diffusivity coef-
ficient in domain (/); T is time; 0 is temperature; Cp is
the specific heat capacity in domain (p); v is the spe-
cific weight; 9; is the initial temperature in domain (p);
A =2A(0) is the thermal conductivity coefficient; summa-
tion over repeated indices is implied.

During the cooling of liquid metal, under the condition
that the metal temperature 6 < 0 (where 0_is the crystal-
lization temperature), the thickness of the solidified layer
A, is determined from the solution of the phase-transition
equation.

Initial conditions:

Al =0-absence of solid phase;

=0
3

0, - 9; — temperature of the poured liquid metal;

T=l

*

O

Boundary conditions of the problem in orthogonal
coordinates (Fig. 1):

— for the axisymmetric problem

. 0" — initial mold temperature.

Us; =0; 63, =03, =0; g3 =€ =0;
. Joy;

A, —0,i=1,23
0x4 0x4

)
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— on the axis of symmetry
U,=0;0,,=0,9,=0,0=0_;
—on surfaces S|, S, S,
Spls, = =P Oplg =05 Uylg, =05 0y, =0;
622|S4 =0; (511|S3~ =0;

(6)

sl

U,
012|S3, =y U* Ts Cos(nlxl);

9|S3 =0; 9|S2 =0,,
where U, is the displacement of the mold material during
sliding relative to the SF (sand), U" is the normalizing dis-
placement; y is the friction coefficient between the mold
and the supporting filler; 7 is the conditional yield limit
in shear; ¢ is the heat flux.

For the thermal analysis, we used Dirichlet (first-
kind) boundary conditions. To determine 6_(t) and 6" (1),
the data from Ref. [27] were adopted:

0, =0, ——0;
T

O<'C<6OS; (7)

0 =90[1+ ij,
13

here 7 is the cooling time, s; 9:, =1550°C; 6, =100 °C;
0, =20 °C; 0" is the temperature on surface S,;1,=60s;
T,=1s.

The time t© does not exceed 60 s, since for 1> 60 s
the stresses in the SM do not pose a risk of failure.

The shear modulus of the SM is taken as

G oa = 2960 kg/mm?. (8)
The algorithm for solving system (4) under boundary
conditions (5) — (7) is described in detail in Ref. [27].
The calculation yielded the following results:

F=-65.6 MPa; t*=21.65 s. 9)

The solution results are presented in Fig. 2 in the form
of stress plots along the cross-section of the shell under con-
sideration. The stresses o,, and o, are highly significant. In
the lining, 6,, and o,, are negative and reach large mag-
nitudes in the cylindrical part of the SM, with || being
approximately 1.5 times greater than |o,,|. In the spherical
part, the difference between 6,, and o, is smaller; however,
as the stresses approach the cylindrical region, the diffe-
rence becomes pronounced. In the outer layer (at the con-
tact with the supporting filler), the stresses 6,, are posi-
tive. In the spherical part, they are approximately equal in
magnitude, whereas in the cylindrical part they increase
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toward the upper portion of the mold. The stresses ¢, on
this surface (surface S;) are comparable to c,, in the spheri-
cal region and are practically zero in the cylindrical region.
Fig. 2 shows that the stresses 6., and 6,, arising during steel
pouring into the ceramic shell mold significantly exceed (in
absolute value) the limits specified in (1).

Having determined the value of t* from (9), we proceed
to solving the formulated problem. The process of steel
cooling in a ceramic SM with temperature seams (annular
recesses) is considered. In contrast to the previous prob-
lem, the cross-section Q represents a multiply connected
domain. The initial and boundary conditions largely coin-
cide with those of the previous problem. Boundary condi-
tions (6) are supplemented as shown in Fig. 1):

(022 =0y)[5 =0, i=5.6; (0, =0,)[; =0,i=7,8; (10)

Relationship (7) is also satisfied for the adopted value
of the shear modulus given in (8).

[ SOLUTION ALGORITHM

1. The geometric dimensions of the domain, the final
cooling time 1", the geometric dimensions of the recesses,

30 MPa
—
/ﬁ 14.0
L 26.1
-55.6 {

—36.6, -

A
—65.6

LT
366 ///— 22.0

—61.3/ -
379 -7~ _—1208

4371 .-
389 /—’/ 19.9
—63.7/ _--"
402 - 15.8

N

7 p
—63.9/ -
36| g5 T_—{124

Fig. 2. Stress plots 6,, (——) and o, (—==) along SM section

Puc. 2. Dmops! Hanpsixenuit 6,, (——) u 65, (= ==) no cedenuro OD

and their initial coordinates on surfaces S, and §, are
specified: a,(0), b,(0). The coohng time T is d1V1ded
into a finite nurnber of time steps: T = ZAT (where n is
the time-step index).

2. The investigated domain is divided into a finite
number of elements by a system of orthogonal surfaces.

3. The arc lengths of the elements are calculated
SiG,k=1,2,3;i#kj=1,2).

4. Initial and boundary conditions are specified for
the elements forming the considered domain ((5), (6),
(10)), as well as the constants of the physical and mecha-
nical properties of the materials.

5. The temperature field at the time step At is deter-
mined by a numerical solution of the heat conduction
equation using an iterative scheme [27], taking into
account the initial and boundary conditions at the given
time step. The presence of recesses was not taken into
account when solving the thermal problem.

6. If the condition 6|S2 <0, for domain (/) at sur-

face §,, is satisfied, the thickness of the crystallized shell
A, is calculated.

7. System of equations (3) and (4) is solved taking
in account boundary conditions (6) and (10), finite-dif-
ference analogs, and the developed methodology using
the Odyssey software package'. The stress fields o, and
displacement fields U, (i, j = 1, 2) are determined.

8. On surface S;, the mold-supporting contact is
assessed for each element if o, |s >0=>o0,,=0, 6, =0,
the boundary conditions are reass1gned and operation 7
is performed.

9. A time step is performed. According to relations (7)
the boundary conditions for solving the thermal problem
are reﬁned If ZAT <1, operation 5 is performed. If
ZAT =1, operation 10 is performed.

10. Over the domain Q, the values of 6., and o,, are
analyzed, and the maximum values (in absolute mag-
nitude) exceeding the constraints (1) are selected. Cor-
responding matrices are formed [G,,], [G3;]. If cons-
traints (1) are satisfied, operation 12 is performed.

11. From the matrices [G,,], [O3;] the maximum values
are selected, and recesses are introduced in the corres-
ponding cross-sections. Operation 7 is then performed.

12. The calculation process is completed.

[ RESULTS OF THE STUDY

Geometric parameters: S = 5 mm; R = 20 mm; 4 = 50 mm.

Time intervals At : 0.01, 0.02, 0.03, 0.04, 0.05, 0.1,
0.2,0.3,0.4,05,2,5,5,5,3,3,5,5,5,5s.

The following physical parameters of the poured steel
at § > 1000 °C (6., = 1550 °C) [27]:

! Onikov V.I., Prokudin A.N., Sergeeva A.M., Sevastyanov G.M.
ODYSSEY. Certificate of State Registration of a Computer Program
No. 2012111389. Registered in the Register of Computer Programs on
December 13, 2012.
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G =1000 kg/mm?; o = 12-10° deg™!;
A =0.0298 W/(mm-°C);
L =270-10° J/kg (latent heat of fusion);
C = 444 J/(kg-°C); v = 7.80-10° kg/mm?; 6_= 1450 °C.

Physical properties of the ceramic shell mold:

G =2960 kg/mm?; o= 0.51-10° deg™!;
A =0.000812 W/(mm-°C);
C =840 J/(kg-°C); y =2.0-10° kg/mm?>.

Recess dimensions: @, = X2 mm, b, = 1x3 mm.

Calculations performed using the above algorithm
yielded the following results: F'=5; a, = 2; b, = 3. The geo-
metric locations of the recesses (a;, b;) and the temperature
distribution in the cross-section (x, = 0) are shown in Fig. 3.
The resulting stresses o, and c,, are presented in Fig. 4.

As shown in Fig. 4, all maximum values of the stresses
0, (in absolute magnitude) and the tensile stresses o,,
satisfy the specified constraints (1), although in some
cross-sections they are very close to the limiting values.

[ ConcLusIONS

An axisymmetric problem was formulated and solved
to optimize the cooling of a steel casting in a ceramic
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Fig. 3. Calculation scheme of the system with a group
of recesses on the lining and outer layers of SM
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Fig. 4. Stress plots 6,, ( ) and 6, (= ==) along SM section
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shell mold with cylindrical and spherical sections and
annular temperature recesses.

The effectiveness of introducing annular recesses on
the outer and inner mold surfaces in contact with the cool-
ing metal was demonstrated.

The results can be used to analyze related processes,
perform strength calculations, and support optimization
studies.

[ REFERENCES / CNUCOK NUTEPATYPbI

1. 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

2. 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

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

4. 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.
2014;465-466:1087-1092.
http://dx.doi.org/10.4028/www.scientific.net/AMM.465-466.1087


https://doi.org/10.1016/j.jeurceramsoc.2020.07.013%20
http://doi.org/10.1016/j.ijheatmasstransfer.2008.11.007
http://dx.doi.org/10.1007/s12206-012-0854-0
http://dx.doi.org/10.4028/www.scientific.net/AMM.465-466.1087

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(6):613-620.
Evstigneev A.1, Odinokov V.1, and etc. Effect of annular seams on stress-strain state in cylindrical ceramic shell mold during solidification ...

10.

11.

12.

13.

14.

15.

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. Numeri-
cal simulation of solidification process for impeller invest-
ment 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., Yang J., 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 thin-wall 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

Golenkov Yu.V., Rybkin V.A., Yusipov R.F. Force interaction
of support material with shell mold during investment cast-
ing. Liteinoe proizvodstvo. 1988;(2):14—15. (In Russ.).

Tonenxos 10.B., Priokun B.A., IOcunos P.®. Cunopoe
B3aMMO/ICHCTBHE OTIOPHOTO Marepralia ¢ 000JI09KOH HOopMbI
IIPU JIUTHE 110 BBIIUIABISIEMBIM MOJEINSM. Jlumetinoe npous-
6o0ocmeo. 1988;(2):14—15.

Shpindler S.S., Neustruev A.A., TsereI’'man N.M. Deter-
mination of thermal resistance of the casting-mold contact
during investment casting. Izvestiya. Ferrous Metallurgy.
1986;29(9):97-100. (In Russ.).

HInunpnep C.C., Heyctpyes A.A., Ilepensman H.M. Omnpe-
JIeTICHUE TEPMHYECKOTO COIPOTHBICHHS KOHTAKTa OTIIMBKA-
(dopMa mpu JTUThE O BBHIIUIABISIEMBIM MOACISAM. M38ecmust
8y308. Uepnas memannypeus. 1986;29(9):97-100.

Vasin Yu.P., Lonzinger V.A. Calculation of the heat resis-
tance of shells during casting using moldable models. Litei-
noe proizvodstvo. 1987;(2):19-21. (In Russ.).

Bacun 10.I1., JIonsunrep B.A. Pacuer TepmocToiikoctu 000-
JIOUEK TPH JIHUTHhE MO BBHILIABISIEMBIM MOJCISIM. JIumetinoe
npoussoocmeo. 1987;(2):19-21.

Timofeev G.I., Ogorel’tsev V.P., Cherepnin A.Yu. Influence
of temperature factor on stress-strain state of a shell mold.
Izvestiya. Ferrous Metallurgy. 1990;33(8):69-71. (In Russ.).

Tumodees I'1., Oropenbues B.I1., Uepenuun A.1O. Bins-
HHUE TeMIIEpaTypHOTro (GakTopa Ha HaNpsHKEHHO-J1ehOPMUPO-
BAaHHOE COCTOSIHHE 000JI0YKOBOH (popmbl. M3secmus 6y306.
Yepras memannypeus. 1990;33(8):69-71.

Golofaev A.N. Calculation of stress-strain state of block
molds by the finite element method. Liteinoe proizvodstvo.
1983;(5):16. (In Russ.).

Tonodaes A.H. Pacyer HampsbkeHHO-IE()OPMHUPOBAHHOTO
COCTOSIHUSI KOKWJIEH METOJJOM KOHEYHBIX JIEMEHTOB. JIumeii-
Hoe npouszeodcmeo. 1983;(5):16.

Dembovskii V.V. Numerical modeling of castings forming in
metal molds. Liteinoe proizvodstvo. 1992;(6):31-32. (In Russ.).

16.

17.

18.

19.

20.

21.

22,

23.

JemOoBckuii B.B. UncnenHoe MozaenupoBaHHe MPOLECCOB
(dbopMHUpOBaHUS OTIMBOK B MeTAJIIM4YeCKuX hopmax. Jumeii-
Hoe npouszeoocmeo. 1992;(6):31-32.

Odinokov V.I., Kaplunov B.G., Peskov A.V., Bakov A.V.
Mathematical Modeling of Complex Technological Pro-
cesses. Moscow: Nauka; 2008:178. (In Russ.).

MareMaTtiueckoe MOJEIUPOBAHNE CIOXKHBIX TEXHOJIOTH-
yeckux npoueccos / B.M. Onunokos, b.I. Kamynos, A.B.
[TeckoB, A.B. bakoB. Mocksa: Hayxka; 2008:178.

Odinokov V.I., Evstigneev A.l., Dmitriev E.A., Cher-
nyshova D.V., Evstigneeva A.A. Influence of support filler
and structure of shell mold on its crack resistance. Izvestiya.
Ferrous Metallurgy. 2022;65(4):285-293. (In Russ.).
https://doi.org/10.17073/0368-0797-2022-4-285-293

OmmnoxoB B.U., Ecrurnee A.U., [ImutpueB D.A., Uep-
wermoBa  J[.B., EBcrurneeBa A.A. Bmmsame omopHOTO
HAIOJHUTENSI U CTPYKTYpPbI 000JIOYKOBOM (hOpMBI Ha ee Tpe-
LIMHOCTOMKOCTb. M36ecmus 6y3o6. Yepnas memannypeus.
2022;65(4):285-293.
https://doi.org/10.17073/0368-0797-2022-4-285-293
Odinokov V.., Evstigneev A.l., Dmitriev E.A., Cher-
nyshova D.V., Evstigneeva A.A. Morphological structure
of shell mould in investment casting. Izvestiya. Ferrous Met-
allurgy. 2022;65(10):740-747. (In Russ.).
https://doi.org/10.17073/0368-0797-2022-10-740-747

Onunokos B.U., Escturnees A.1., [Imutpues D.A., YepHbI-
mosa /1.B., EBcturueesa A.A. Mopdosorudeckoe CTpoeHUe
0001109K0BOM (HOPMBI 1O BBIIUIABISIEMBIM MOACIAM. /36e-
cmus 8y306. Yepnas memannypeusi. 2022;65(10):740-747.
https://doi.org/10.17073/0368-0797-2022-10-740-747

Odinokov V.., Dmitriev E.A., Evstigneev A.l., Namoko-
nov A.N., Chernyshova D.V., Evstigneeva A.A. Modeling
the stress-strain state and optimizing the angle of contact of a
spherical shell mold by a support filler. Journal of Applied
Mechanics and Technical Physics.2025;66(1(389)):189-196.
(In Russ.). https://doi.org/10.15372/PMTF202415455

Opunokos B.U., imutpues D.A., EBcturaees A.W., Hamo-
koHoB A.H., Uepnrimona /I.B., EBcturuneesa A.A. Mone-
JMPOBaHUE HANPSKEHHO-Ie(HOPMUPOBAHHOIO COCTOSTHMUS
W ONTHMH3ALMUS yIia oxBara cepuyeckoil 000I04YKOBOM
(OpMBI OTIOPHBIM HAMOTHUTECM. [IPUKIAOHAS MEXAHUKA U
mexuuueckas gusuxa. 2025;66(1(389)):189-196.
https://doi.org/10.15372/PMTF202415455

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 Cast Metals Research. 2000;13(4):199-206.
https://doi.org/10.1080/13640461.2000.11819402
Ogorodnikova O.M. Stress-strain state of metal in the effec-
tive range of crystallization. Liteinoe proizvodstvo.
2012;(9):21-24. (In Russ.).

OropoanukoBa O.M.  HanpshkeHHO-1e(hopMHPOBAaHHOE
cocTosiHUE MeTall1a B 3(p()EeKTHBHOM MHTEpBAJIC KPUCTAIIIN-
3anuu. Jlumetinoe npouzéoocmeo. 2012;(9):21-24.

619


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/10.17073/0368-0797-2022-4-285-293
https://doi.org/10.17073/0368-0797-2022-4-285-293
https://doi.org/10.17073/0368-0797-2022-10-740-747
https://doi.org/10.17073/0368-0797-2022-10-740-747
https://doi.org/10.15372/PMTF202415455
https://doi.org/10.15372/PMTF202415455
http://dx.doi.org/10.1177/1687814020923450
https://doi.org/10.1080/13640461.2000.11819402

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(6):613-620.
EscmucHees A.HU., OduHokosg B.H. u dp. BnvsiHMe KOJIbLIEBBIX IIBOB HA HANPSKEHHO-/1eOPMHUPOBAHHOE COCTOSIHUE ...

24. Desnitskaya L.V., Desnitskii V.V., Matveev [.A. Conside-

ration of the stress-strain state of solidifying steel castings
in the process of their production. Liteinoe proizvodstvo.
2019;(4):6-8. (In Russ.).
Hecnunkas JI.B., Jlecuuukuii B.B., Marsees U.A. Yuer
HanpsHKEHHO-Ae(hOPMUPOBAHHOTO COCTOSIHUSI KPUCTAILIH-
3YIOIIMXCSl CTATBHBIX OTJIMBOK B TEXHOJOTMH WX MPOU3-
BOJCTBA. Jlumeiinoe npouzsoocmeo. 2019;(4):6-8.

25. Odinokov V.., Evstigneev A.l., Dmitriev E.A., Evstig-
neeva A.A., Chernyshova D.V., Tkacheva Yu.l., Namo-
konov A.N. Casting multi-layer shell mold. Patent RF
no. 2828801 Cl1, IPC B22C 9/04 (2006.01), B22C
9/08 (2006.01). Bulleten’izobretenii. 2024. (In Russ.).
IMarent RU Ne 2828801 P®, MITIK B22C 9/04 (2006.01),
B22C 9/08 (2006.01). Jluteiinas MHOTOCIOMHAsT 000JIOUKO-
Basi popma / B.1. Onunoxos, A.U. EBcturuees, D.A. JImur-
pues, A.A. Epcrurneesa, [|.B. Uepusimosa, FO.U. Tkauesa,

A.H. Hamoxonos. 3asBn. 05.03.2024; ony6n. 21.10.2024.
Brom. Ne 30.

26. Foundry Production: Textbook for metallurgical specialties
of universities: Mikhailov A.M. ed. Moscow: Mashinostroe-
nie; 1987:256. (In Russ.).

JlureiiHoe MPON3BOACTBO: YUYEOHHK [T METAJUTYPrHYSCKIX
crenuaibHOCTEH By30B: moj oomi. pen A.M. Muxaiinosa.
Mocksa: Mammnoctpoenwue; 1987:256.

27. Odinokov V.I., Dmitriev E.A., Evstigneev A.IL., Sviridov V.I.
Mathematical Modeling of the Processes of Obtaining Cast-
ings in Ceramic Shell Molds. Moscow: Innovatsionnoe
mashinostroenie; 2020:256. (In Russ.).

Maremarnyeckoe MOECIUPOBAHUE POIECCOB MOTYYEHUS
OTJIMBOK B KepaMmuueckue 000oukoBbie (Gopmbl / B.I.
Onunokos, D.A. [Imutpues, A.W. Escrurnees, B.I. CBu-
punoB. MockBa: VIHHOBanMOHHOE MAIIMHOCTPOCHHE;
2020:221.

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

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

Dar’ya V. Chernyshova, Postgraduate of the Chair of Aircraft Engineer-
ing, Komsomolsk-on-Amur State University

ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

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

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

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Anexkceii HeaHosuy EescmuzHees, 0.m.H., npogeccop, 2nasHbll HAYY-
Hblll compyOHUK YnpasseHusi HayyHo-uccaedogamensckoll desimesib-
Hocmblo, KoMcoMOJIbCKHUH-Ha-AMype rocyjapCTBeHHbI YHUBEPCUTET
ORCID: 0000-0002-9594-4068

E-mail: diss@knastu.ru

Basepuii HeaHosu4 O0duHOK08, 0.m.H., npogheccop, 21a8HbII HAYUHbIT
compydHuk YnpassieHusi HAy4HO-UCCA1e008amenbCcKoll desimeabHoc-
muto, KoMCOMOJIbCKHI-Ha-AMype rocyJapCTBEHHbIH YHUBEPCUTET
ORCID: 0000-0003-0200-1675

E-mail: 79122718858@yandex.ru

Japes BumaavesHa YepHbiwosa, acnupaim kagedpwl «Asuacmpoe-
Hue», KoMcoMoJibcKUI-Ha-AMype rocyJapCTBeHHbIM YHUBEPCUTET
ORCID: 0000-0001-5142-2455

E-mail: daracernysova744@gmail.com

AHHa AnekceesHa EecmuzHeesa, cmydenm, KoMcoMoJibCKUH-Ha-
AMype rocyjapCTBEHHbBIH YHUBEPCUTET

ORCID: 0000-0003-0667-2468

E-mail: annka.ewstic@mail.ru

Jdyapd Anamoavesuu fJmumpues, d.m.H., doyeHm, pekmop, Komco-
MOJIbCKUH-Ha-AMype rocyAapCTBEHHbIN YHUBEPCUTET

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

A. . Evstigneev — conceptualization, setting goal and objective of the
study, analysis of results, writing the text.

V. L. Odinokov - scientific guidance, analysis of results, editing and cor-
rection of the article final version.

D. V. Chernyshova - performing and processing calculations, literary
analysis, processing graphic material.

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

E. A. Dmitriev - performing and analyzing calculations, writing and
correcting the text.

A. U. EscmuzHeee — popMUpOBaHUE KOHIENIMY CTATbHU, ONpejeie-
HUe LeJIM Y 33/la4M UCCIeJOBAHUS, aHa/IU3 Pe3y/IbTaTOB UCCIe/l0Ba-
HU, IOATOTOBKA TEKCTA.

B. H. 00uH0K08 - Hay4yHO€e PYKOBOJICTBO, aHA/IU3 Pe3yJIbTAaTOB UCCJIe-
JIOBaHUH, peAaKTHUPOBAaHHWE U KOPPEKTHUPOBKA (QUHAIbHON BepcuU
CTaThH.

. B. YepHblulosa - npoBeieHre U 06pab0OTKa pacyeToB, HOAIOTOBKA
6ubsMorpaduyecKkoro CucKa, 06paboTka rpadguieckoro MaTepuasna.
A. A. EscmuzHeega - mpoBe/ieHUe PacyeTOB, IOAT0TOBKA TEKCTOBOTO
Y rpaduyeckoro Matepuasa.

3. A. Imumpues - npoBe/ieHNe pacyeTOB M UX aHa/IN3, IOJArO0TOBKA U
KOPpPeKTHPOBKA TEKCTa.

Received 03.12.2024
Revised 01.09.2025
Accepted 10.09.2025

Iocrynuna B pepakiuro 03.12.2024
IMocne nopabdorku 01.09.2025
Ipunsra x my6mukanuu 10.09.2025

620


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

