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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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Аннотация. Задачей настоящего теоретического исследования является оценка влияния кольцевых температурных швов на внутренней 

поверхности литейной металлической сферической формы на уровень напряженно-деформированного состояния (НДС) в ней при 
кристаллизации стальной отливки. Специфика данного технологического процесса состоит в геометрической форме (сфера) литейной 
модели, когда кристаллизующийся металл создает во внутренней поверхности литейной формы (в первые мгновения) значительные 
сжимающие напряжения, которые усиливаются кривизной формы: внутренний слой формы, нагреваясь, пытается увеличиться 
в  объеме, но этому препятствуют не только более холодные внешние слои, но и кривизна самого поверхностного слоя. Рассмат
риваются два варианта применения литейной формы: со швами и без них. Формулируется задача оптимизации конструктивных пара-
метров температурных швов (выточек) от величины возникающих в литейной форме нормальных напряжений в начальной стадии 
кристаллизации стальной отливки. При решении задачи используются уравнения линейной теории упругости, уравнения теплопро-
водности и апробированный численный метод. Приведена численная схема и разработанный алгоритм решения задачи. Оценка трещи-
ностойкости проводится по величине нормальных напряжений в металлической сферической форме. Найденные в результате решения 
тестовой задачи оптимальные конструктивные варианты (схемы) литейной сферической металлической формы зависят от располо-
жения температурных швов в оболочковой форме, значений напряжений в них в условиях целевой функции min-max и разработанного 
алгоритма. Результаты решения задачи представлены графически в виде эпюр напряжений и температур по исследуемой области 
в разных сечениях и временах охлаждения ОФ и нарастающей корочки металла. Дан анализ полученных результатов стойкости метал-
лической сферической литейной формы. 
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Моделирование и оптимизация влияния температурных швов 
на напряженно-деформированное состояние 
сферических металлических литейных форм

А. И. Евстигнеев , Д. В. Чернышова, В. И. Одиноков, Э. А. Дмитриев,
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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 solution1 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].

1 Pat. No. 2828801. Multilayer shell mold for casting / V.I. Odinokov, 
A.I. Evstigneev, E.A. Dmitriev, D.V. Chernyshova, Yu.I. Tkacheva, 
A.N. 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  τ ≤ 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]. 

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: I – liquid phase (steel); II – solid phase (solid 
metal); III – 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 A presents a sketch of an annular recess on 

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 σ22 are minimized.

The objective function for this condition is defined as:

	         	 (1)

with constrains

		           	 (2) 

here, Q is the area of the meridional cross section of mold.
The constraint on τ 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 σ22 , and σ33 in cross sections begin to  decrease 
at τ > 10 с. The constraint on the  recess opening angle γ0 

Fig. 1. Calculation scheme of the system with indication 
of the surface to the boundary conditions of the problem: 

S1 – contact surface of the liquid and solidified metal; 
S2 – inner contact surface of the solidified metal and the metal mold; 

 – outer surface of the metal mold in contact 
with the support structure (SS);  – outer surface 
of the metal mold in contact with the environment; 

I – liquid metal (LM); II – solid metal (SM); 
III – metal casting mold (MCM); 

IV – support structure (SS); F – funnel

Рис. 1. Расчетная схема системы с указанием поверхности 
к граничным условиям задачи: 

S1 – поверхность контакта жидкого и затвердевшего металла; 
S2 – внутренняя поверхность контакта затвердевшего металла 

и металлической формы;  – внешняя поверхность 
металлической формы контакта с опорной конструкцией (SS); 

 – внешняя поверхность металлической формы контакта  
с окружающей средой; 

I – жидкий металл (LM); II – твердый металл (SM); 
III – литейная металлическая форма (MCM); 

IV – опорная конструкция (SS); F – литниковая воронка

Fig. 2. Scheme of the system I (LM) – II (SM) – III (MCM)  
for optimizing the structure with two recesses on the mold inner surface

Рис. 2. Схема системы I (LM) – II (SM) – III (MCM)  
к оптимизации конструкции с двумя выточками  

на внутренней поверхности формы
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arises from the condition that the reduction in compressive 
stress σ22 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  .

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

‒ domain I (liquid metal):

		  	 (3)

‒ domains II and III (solid metal and mold):

	     	 (4)

where Ui  is displacements; εij  is strain compo-
nents; σ  is hydrostatic stress; p = I, II, III  – computa-
tional domains; Gp(θ)  is shear modulus in domain p 
(p = II, III); Gp (p = II, III)  – shear modulus for solid 
metal (p = II) and mold material (p = III); δij  is Kro-
necker delta; kp  is bulk compression coefficients; αp  is 
coefficients of  linear thermal expansion (p = II, III); 
ap  is thermal diffusivity (p = I, II, III); θ  is current tem-
perature; τ is time;  is initial temperatures in domains  
 

p = I, II, III; P1  is pressure in the  domain I;   

λp  is thermal conductivity; cp  is specific heat capacity; 
γp is specific weight; Δ is Laplace operator.

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

		  	 (5)

where θ1 , θ2  are temperatures of  the  solid and liquid 
phases; λ1 , λ2  are thermal conductivities of  the  solid 
and liquid phases; L is latent heat of fusion; ρ 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 δxn varies linearly, and the  tempe

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 δxn at a given 
time step  [21]:

	             	 (6)

where  is the temperature drop in the solid phase near 
the crystallization front.

Initial conditions for problem (3), (4):
–    – no solid phase present in the metal;

–    – temperature of the poured liquid metal 
(1500 °С);

–    – initial temperature of the mold (20 °С).

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:

U3 = 0; σ31 = σ32 = 0; ε31 = ε32 = 0.

Boundary conditions for equations (3), (4) (see Fig. 1):
– on the axis of symmetry

U2 = 0; σ21 = 0; qhf = 0;

– on surfaces S1 – S8

       (7)

where qhf  is heat flux;   – 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 Odyssey2. 

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 τ* = 15 s in problem (1) with 
constraints (2) is divided into a finite number of  time 
steps: τ* =   where n 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:  , φ, γ0 .

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

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  is 
determined by solving the heat conduction equation using 
the initial and boundary conditions for that step.

9. If the  temperature at surface S2 in domain I satis-
fies   ≤ θc , the thickness of the solidified shell is calcu- 
 

lated using equation (6); and the computational mesh is 
reconstructed starting from step 7. If   > θc , 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 σij and displacement 
fields Ui (i, j = 1, 2, 3) are determined.

11. Across domain Q on surface S2 the  maximum 
absolute value of  the normal stress σ22 is identified and 
entered into matrix .

12. A time step is performed. If  < τ*, return  
 

to step 8. If  = τ*, proceed to step 13.

13. From matrix  the value  σ22 = max  is found  
 

and recorded in matrix .

14. The parameter is updated: γn = γn – 1 –  ; then τ = 0. 
If γn = 0, proceed to step 15, if γn > 0, return to step 6.

15. From matrix  the  minimum value of    
 

 is selected along with the corresponding values 
of τ and γ.

16. End of the solution procedure.

 Results and discussion

Geometric parameters of  the  mold: S0 = 50 mm, R = 
= 20 mm, φ = 150°. 

Time intervals (s): : 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; P1 = 1 kg/cm2.

Domain discretization: N1×N2 = 13×20.
According to  the  calculations, dividing the  domain 

into 13×20 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 (13×20 elements along the same coordinate axes) is 
equally justified for the mold with recesses.

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

G2 = 104 MPa; α1, 2 = 12·10–6 °С‒1; 

λ = 0.0298 W/(mm·°C); 

L1 = 270·103 J/kg (latent heat of fusion);         (8)

C1, 2 = 444 J/(kg·°C); γ1 = 7.80·10–6 kg/mm3;

θc = 1450 °C.

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

	       	 (9)

Initial values for the optimization process:  = 23°, 
γ0 = 104°; recess dimensions A1 , A2 (7.1×2.6) mm along 
axes 1 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: 

2 Odinokov V.I., 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.
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	        F = 29.8 MPa; γ = 60°; τ = 8.6 s.	 (10)

Fig. 3 presents the  distributions of  σ11 , σ22 and dis-
placements U1 , U2 along the  edges of  recesses A1 and 
A2 in the  mold. It can be seen that at the  inner corners 
of recesses A1 and A2 there are stress concentrations for 
σ22 , 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  σ22 distribution (in MPa) across the  section 
of a mold without recesses at the same time (τ = 8.6 s). 
The σ33 distribution is not shown, as it is approximately 
equal to σ22 , differing by no more than ±1 %.

A pronounced difference in σ22 values is evident. 
Fig. 5 shows the  σ33 distribution for the  parameters 

given in equation (10).
Although σ33 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 σ22 
and σ33. The σ22 stress was chosen for initial optimization 
because the recesses in the mold effectively cut through 
the regions of high S3 , at the early stage of cooling (Fig. 4), 
without disturbing axial symmetry. However, to achieve 

a more global reduction in compressive stresses σ22 and 
σ33 , it would likely be necessary to introduce additional 
recesses perpendicular to the existing ones. 

Fig. 3. Plots of normal stresses σ11 , σ22 and displacements U1 , U2 along the edges of the recesses A1 and A2 in the mold at τ = 8.6 s

Рис. 3. Эпюры нормальных напряжений σ11 , σ22 и перемещений U1 , U2 по граням выточек A1 и A2 в форме при τ = 8,6 с

Fig. 4. Plots of normal stresses σ22 along the mold section 
without recesses at τ = 8.6 s

Рис. 4. Эпюры нормальных напряжений σ22 по сечению формы 
без выточек при τ = 8,6 с
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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 
σ33 (in magnitude) by introducing additional recesses 
on surface S2 . According to  equation (10), the  recesses 
are arranged symmetrically on surface S2 at  an angle φ, 
with an opening angle γ (Fig. 2). The highest σ33 values 
(in magnitude) occur within this opening angle γ (Fig. 5). 
Therefore, two additional recesses were placed on sur-
face S2 within the previously determined opening angle γ. 
The SSS of  the  shell-type steel mold with four recesses 
on surface S2 was then calculated using the above algo-
rithm for τ = 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 σ22 
and σ33 distributions across the  mold section at the  end 
of the time step τ* = 8.6 s. The results indicate a marked 
reduction (in magnitude) in both σ22 and σ33 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-

Fig. 5. Plots of normal stresses σ33 in the mold 
at optimal design parameters (10) 

Рис. 5. Эпюры нормальных напряжений σ33 в форме 
при оптимальных расчетных параметрах (10)

Fig. 6. Plots of calculated values of normal stresses 
σ22 and σ33 along the mold section at τ* = 8.6 s: 

 – σ22 ;  – σ33

Рис. 6. Эпюры расчетных значений нормальных напряжений 
σ22 и σ33 по сечению формы при τ* = 8,6 с: 

 – σ22 ;  – σ33
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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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