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Summary An approach to investigation of the thermomechanical processes in solids during cooling under
high-temperature annealing and following after annealing thermomechanical conditions is proposed. The
annealing is oriented on the relaxation of the residual stresses. This approach is based on the non-stationary
thermal conductivity problem, on the problem about a thermoelastoplastic stress and strain state of the thermal
sensitive hardenable solids in the deforming process and also on the software based on the finite element method
(FEM). As an example the evolution of the residual stress state in disk subjected to annealing and following
influence of the static loading applied to the disk hole is analyzed. The hole in disk is coaxial and circular. The
residual stresses are specific after coupling by butt welding of two ring disks.
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Statement of the problem. Residual stresses in solids, products, structural elements are
acquired and usually undesirable consequence of a number of technological processes and
operating conditions, as they reduce the strength of products and their durability [1-3]. In
particular, residual stresses occur as a result of welding [4, 5], casting, quenching, pressing,
heat treatment, etc. To increase the strength properties of such elements, in engineering, high-
temperature annealing with successively implemented stages namely heating to high
temperature, holding at this temperature for a long time and cooling to natural temperature is
widely used [1, 2, 6] (Figure 1).
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Figure 1. The stages of the high-temperature annealing and scheme of temperature and stresses change
under annealing
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In Figure 1 stress, temperature and time are indicated with o, T and t respectively.

Estimation of the stresses relaxed at the end of annealing is important for predicting the
operation of structural elements with residual stresses in operating conditions. High-
temperature annealing is a costly technological process. For welded structures, the price of heat
treatment is 25%-28% of the total cost of welding [7]. Therefore, the use of annealing heat
treatment is not expedient if the products with residual stresses are reliably operated without
previously application of annealing. For products with residual stresses, the following tasks are
in demand in practice: a) evaluation of stresses relaxed as a result of annealing; b) evaluation
of stresses in annealed products operating in thermal conditions. The problems of mathematical
physics, which are formulated for both presented cases, are characterized by initial stresses.
These initial stresses may not be described by functional dependencies and make it difficult to
solve the corresponding problems.

Analysis of available investigations. Approximate methods, and especially the finite
element method (FEM), make it possible to solve a wide range of problems in mechanics and
thermomechanics [8, 9]. However, the presented above tasks in regard to stress estimation are
not sufficiently considered. An important reason for this is that the known FEM software
systems are not focused on solving problems for solids with initial stresses. The developed set
of FEM programs [10] is an extension of algorithms [11,12] and generalization of
computational schemes in case of initial stresses.

The problem of annealing, namely the estimation of stresses in annealed products, which
are operated under certain technological conditions related to the action of forces or
temperature, is considered less than mechanical phenomena in the annealing process. The
operational capabilities of annealed products are associated with the study of microstructure
and mechanical properties [13, 14], as well as the improvement of design properties [15], etc.

Theoretical studies on the estimation of residual stresses are based on the relationships
of thermomechanics and allow to obtain quantitative distributions of thermomechanical fields
as a result of welding, heat treatment, etc. technological processes [1-3, 16]. There is a number
of difficulties associated with taking into account the specific features of high-temperature or
mechanical treatment, such as the presence of domains of plastic deformation, hardenability of
materials, thermal sensitivity of material properties in the range of realized temperatures, etc.,
which are significant factors influencing current and residual stress and strain states (SSS). As
a rule, the study of the mechanical state is restricted to theoretical beliefs based on certain
simplifications and does not comprehensively take into account these significant physically
observable phenomena. Experimental studies require expensive equipment to perform a series
of well-engineered experiments that can often be destructive [1]. Estimation of annealing
stresses is also difficult due to the phenomena of creep and phase transformations, which are
significantly manifested at the holding stage and studied more experimentally than
theoretically [1]. Experiments carried out about certain materials do not allow making more
general predictions about other materials used in practice. After this type of heat treatment, the
products are operated with the acquired stresses, which are often not estimated quantitatively.
In this regard, the theoretically made and physically justified prediction of residual stresses is
an important technological, applied and scientific problem. Based on the known stress
distributions at the end of holding, neglecting the insignificant influence of phase
transformations and the phenomenon of creep at the cooling stage, it is possible to theoretically
predict the final stresses at the end of annealing (which become residual during subsequent
operation of the product) and stresses in result of realized operating conditions after annealing.

Work purpose. The aim of the work is to develop a theoretical approach for studying
of thermomechanical processes in plastically deformable products and structural elements of
thermosensitive in the general case piece-homogeneous materials hardenable in the
deformation process. These thermomechanical processes are caused by cooling conditions
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during high-temperature annealing and the simulated operational thermal and (or) static
mechanical loads following after annealing. The theoretical approach includes the formulation
of the corresponding problem of mathematical physics, FEM for its solving and software
development. Based on this approach, as an example, investigate the stress in a thin round disk
with a coaxial concentric hole under cooling conditions during annealing and under the action
of a pressure of a given value applied to the boundary of the hole of the annealed disk.

Formulation of a mathematical problem. Basic regulations and relationships of the
model. In this paper, the formulation of problems of mathematical physics, which take into
account the possibility of plastic deformation, thermosensitivity and hardenability of materials,
iIs carried out both to describe thermomechanical processes during cooling annealing, and under
subsequent thermoforce influences as well. It is essential to estimate the residual and acquired
stresses at the holding end. Presented in Figure 1, schematic redistribution of stresses during
high-temperature annealing, taken from [2] and specified by experimental data on the
investigated material [1], illustrates the following regularities regarding the behavior of residual
stresses during annealing. The main stress relaxation occurs during the heating stage due to the
decrease in the Young's modulus E and the yield limit o at higher temperatures. Holding at
high temperatures causes further and less significant stress reduction. At the cooling stage at
certain thermal conditions, an increase in stresses due to an increase in the Young's modulus E
and yield limit o, with decreasing temperature can be observed [2].

For an isotropic solid subjected to annealing heat treatment in order to relax known

residual technologically acquired stresses {Gtechnolog } (Figure 1) to an unknown desired level

{Gamear | (Figure 1) and its subsequent operation under given thermomechanical conditions, a
range of problems is formulated based on the same relationships of thermal conductivity and
thermoplasticity with different initial conditions for temperature and stress distribution and
different boundary cooling conditions due to convective heat transfer and the nature of the
applied static mechanical forces. The cooling stage during annealing is considered, for which
the initial temperature is known T, =T,y (Figure 1), and on the basis of the known before

annealing stress distribution {Gtechnolog.} and experimental and theoretical data [1] on stress

reduction during heating and holding, the distribution of self-balanced stresses {a (O)}z {Ghoid |
(Figure 1) relaxed before cooling is substantiated. The quasistaticity of deformation processes
is assumed. The possibility of plastic deformation, thermal sensitivity and hardenability of the
material are taken into account. The joint consideration of the listed phenomena is practically
not realized in the known approaches to solving applied and theoretical problems in different
domains of mechanics of deformable rigid body, including the ones in this work.
Thermomechanical fields are investigated in the initial undeformed domain 2, with

the boundary 77, occupied by the solid in the orthogonal Cartesian coordinate system
(X;,X,,%3). In the following relations, the components of the tensor quantities for stresses are

arranged similarly as in the vector {o}={01,, 0,033,015, 013, 0} , the components of the
tensor quantities for strains are arranged as in the vector

{g}={gll,522,533,23 1212813, 28 23}, where the symbol «[J» means the transposition

operation.

The corresponding problems of mathematical physics both for the cooling stage during
high-temperature annealing and for thermomechanical factors of influence in a product that has
undergone annealing heat treatment are formulated as follows.

The problem of thermal conductivity for the desired non-stationary thermal process
includes the equation of thermal conductivity, the initial condition of temperature distribution
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T, and the boundary condition of convective heat transfer through part 75, of the
surface 77 [17].

For the SSS problem, the self-equilibrium of stresses {6'(0)} in the initial reference
undeformed state means [18] that

8] {6 @}-o, (1)

[n] ' { (0)}

Iyo =0, 2

where {o”' (0)} is the first Piola-Kirchhoff initial stress vector [18], [B] is matrix of differential
operators of geometric relationships [19], [n] is matrix of directing cosines of the external
normal {n} to the surface I, Iy, < I The problem about stresses with the volumetric forces

neglected is formulated as a system of equations with respect to unknown displacements {u}

strains {¢} and second Piola-Kirchhoff stresses {o} with corresponding boundary conditions.

This system of equations includes equilibrium equation [18], geometric linear relationship [18]
and state equation of plastic nonisothermal yield theory [20]
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In the case of static mechanical load, the boundary conditions are set on the part

Iy, < Iy, to which these forces are applied, and on the part 7, < 7, where the solid is
fixed in a certain way (/5 Uy, =14, Ly, N1y, =< ). The state equation (3) obtained in

[20] describes the behavior of a material with an isotropic-kinematic nature of hardening during
plastic deformation and is based on the correspondingly modified von Mises plasticity
condition [20], the specific form of which

\j{s}t'{s}t oy pb(eP)" <7 <1)

Bl =l ) -010.0,00) o'b, (o) =l '~} o 4218 110,00} {fo '~ 1)

(4)

is obtained in the work [21] by presenting its right part as a single expression. In the
relationships (3), (4), the matrix of elastic constants and the matrix of increments of elastic
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constants due to changes in temperature are values correspondingly indicated [D] and [dD];

{o} is second Piola-Kirchhoff stress vector; {¢ }, {g P } {g T } are vectors of total, plastic and
temperature strains respectively; H is instantaneous value of the tangent of slope angle of
isothermal deformation curve «stress intensity o; — strain intensity ¢;»; G is shear modulus

of elasticity; o; is intensity of stresses related to the center {7/ } of the yield surface in the stress

=

space; ¢ ! is intensity of plastic strains; &; is intensity of Cauchy stresses; g *, b, m are
parameters of isotropic expansion of the yield surface. The upper indices «t» and «t + dt » refer
to the values at the deformation time t and t +dt respectively. With the parameters g * and

{7/ } different model approximations of the hardening properties of materials are described,
namely: {y }#0 (t>0), 0< 8" <1 for isotropic-kinematic hardening; {y }=0, 0< g~ <1

for isotropic hardening; {y }#0 (t>0), g* =0 for kinematic hardening; {y }=0, g*=0
for ideal material.
The removing of the yield surface center {7/ } occurs according to the Ziegler rule [22]

y i=dullo ¥ -4 }') (5)

with the multiplier du in the explicit form obtained in [21] in accordance with the explicit

representation (4) of the yield function. This explicit form is obtained on the basis of implicit
functional dependence from the work [23].
A compact form of the equation of state (3)

oj=lollaej-foe T Jelao=](ley ko -7 Jrlder @

is convenient for designing FEM calculation schemes.
In the case where the cooling process at high temperature annealing is considered, the
initial temperature is the holding temperature (Figure 1)

To(1X}) = Thoia (7

and the initial stresses are residual stresses {a (0)}= {ohoi.} (Figure 1) known at the end of the

holding. The desired result of solving the above problem of thermomechanics for the cooling
stage during annealing is a non-stationary thermal process T =T, ({x},t) and the time-

varying stress distribution {o}={o ., }caused by it. The obtained residual stress state at the
end of annealing {o .. | (Figure 1) is also the initial state for the problem of determining

stresses under the influence of thermomechanical conditions that simulate the operating
conditions of annealed products.

For the problem of the required stress state after annealing of the product, the influence
of either temperature loads, or static mechanical forces, or the combined action of thermal and
mechanical factors are assumed. With possible subsequent thermal effects after annealing, the
non-stationary temperature distribution is the solution of the thermal conductivity problem [17].
In this paper, we consider cooling due to convective heat transfer through a certain part of the
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surface 77, from the known initial temperature T({x},t)‘t=t0 =T,({x},t), where this temperature

in the general case is inhomogeneously distributed in the domain 2, . In the case of mechanical

effects on the product with pre-relaxed to the level {o ., | (Figure 1) stresses as a result of
annealing, the value and nature of the distribution of applied forces as well as the conditions of
fixation are known. The problem of the stress state in the product after annealing is formulated
as the problem of yield theory based on the equation of state (3) [20] or its compact
representation (6). In the case of only the thermal load influence known from the solution of
the thermal conductivity problem, zero boundary conditions for stresses on the part of the

surface 77, < I, and conditions of fixing

Wl ro, =7} ®)

with the given displacements distributions {u : } on the part of the surface 75, < 7 are set. At
mechanical loading boundary condition (8) and boundary condition

n] (6 @)+t o, = P} ©)

on the part of the surface 7y, < I are set, where P, is quantity of applied pressure. Under

the combined influence of temperature and mechanical forces on the stress state formation, the
conditions (8), (9) will also be the boundary conditions.

FEM computational approach to solving the problem. Let us name the main
difficulties which are fundamental and practically do not allow to solve the formulated
problems in analytical form. Solids can have boundaries of non-canonical shape. The nature of
known initial residual stresses distribution may not be described by exact functional
dependences. The temperature dependence of the thermomechanical properties of the material
can be given in tables, in particular obtained as a result of experiments, and also cannot be
described functionally. Non-stationary thermal process in the non-canonical domains
considered in the general case as a factor influencing the stress state, is practically impossible
to obtain in analytical form. Static mechanical forces can have arbitrary distribution on the part
of the domain boundary. These and other difficulties are not essential and paramount in the
approximate FEM solving of the formulated problems. FEM calculation algorithms are based
on equivalent variational formulations for the thermal conductivity problem [19] and the SSS
problem [18]. Obtained in [21] the FEM equation with respect to displacement increments is
based on equation of state (3) (or (6)) of the plastic nonisothermal yield theory [20] and on the
equivalent variational formulation of the problem, the basic relations of which are relations (1)—
(5). In this case, the expression of the principle of virtual work [18], which is the basis of the
variational formulation of the SSS problem, does not depend on the initial self-balanced stresses
in the case of geometrically linear theories [18], and for the used variant of geometrically linear
theory it is:
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Equation (10) is solved at each step A ty =[ty, ty.a] (N=0,1,2,......,N* =1, N" is

number of steps) of tracking the deformation process and within each step on every j - iteration

of linearizing iterative process [21]. In this equation, matrix [4 D]* and vector {Q} are
dependent on the temperature change in the elastic constants of the material and yield limito
respectively [20], {(/)}N+1 is residual of the variational equation of the virtual work principle,
accumulated by the end of the load step 4 t, .

Computational aspects of the developed software, obtaining linearizing iterative
algorithms, step-by-step approximations for the relations of the basic SSS problem and for the
equivalent variational one are presented in the works [10-12, 21].

The proposed approach to estimating the evolution of residual stresses in the annealing
process at the cooling stage and known loading conditions after annealing based on the
formulated problem of thermomechanics and the approximate method of its solution using the
developed software enables solving a number of specific two-dimensional problems of
mathematical physics.

Stress state of a thin round disk with a coaxial concentric hole under cooling
conditions during annealing and in the conditions of force loading after annealing. As an

example, SSS in a thin round disk with a coaxial concentric hole of radius R, and with outer
radius R, and heat-insulated front surfaces is studied. The distribution in radial direction of the
(A) and circular GQ(A) stresses is given in Figure 2 [1] (

r

residual before annealing radial o
R, =50 mm, R, =100 mm). This stress distribution is characteristic for the disk obtained by

R, +R, 1.

The holding temperature (7) is initial one for the cooling stage. Stress

welding a circular butt weld of two round disks along the arc with the radius r =

61O = {5 L= {or(B), 09(8)} (Figure 2) before the cooling start is the result of preliminary
relaxation during the stages of heating and holding (Figure 1).
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Figure 2. Stress {0' © } = {amhno log .}z {ar(A) ,O'Q(A)} distribution in disk before annealing start and stress

{o— (O)}: {a,(B) , o—g(B)} distribution before cooling start in annealing process

The phenomena of creep and phase transformations at the holding stage during
annealing, complicate the theoretical prediction of stresses at the end of holding. In this paper,
the estimation of the stress {4 | = {ar(B),ag(B)} distribution at the end of holding is based
on the following experimental observations and theoretical facts. The intensity of the maximum
stresses does not exceed a value approximately equal to the yield limitoy, at the appropriate

temperatures [1] under the assumption of an ideal elastic-plastic material. There is [1] a
decrease of 2.5-3 times the intensity of the maximum stresses at the end of holding
comparatively to the residual stresses before annealing. There is also a similarity of uniaxial
and biaxial distributions of residual stresses before annealing and after holding [1]. The known

temperature distribution T, =T,y (7) and the stress distribution {}®) = {o,,,4 | estimated

in this way are the initial state for the formulation and solving of the problem of thermal
conductivity during cooling and the problem of temperature stresses caused by cooling,
respectively.

The desired final residual stress state at the end of annealing {o e | (Figure 1) is the
initial stress state for the subsequent study of the redistribution of these residual stresses in the
disk, which is subjected to the action of static load P, on the hole boundary.

Due to the symmetry of the geometric configuration and load conditions, the
calculations were performed in the domain 2, which is the fourth part of the horizontal section

of the disk (Figure 3).
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SECTION A

Figure 3. Calculated domain (2, , its finite element discretization scheme of the mechanical loading of disk
after annealing

The considered thin round disk with a concentric hole at the initial homogenous
distribution of the holding temperature T, =T,,4 =600°C is cooled through the hole
boundary r = R; and the outer boundary r = R, of the disk due to convective heat transfer with
a heat transfer coefficient of g =5,6 W/(m?-K) (air cooling). At thermal insulation of front
surfaces and absence of heat flows through boundaries 77, and 77, of domain 2, (Figure 3)
boundary conditions of a problem of thermal conductivity are:

oT oT
B = B(T=-T,), -4, =B(T-T,),
q or R, ﬁ( A) q or <R, IB( A)
(11)
oty _ot|  _
00 ooy 00 a:% ’

where 4, is coefficient of thermal conductivity of the material, T, is ambient temperature.

Temperature stresses caused by a non-stationary thermal cooling process are the desired
solution of the problem based on equation of state (3) (or (6)). When the sections 7, and 75,

(Figure 3) are not displaceable in the circular directions, the boundary conditions on the sections
Iy, Iy, for the problem of determining the SSS are:

=0, (12)

and boundary conditions, when r =R, and r =R, are
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Or r=R, = 0, (13)

r=R; = Or

which means the absence of mechanical loads on the contour of the hole and the outer boundary
of the disk at the stage of cooling during annealing.

Therefore, for the cooling stage during annealing, the problem of thermal conductivity
is solved with the initial condition (7) and boundary conditions (11). The initial condition for

the SSS task for the cooling stage is the condition {a}(o) = {ar(B),ag(B)} (Figure 2), the

boundary conditions are (12), (13).
The final residual stress state {o,,.. | Obtained at the end of annealing is the initial

stress state for the subsequent investigation of stresses in the annealed disk under the influence
of static load P, =60 MPa. In this case the boundary conditions of the problem will be the

conditions (12) and conditions
Or|r=R; = Py oy r=R, =0. (14)

The calculations are performed for a disk with dimensions R; =50 mm, R, =100 mm

and made of steel 0X13. The thermal sensitivity of the properties of steel in the considered
temperature range is indicated by the reference data of Table 1 [24] and a linear decrease in the

yield limit o, from 96 MPa at 20°C [20] to 1 MPa at1000°C . The specific volumetric heat
capacity C =3592,44 kJ/(m®-K) and the coefficient of linear thermal expansion a7 = 11,0-10°
6.K [24] are constant. In Table 1 v is Poisson's ratio. The values of the isotropic hardening
parameters included in the right part of the yield condition (4), are p* =0,515; b =2208 MPa,
m =0,435 [20].

Table 1
Temperature dependence of thermomechanical properties of 0X13 steel [24]
o Ag o E,

T,C W/(m-K) T,C GPa 1%
20 26,7 20 224,78 0,268
100 27,7 100 224,78 0,268
200 27,7 149 211,68 0,268
300 28,0 260 204,09 0,268
400 27,7 427 190,99 0,272
500 27,2 482 184,77 0,276
600 26,4 538 177,20 0,282

Solving of the problems of both annealing and mechanical load after annealing was
performed for a disk sampled by a grid of 150 finite elements shown in Figure 3.
Cooling stage at high temperature annealing. The non-stationary process of thermal

cooling to almost homogeneous temperature T ~154°C obtained at the initial time step
(4 t)0 =1 sec and the subsequent agglomeration of time steps, according to calculations

continues for the time t,, =20000 sec~5,5 hours. The total number of time steps in solving

the thermal conductivity problem is N; =4801. Information about the obtained thermal regime
in the form of appropriate temperature distributions for discrete time moments is the input
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information for the problem of temperature stresses. In the calculation analysis of SSS to
provide higher speed of calculations as well as to ensure the accuracy, the agglomeration of
time intervals has been maintained. The calculation of temperature stresses was obtained during
Nggs =33 steps. It is established that under these cooling conditions there occurs elastic
deformation of the material, which does not cause undesirable redistribution of stresses at the
stage of cooling during annealing.

Mechanical load after annealing. The following studies are related to the estimation of
the stress state that take place under the influence of a pressure of P =60 MPa applied to the

hole boundary. Graphs of stress o, , o, distributions and stress intensity o; distribution are
given below for the section A (Figure 3) that crosses the points of finite elements integration
in the radial direction. These distributions coincide with the distributions of the corresponding
stresses in other radial sections of the disk. To compare, in Figure 4, distributions of radial o,
and circular o, stresses as well as stress intensity o; in the disk free from residual stresses are

obtained and presented. The calculations are based on the model of isotropic-kinematic
hardening of the material.

-100

Figure 4. Stress distribution in the disk from residual stresses free under pressure P =60 MPa applied to
hole boundary r =R, =50 mm (isotropic-kinematic hardening)

The results presented in Figure 5 are found for an ideal material and three variants for
its hardening and illustrate the effect of this pressure on the disk with known pre-obtained for
the end of annealing residual stresses.

According to the analysis of the results obtained on the basis of the model of isotropic-
kinematic hardening of the material, significant differences in the nature of stress distribution
and their magnitude for the disk in the initial unstressed state (Figure 4) and in the disk with
residual stresses after annealing (Figure 5 b) are established. In addition, in the disk with the
previously known stresses after annealing, the pressure applied to the hole causes stresses which
are significantly different for different variants of hardening the material (Figure 5). Therewith,
the calculated stress state for an ideal material and kinematically hardened one almost coincide
(Figure 5 a).

Consideration of isotropic-kinematic hardening is substantiated [20] by good
consistency of the experimental deformation curve of this material and its approximation using

the above values of the parameters g *, b, m, » of isotropic-kinematic hardening, which are
included in the criterion of plasticity (4). Therefore, the calculated estimation of the
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corresponding stress distributions (Figure 5 b) is physically more reasonable. Calculations
within the model of isotropic hardening of the material (Figure 5 c) give overrated values of
stresses relative to the results of Figure 5 b with a similar nature of their distribution.
Conclusions. Thus, a sequence of problems for estimating thermal and stress states in
products subject to heat treatment by annealing in order to relax technologically undesirable
residual stresses and the subsequent after annealing effect of thermomechanical conditions
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are formulated. For each of these considered stages with different thermomechanical factors of
influence on the product, the problem of thermal conductivity for non-stationary thermal
process in thermosensitive solids and the problem of stress state for solids from plastically
deformable thermosensitive hardenable materials are formulated. FEM software is generalized
for solving mechanics problems within the geometrically linear theory variant for solids with
initial stresses. The ability of this software package to work with initial stresses is an important
difference from the known FEM software systems. The proposed problem statement and
developed software in connection with the complex consideration of physically observed
phenomena and initial stresses allow to investigate the thermomechanical state of products
caused by the above factors and insufficiently predicted in the theoretical and experimental
approaches to solving a number of scientific and applied thermoplasticity problems. The
developed software is focused on solving two-dimensional problems. Based on the calculated
results for the disk in the conditions of cooling during annealing, and the influence of pressure
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of a given value applied to the hole after annealing, the patterns of relationship in redistribution
of residual stresses in the considered sequentially implemented conditions are established for
the ideal material model and three variants for its hardening.

The following studies may focus on modeling thermal and mechanical states caused by

the technological operation of quenching products, annealing operation of quenched products
and the subsequent influence of mechanical factors and (or) in the general case of non-stationary
thermal regimes in quenched and annealed products.
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VJIK 539.3

JAOCTIKEHHA TEPMOMEXAHIYHUX NPOLHECIB
Y BUPOBAX ITPU BIAITAJII TA B EKCINIYATAIIMHUX YMOBAX
HICJIA BIAITAJIY: TEOPIA, PO3PAXYHKH

Bipa MuxailiuimmH

Inemumym npukaaouux npobaem MexaniKu i Mamemamuxy
im. A. C. Iliocmpueaua HAH Ykpainu, Jlveie, Yxpaina

Pe3tome. [ana poboma opienmosana HA NOCAIO08HE GUPIUIEHHS 080X NpoOieM: a) OYIHIOBAHHSA
nepeposnooiny HanNpyiceHv y pe3yabmami 0Xo100HCeHH NPU BUCOKOMEMNEPAmYPHOMY 8iONAli, MEMOI0 K020 €
penakcayis mexHoN02iUHO HAOYMUX 3ATUUKOBUX HANPYJHCeHb, 0) OYIHIOBAHHA HANPYIHCEHb, CHPUUUHEHUX
eKCHIIYAMAayitiHUMU YMOB8AMU Y BIONANEHUX SUpPOOAX ma KOHCMPYKMUGHUX 8Y31dX. 3anponoHo8aHo nioxio 00
NPOCHO3YB8AHHA HANPYHCEHb, BUKIUKAHUX GIONOGIOHUMU MEXHONOSIYHUMU YMOBAMU  BIONANIOBAHHA A
EeKCHIIYamayitiHuMy meniogumu i (a00) MexaHiuHuMu yMoeamu nicis eionantoeants. TeopemuuHnoo 0CHOBOM
Yb020 NiOX00Y € Meopis HeCMAaYioHapHOi MeNIoNPOBIOHOCI 1l MEOPIs NIACMUYHO20 HEI30MEPMIUHO20 MeUTHHSL.
Pose’azyeannsa cihopmynvosanux 3adau mamemamuunoi Qizuxu 6a3yemvcs Ha MemoOoi CKIHUEHHUX eleMeHmiq
(FEM) ma po3pobnenomy npocpamuomy 3abe3neyenni. Ilpoepamue 3abe3neuents opicHmosane Ha po3s ‘s3y8aHHs
080BUMIDHUX 34044 i 00360J19€ OOCHIONCYBAMU €BONIOYII0 MEPMOMEXAHIYHUX CMAHI8 8 0OHOPIOHUX I KYCKOB0-
OOHOPIOHUX, Y 3A2AIbHOMY BUNAOKY MEPMOYUYMAUBUX SMIYHIOBAHUX Y NPOYEC 0eOpMYBanHs I30MPONHUX MINAX
ma enemenmax KOHCMpPYKYill KAHOHIYHOI Ul HeKAHOHIYHOI hopmu nio 6naueom mennogux ma (abo) mexaHiuHux
gaxmopis. Cneyu@ixoio yux 3a0au € HAsIBHICMb NOYAMKOBUX HANPYJceHb. Bidomi npoepamnui cucmemu FEM ne
npayriomes 3 NOYAMKOBUMU HANPYICEHHAMU U MOMY He 00380JSI0Mb PO36 ’53Y8amu OKpecieHe KOao 3a0ay.
Baocnugicmv 0ocniocens y yboMy HanpamKy noe a3ana 3 00MeNceHicmio meopemuyHux nioxoois i, K HACIi0oK,
He0OCMAamHb0 8USHEHUMU MepMOMeXaniuHumuy asuwamu. Pospobnene npoepamue 3abe3neuents aneopummivHo
V3A2aNbHEHO HA BUNAOOK ICHYBAHHSA NOYATNKOBUX HANPYICEHb, AKUIO 0ehOPMYBAHHS PO32TA0Y8AHUX 00 €Kmie
ONUCYEMBCSL 2EOMEMPUYHO TITHILIHOIO MEeOpIEio.

AK npuxnao, npoamanizoeano nepeposnooil y npoyeci iONant08aHHs NONepeonbo HAOYMux 38apHUX
SAMUWKOBUX HANPYICEHb Y MOHKOMY OUCKY 3 KOAKCIQIbHUM KOJIOGUM OMEOPOM MA HACMYNHUL 6NIUE
NPUKAAOeH020 00 omeopy mucky. ObDIpyHmMoB8ano xapaxmep po3nooiiy ma pideHb HANPYIceHs y OUCKY Ha CIMAadii
OXONI00JHCEHH sl NPU BIONANIOBAHHI NIC/ISL NPOXOONCEHHS: CMAaoill HA2PIBanHs ma eumpumyeanns. Lli nanpyocents €
nOYamMKOBUMU OISl BUBHEHHS MEXAHIYHUX NPOYECI8, CNPUYUHEHUX HACMYNHUM 8NJIUBOM NPUKIAOEH020 00 OMBOPY
CMAmMuYHO20 HABAHMAdICEHHS. Bcmanoeneno 3akoHOMIpHOCMI (POPMYSAHHS HANPYICEHb Y PO32TA0Y8AHUX
NOCAI006HO Peaniz08anux yMosax 0isl i0eanbHo20 Mamepiany i mpbox MOOEIbHUX HAOTUNCEHD U020 3MIYHIOIOUUX
61acmugocmetl.

Kniwouogi cnosa: sionaniosanHs, 0XO0N00M4CEHH:, MEPMOMEXAHIUHI YMOBU, 3ANUUKOB] HANDYIHCEHH,
penakcayis, niacmuine 0eQOpMy8aHHs, MepMOYymMIUGICIb, 3MIYHEHHS, MemoO CKIHUEHHUX e/leMeHmis, OUCK.
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