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UDC 539.3 Hollow cylinders of circular cross-section, made of functionally graded materials,
are used in many branches of economy as structural elements and parts of ma-

NUMERICAL ANALYSIS chines and units. During manufacturing or in the process of operation of such

OF THE STRESS STATE | ovlinders, the shape of their cross-sections may differ from the circular one to
OF NEAR-CIRCULAR some extent. A solution of the equilibrium problem of hollow cylinders of non-

uniform thickness, which are close to circular ones, in a 3D formulation under
HOLLOW CYLINDERS certain boundary conditions at the ends is considered in this paper. The cross-
MADE OF sections of the considered cylinders are described using Pascal's limacon equa-

tion. A two-component continuously non-homogeneous material, which elastic
FUNCTIONALLY properties, characterizing Young's modulus and Poisson's ratio, can be deter-

GRADED MATERIALS mined using concentration of the composition materials along the thickness, was

chosen as the cylinder material. The aim of the paper is numerical analysis of the

Liliia S. Rozhok stress state of cylinders of such class depending on the law of variation of elastic
teor mex(@ukr.net properties of their material. The solution of the problem is based on reduction of
ORCID: 0000-0002-7926-9074 the original three-dimensional boundary value problem for the system of partial

. . . differential equations with variable coefficients to a one-dimensional boundary
National Transport University, value problem for a system of ordinary differential equations with constant coeffi-
1, M. Omelianovycha-Pavlenka str., cients of higher order. At the same time, the analytical method of separating vari-
Kyiv, 01010, Ukraine ables in two coordinate directions with approximation of functions by discrete

Fourier series is used. The one-dimensional boundary value problem is solved by
the stable numerical method of discrete orthogonalization. The analysis of the
stress state of cylinders depending on the dent size that appear in the neighbor-
hood of the reference surface diameter and the law of variation of the material
elastic properties was performed. It is shown that the nonlinearity of the law of the
elastic properties distribution along the thickness leads to an increase/decrease of
maximum values of normal displacements and longitudinal stresses by 1.3 times
compared to the linear law. At the same time, an increase in the dent size leads to
an increase of both the displacements and normal stresses by 2-3 times in the zone
of the dent maximum dimension compared to the diametrically opposite zone. The
results obtained in the paper can be used in strength calculations of structural
elements and parts of machines of a similar type.

Keywords: discrete Fourier series, stress state, hollow cylinders, 3D elasticity
theory, Pascal's limacon equation, functionally graded materials.

Introduction

The use of hollow cylinders as elements of structures and parts of machines requires ensuring strength
and reliability during their operation. We note that in order to make optimal design and construction decisions
during the development of new designs of machines, equipment, and buildings at the early stages of design,
detailed information on the influence on the stress state of both the design parameters, the properties of the ma-
terial from which they will be made, and the corresponding operating conditions is needed [1, 2]. In case of
absence of experimental data, such information can be obtained only with the help of theoretical models. There-
fore, the development of promising types of constructions depends on the discovery of effective means of
mathematical modeling as soon as possible.

We note that, based on the specifics of operation and the given requirements, various methods and ap-
proaches are currently used to solve classes of problems about the stress strain state of plates and shells to ensure
the strength and reliability of the considered structures and their elements. For example, a technique that allows
the solution of three-dimensional boundary value problems for thick thermosensitive plates to be reduced to a
two-dimensional case is proposed in paper [3]. In [4], within the framework of the spatial theory of elasticity,
two options of the semi-analytical method of finite elements are proposed in relation to the study of the frequen-
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cies of free oscillations and the forms of the distribution of displacements in them. Paper [5] is devoted to the
development of semi-analytical methods. In paper [6], an improved finite element method using a multiparame-
ter wavelet finite element was used to determine the stress strain state of non-thin cylindrical shells.

At the same time, structural elements in the form of hollow cylinders very often work under difficult
conditions, in which the outer and inner surfaces are in environments with different properties. At the same
time, for the construction of such structures, it is advisable to use functionally graded materials (FGM), which
have continuously variable mechanical properties along a certain direction. By the way, at the beginning of
their use, continuous non-homogeneous (functionally graded) materials were proposed as an alternative to ho-
mogeneous coatings and layers in parts of acrospace vehicles, which are subject to the influence of extremely
high temperatures [7, 8]. Studies have shown that materials with variable elastic properties along the thickness
have a higher degree of resistance to wear and cracking. In addition, machine parts made of functionally graded
materials (FGM) have a longer service life compared to conventional all-ceramic parts [9].

Most often, ceramics and metal are chosen for the manufacture of FGM. The problems of the static
and dynamic state of plates and shells made of FGM are considered in papers [10—13]. To study the static
behavior and conduct the stress state analysis of thick-walled circular cylinders, the general theory of shear
deformation using the generalized differential quadrature method and the Newton Raphson iterative method
was used in [14]. The problem of the stressed state of thick hollow cylinders made of FGM, in which the
properties change in the radial and axial directions under the action of thermal and mechanical loads, was
considered in [15]. At the same time, the meshless local Petrov-Galerkin method with time integration of
linear differential equations by the Crank-Nicolson and Newmark method is applied.

One of the approaches to solving problems about the stress state of circular hollow cylinders, which are
under the action of a surface load under certain boundary conditions at the ends, consists in presenting the solu-
tion in the form of a double Fourier series (in the direction of the generating and guiding cylinder), which
makes it possible to reduce the original three-dimensional boundary value problem for a system of partial dif-
ferential equations with constant coefficients to a one-dimensional one for a system of ordinary differential
equations, which is solved by one of the numerical methods (by the thickness of the cylinder) [16]. In the case
of a non-circular cross-section, the initial three-dimensional boundary value problem is described by a system
of partial differential equations with variable coefficients, which does not allow to separate the variables in the
direction of the guide. To overcome this problem, a following approach is proposed, according to which, after
separating the variables in the direction of the generator to the system of differential equations being solved,
additional functions, which are subsequently approximated by discrete Fourier series, which makes it possible
to formally present the solving system of partial differential equations with variable coefficients as a system
with constant coefficients and to separate the variables in the direction of the guide, are introduced. The integra-
tion of the obtained system of ordinary differential equations is carried out on the basis of a stable numerical
method of discrete orthogonalization, with the definition of the integration of the amplitude values of the com-
plementary functions at each step using the standard procedure for calculating the coefficients of the discrete
Fourier series. The advantage of this approach is that it allows to accurately satisfy the boundary conditions on
the side surfaces of the cylinder, take into account the change in the mechanical parameters of the material
along the thickness of the cylinder, and obtain a solution of the problem that is close to the precise.

Aim of paper is to study the influence of changes in the law of elastic properties of material on the
stress state of near-circular hollow cylinders, which are under the action of surface distributed load, based on
an unconventional approach based on the use of analytical methods of separating variables in two coordinate
directions with the parallel application of approximation of functions by discrete Fourier series and the nu-
merical method of discrete orthogonalization [17].

Problem statement and solution method

Elastic bodies in the form of hollow cylinders bounded by two curved surfaces, between which the
distance, which determines the thickness of the body, is constant, are considered. The material of an elastic
body is isotropic and non-uniform in thickness, as a result, the body obeys generalized Hooke's law. Taking
into account the fact that the displacement compared to the thickness, and the relative displacements com-
pared to the unit, are insignificant, the equations of the linear spatial theory of elasticity are taken as the main
ones [18]. At the same time, elastic bodies are solid bodies that do not undergo breaks.
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In this paper, hollow cylinders are assigned to the curvilinear coordinate system s, z, Y, where
s=const, t=const — lines of main curvatures on some coordinate cylindrical surface, and the coordinate v is
laid along the normal to this surface. The arc coordinate ¢ is offset from a certain fixed generator, and we
consider the parameter s of the generator to be equal to the distance to one of the boundary contours of the
coordinate surface. The middle surface of the cylinder equidistant from its bounding surfaces is chosen as the
coordinate reference surface.

The square of the length of the linear element in the selected coordinate system has the form

ds* =ds* + Hydt* +dy?,
where Hi=Hs=1, H=1+ y/R,, here R, — is the radius of curvature of the guide reference surface.

The problem is solved under the following conditions: the direction of the coordinate surface is an
arbitrary continuous piecewise smooth closed surface; mechanical properties can be variable along the thick-
ness, remaining constant along the design, the applied load can be set arbitrarily.

When solving problems of the theory of elasticity for hollow cylinders, it is necessary to satisfy not
only the basic equations of the theory of elasticity, but also the corresponding boundary conditions on the
bounding surfaces.

The cylinders are assumed to be under the action of an external normal load g¢=q,-sin(ws/L)
(go=const, L is the length of the cylinder), then the boundary conditions on the side surfaces have the form

c, =0, Ty =0, Ty =0 aty=-"h/2;
6, =q,-sin(ns/L), 1, =0, 1, =0 aty=h/2, (D

where / is the cylinder thickness.
Cylinders closed along the guide are considered. In this case the conditions of periodicity of all fac-
tors of the stress state are met (P is the period)

c,(s,5,7)=0,(s,t+P,y), 1,(s,6,y) =1,(s,t+ P,y), u,(s,6,y)=u,(s,t+ P,y). 2)

At the ends of the cylinders there is a diaphragm that is absolutely rigid in its plane and flexible
when leaving it, i.e.

o,(t,y)=0, u,(t,y)=u,(t,y) =0 ats=0, s=L. (3)

The functions in which the boundary conditions on the lateral surfaces are formulated, i.e. the three
stress components G,, Ty, Ty, to Which three components of displacements u,, u,, u, are added, are taken as solv-
ing functions. After certain transformations from the basic equations (three equilibrium equations, six expres-
sions of deformations due to displacement and six relations of generalized Hooke's law), it is possible to obtain
a solving system of partial differential equations of the sixth order with variable coefficients, which, along with
the boundary conditions (1)—~(3), describes a three-dimensional boundary value problem in the form

do, 1 or, 1 o, I{Ev u, v E_ 1(au 1 H
- + : v >
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ou,  2(1+v) 1 ou, 1 1

T, ——1u,;
oy E H, & H, R,

(0<s<L; to<t<ty+P; -h/2<y<h/2).
The presence of boundary conditions (3) allows to separate the variables in the direction of the gen-

erator, giving the solving functions, taking into account the applied load in the form of expansions in Fourier
series along the coordinate s

X(t.5.y) = Y [X,(t.p)sink,s]; Y(ts,9)= [V, (t.y)cosh,s], (%)

n=1 n=0

where X = {G 3Tyl ut,q}; Y—{ ool } A, = T

Substituting the series (5) and the boundary conditions (1) into the solution system (4), and separat-
ing the variables, we obtain the solution system of partial differential equations with variable coefficients for
each member of the series (5), which describes the two-dimensional boundary value problem.

Since hollow cylinders with a close but not circular cross-sectional shape are considered, the system
of differential equations to be solved has coefficients that depend on the two coordinates ¢, y and do not al-
low to separate the variables in the direction of the guide. To overcome this obstacle, the products of the
solvable functions with the specified coefficients are formally written in the form of so-called complemen-
tary functions, thereby transforming the formally solvable system of partial differential equations with vari-
able coefficients into a system with constant coefficients. By omitting the index # in the notation of the solv-
ing functions and denoting the complementary functions through

; 1 1 1 1
J(6y) = —— 65T -15
(pl( Y) H2 Rt{ y sy>%y H R } (] )
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we obtain a solving system of partial differential equations with constant coefficients in the form
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As mentioned above, the resulting system of differential equations (7) is formally a system with con-
stant coefficients. To separate the variables in the direction of the guide, we will present the solving, com-
plementary functions and load components in the form of expansions in Fourier series along the coordinate ¢

= v = ST 2mk
Xt =2 Xumeoshts V() =3 Ymsinkets hy ===, ®)

=0 =1
where X ={0,.7,..1,.1,.4.0]. 0400 : ¥ = {1,,.0,.93.01.05.- ).

After substituting into the system being solved (7) the series (8) and the corresponding boundary condi-
tions, as well as separation of variables, we get to the solution system of ordinary differential equations with

constant coefficients relative to the amplitude values of the series (8), which describes a one-dimensional
boundary value problem

G, . v Ev £
a’;’ = KnTsy,k +(—1 iy —lj(Pi,k —@Z,k _—1 — 2 )‘n(Pik +—1 7 ((P?l,k _(pls,k);
ot % E Ev E Ev £
sYk =— ) o 4 )\’2 ( " J}\‘ 2 2 3 ,
a,Y 1—v n> v,k 1_\)2 n sk (Plk 1_V2 1_V2 n(p4,k 1—V2 n(Pl,k 2(1 V) (Pék
ot E Ev E E
ek 3
-2 +—A - — ; 9
oy S 2(1+ ) (P” {l—v2 2(1+v) nP3k 1—v2 (P74 +Psz) (P3k )

ou,, 1-v-2v* v
ﬁyy’ ST iowE O Ty Bt ek Ou):
ou
a:{’k = 2(1;_ V) , }\’I’tqu’
Gut,k B 2(1+v)

oy E

3
Tk ~P3x TP

with boundary conditions
iy =051,,=0;1,,=0aty=-2;

G,k =905 Ty =05 T, =0 aty=h/2. (10)

If the amplitude values of the complementary functions are known in the system of equations (9), then
the problem is reduced to a two-point linear boundary value problem with constant coefficients, which is solved
by the stable numerical method of discrete orthogonalization simultaneously for all harmonics of series (8). To
establish the amplitude values of complementary functions, the method of their approximation by discrete Fou-
rier series is used. For this purpose, at each step of integration, for a fixed value of the coordinate vy, in a number
of points of the guide, taking into account the expressions (6), the tabular values of the complementary functions
are calculated based on the current value of the solving functions. Using the standard procedure for determining
the Fourier coefficients for the functions given by the table of their values, these coefficients are calculated, sub-
stituted into the solution system (9) and the next step of integration is made. At the beginning of the integration,
the amplitude values of the complementary functions are determined based on the boundary conditions (10).

The reliability of the obtained results is ensured by the use of strict equations of the spatial theory of
elasticity, the use of analytical methods of separation of variables and stable numerical method of discrete or-
thogonalization. The solution error may occur when applying the numerical method, as well as when calculat-

ISSN 2709-2984. Ipobnemu mawunobyoyeanns. 2024. T. 27. Ne 2 47



DYNAMICS AND STRENGTH OF MACHINES

ing the amplitude values of the complementary functions specified by the table. It is possible to influence the
accuracy of the obtained results by varying the number of integration and orthogonalization points when apply-
ing the numerical method and the number of points for determining tabular values of complementary functions
and the corresponding number of terms contained in discrete Fourier series. Some examples of assessing the
accuracy and reliability of the results for an isotropic non-thin shell when applying the considered approach are
given in the paper [19].

Numerical results and their analysis

On the basis of the considered methodology, the problem of the stress
state of hollow near-circular cylinders with a disturbed cross-sectional surface
around one of the diameters was solved (Fig. 1). The reference surface is de-
scribed by Pascal's limacon equation, which in the polar coordinate system has
the form

p=acosy+/, (11)

where p is the polar radius; v is the polar angle in cross-section; 0<y<2mw; a — is the
radius of the original circle; / is the distance at which the point is displaced along

Fig. 1. Cross-section

) of the reference surface:
the radius vector. 1 — circular, 2 — with a dent

Since the initial information about the shape of the reference surface (11) is given through the pa-
rameter y, which is different from ¢, the transition coefficient must be taken into account when calculating
the corresponding derivatives

dt 2 ol

—=p" + 2 =0(y).

v p> + ()] = ow)

Then, when defining certain additional functions, we get the following dependence for each function

V=W, ((v))
oV v 1

ot oy o(y)’
and the radius of curvature of the reference surface in the cross-section has the form

3
_ prreyk
p*+2(p")’ —pp"
For the geometric parameters of the cylinders, the following are selected: length L=60-/,, thickness
h=6-1,, Pascal's limacon parameters a=5-1y; 20-ly; [=40-1,.
Cylinders are made of FGM, for which the relation between the elastic modulus £ and Poisson's ratio

v with the corresponding parameters of the materials included in the composition are determined by the for-
mulas [10]

]

E=(E,-E)W+E;v=(,=v)V+v,,

where £}, E,, vi, v, are mechanical parameters of the first and second materials; V' is the concentration of the
second material depending on the thickness coordinate —#/2<y<h/2. During calculations, the power law of
change of elastic properties V=(y/A+0.5)" is adopted. Mechanical properties of composition materials are:
aluminum: E=70 GPa; v=0.3; SiC: E=427 GPa; v=0.17. A value is selected for the exponent parameter
m=0.5; 1; 2. For m=1, the nature of the distribution of the elastic modulus and Poisson's ratio along the
thickness of the shell is linear, which is violated for other values of the parameter m.

The results of solving the problem are shown in the average cross-section of the length of the cylinder
(L=30-/,) for the distribution of fields of normal displacements u, in the Table and Fig. 2, as well as for the dis-
tribution of normal stress fields o, and o, in the form of graphs in Figs. 3-5. Due to symmetry, the results are
given along the guide in the section 0<y<.

The table shows the values of normal displacements u, for cylinders with two types of dents (a=5,
a=20) depending on the power of change in the law of the elastic properties of the FGM in two sections of the
guide (y=0, y=n) on the inner (y=-3), outer (y=3) and reference surfaces (y=0). Fig. 2 shows the graphs of the
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distribution of normal displacements along the guide cylinder for three values of the power of the law of varia-
tion of elastic properties. Solid lines correspond to displacements in cylinders for a=5, dashed — for a=20.

Table. Distribution of normal displacements u,

u,/qo
m |y a=5 a=20
y=0 =T y=0 =T

-3 ] 9.532 | 9.735 | 11.800 | 26.738
0510 | 9420 | 9.630 | 11.700 | 26.900
3] 9334 | 9.538 | 11.574 | 26.669
-3 | 11.974 | 12.238 | 14.769 | 34.294
1 | 0| 11.800 | 12.100 | 14.600 | 34.500
3 | 11.689 | 11.955 | 14.447 | 34.296
-3 | 15.888 | 16.235 | 19.578 | 45.245
2 | 0| 15.700 | 16.000 | 19.300 | 45.600
3 | 15468 | 15.819 | 19.109 | 45.344

uy

q0 3,
40 , , , —Z
2
ri P
30 ]
L1
’ A
20 TN 773
B
== -.\\\ I," :
10 —aa T
":.,—_’f 1
0 1 2 3 4 y5/n

Fig. 2. Distribution of normal displacements u,
along the cylinder guide:
1-m=0,5;2-m=1;3 —m=2

From the Table and Fig. 2, it can be seen that the normal displacements reach their maximum values in
the zone of the maximum size of the dent (y=n). At the same time, in the case of a small dent (¢=5), the dis-
placement values differ insignificantly along the guide for all values of the parameter m. For cylinders with
dent parameter a=20, displacement values in the zone of its maximum value (y=n) increase by approximately
2.3 times, compared to similar values in the cross-section (y=0). An increase in the dent leads to an increase in
displacements by approximately 1.25 times in the section y=0 and by 2.8 times in the section y=r.

The non-linearity of the law of the distribution
of elastic properties of the material causes a
decrease in the value of displacements for
m=0.5 and an increase in their value for m=2
by 1.3 times, compared to similar values in the
case of a linear law for m=1.

Fig. 3 shows the distribution graphs
of normal longitudinal stress fields o, along
the guide cylinder on the inner (Fig. 3, a) and
outer surfaces of the cylinder (Fig. 3, b). Line
designations are the same as in Fig. 2.

From the given graphs, it can be seen
how the increase of the dent affects the stress
distribution o, for three values of the power of
the law of variation of elastic properties of
FGM. Thus, for a minor dent, the distribution of
longitudinal stresses is linear. When the size of
the dent increases, the linearity is violated and
the stresses o, reach their maximum amplitude
values on the inner surface in the cross-section
y=m/2, increasing by approximately 1.8 times,
and on the outer surface in the cross-section
y=m, increasing by 2.2 times. A change in the
law of distribution of the elastic properties of
the FGM has the same effect on the magnitude
of stresses as it does for displacements.

Fig. 4, similarly to Fig. 3, shows the
graphs of the distribution of normal circular
stresses oy,.

Os
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Fig. 3. Distribution of longitudinal stresses o,
along the cylinder guide:
1-m=0.5;2-m=1;3 -m=2;
a— on the inner surface, b — on the outer surface
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Fig. 4. Distribution of circular stresses o,
along the guide cylinder:
1-m=0.5;2-m=1;3 -m=2;
a— on the inner surface, b — on the outer surface
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From the graphs shown in Fig. 4, it can be seen that, in contrast to the longitudinal stresses, the circular
stresses acquire their maximum amplitude value in the cross-section of the maximum dent size (y=m) on both
the inner and outer surfaces for a=20. At the same time, when changing the power of the law of elastic proper-
ties of the material, the value of the maximum stresses increases by 15% for m=2 and decreases by 12% for
m=0.5, compared to the linear law for m=1. For the dent parameter ¢=5, the distribution law of circular stresses
is almost linear and at the same time, the law of variation of elastic properties in the section y=n does not affect
the magnitude of stresses G,,.

Fig. 5 shows the graphs of the distribution of normal stresses o, and o,, along the thickness of the
cylinders, depending on the size of the dent and the power of the distribution law of the elastic properties of
the FGM.

a/qo a/'qo
m=0,5 p m=1 A= /
180 . 240 7 280 ’
* 180 4 210 /
120 p— P, ;
=== 120 o 4= 140 P
60 Ff'df—'.‘i z - - s ’J - ’
/ g ,"/ 60 = et 70 7 o
- Gy = o o - v
0 = | =] B =1 17 | o, =="| o - ou 2 L=
-60 i A -60 S O
-3 2 1 0 1 2 ¥ -3 -2 -1 0 1 2 3 2 1 0 1 2 v
a b c

Fig. 5. Distribution of longitudinal 6, and circular 6, stresses along the cylinder thickness:
a—m=0.5;b-m=1;c—m=2

The solid lines correspond to the stress distribution curves in the section y=0 for the dent parameter
a=20; dash-dotted lines — in the section y=n for a=20; dashed lines — for a=5 in the cross-section y=n (since
for cylinders with a slight dent (¢=5) the value of normal stresses differs little along the guide, Fig. 5 shows
the curves in only one cross-section of the guide). Thick lines correspond to longitudinal stress distribution
curves a;, thin lines correspond to circular ones c,,.

From the graphs shown in Fig. 5, it can be seen that for all values of the power of the law of varia-
tion of the elastic properties of the material, the longitudinal stresses that acquire their maximum values in
the zone of the maximum dent size in the section y=n are predominant. At the same time, for the linear law
of change in the power of elastic properties (m=1) for a small dent (¢=5) and the parameter =20 in the sec-
tion y=0, there is a linear law of longitudinal stress distribution. In addition, in the section y=0, the values of
both circumferential and longitudinal stresses are close to each other for both forms of cylinders and all val-
ues of the power law of the elastic parameters of the FGM. The change in the power of the law of the elastic
properties of FGM leads to an increase in the maximum circular stresses by approximately 15% for m=2 and
a decrease in their value by approximately 13% for m=0.5 compared to the corresponding values for m=1.

Conclusions

1. In the spatial formulation, the problem of the stress state of hollow near-circular cylinders, which
are under the action of a distributed load, under certain boundary conditions at the ends made of FGM, is
solved. When solving the problem, an approach based on a numerical analytical technique was used, which
allows reducing the original three-dimensional boundary value problem for a system of partial differential
equations with variable coefficients to a one-dimensional boundary value problem for a system of ordinary
differential equations with constant coefficients, which is solved by stable numerical method.

2. Pascal's limacon equation was used to describe the cross-section of the reference surface of the
studied cylinders. Two forms with a dent around one of the cylinder diameters are considered. An analysis of
the properties of the stress state of the mentioned cylinders was carried out depending on the size of the dent
and the power law indicator of the change in the elastic properties of the FGM along the thickness.

3. It was established that the nonlinearity in the distribution of the elastic properties of the material
leads to a decrease in the value of the maximum normal displacements and longitudinal stresses for m=0.5
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and an increase for m=2, compared to the corresponding values for m=1 by 1.3 times. Accordingly, the
maximum values of circular stresses decrease by 13% for m=0.5 and increase by 15% for m=2, compared to
the linear law of changes in the elastic properties of the material for m=1.

4. For a small dent (a=5), the values of normal stresses almost do not differ in magnitude along the
direction of the cylinder. The presence of a more significant dent (¢=20) leads to a violation of the linear law
of the distribution of normal stresses along the guide, while their values increase by almost 2.8 times in the
section y=n, compared to the section y=0.

The results obtained in the paper can be used when calculating the strength of structural elements
and machine parts of a similar type.
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YucenbHMIA aHATTI3 HATIPY’KEHOTO CTAHY NMOPOKHUCTUX HITiHAPIB, 0JM3BKHX 10 KPYTOBHX,
BUT'OTOBJIEHUX i3 QYHKIIOHAJIBLHO-TPAJiEHTHUX MaTepiajiB

JI. C. Poxok

HarmionansHuii TpaHCTIOPTHUHN YHIBEpCHUTET,
01010, Ykpaina, m. Kuis, Byn. M. OmenssnoBuda-ITaBnenka, 1

Topooicnucmi yuninopu Kpy2o8020 nonepeuro2o nepepizy, 6U2OmoGIeHi 3 (YHKYIOHATIbHO-CPAOIEHMHUX Mamepia-
J1i8, 3ACMOCO8YIOMbCS 8 DA2AMbOX 2ANY3AX 20CNO0APIOBAHHS K eleMeHMU KOHCIMPYKYIl ma 0emani mawun i azpecamis. 11io
uac eueomosiieHHss abo y npoyeci eKcnayamayii maxkux yuriiHopie gopma ix nonepeurozo nepepizy moogsce nesHor Mipoio
BIOpizHAMUCS 810 KpY206oi. Cmamms npucesuena po3e a3aHHio 3a0adi npo pisHoeacy HeoOHOPIOHUX NO MOBUWUHT NOPOIICHU-
cmux YuniHopie, OIU3BKUX 00 KPY208UX, Y NPOCMOPO8ill NOCIAHOBYI 30 NeGHUX 2PAHUYHUX YMO8 Ha mopysax. [lonepeunuii
nepepiz po321s0y8anux YUIHOpie ONUCaHo 3a 00ONoMozor0 pieHaHHA pasauka Ilackana. [{na mamepiany 06pano 080KkoMnoHe-
HMHUL HenepepeHO-He0OHOPIOHULL MAMepIa, NPYX#CHI 81ACIUBOCI AKO20, WO Xapakmepuszyroms Mooyas FOnea ma koegi-
yienm Ilyaccona, moacymv Oymu 6U3HAUeHi 3a OONOMO2010 KOHYEHMpayii Mamepianie KomMnosuyii 63006sic mosuunu. Me-
Mo pobomu € NPoBedeHHs. YUCETbHO20 AHANI3Y HANPYHCEHO20 CIMAHY YUTIHOPI8 OAHO020 KIACY 3ANeHCHO 8i0 3aKOHY 3MiHU
npysicHux éracmugocmeii mamepiany. Po3g’szox 3adaui 6azyemuvcs Ha pedyKyii 6UXiOHOT mpusuMipHoi Kpaitosoi 3a0ayi O
cucmemu pPigHsHb V YACMUHHUX NOXIOHUX 31 3MIHHUMU Koeiyichmamu 00 0OHOMIPHOL Kpatiosoi 3a0ayi 0 cucmemu 36u-
YaiHUX OupeperyianbHux pisHaHb 3i cmanumu Koegiyichmamu Oitbut 8uUcokoeo nopsadxy. Ilpu ypomy 3acmocogyemvcs ana-
JUMUYHULE MEMOO 8i0OKPEeMIIeHHS 3MIHHUX Y 080X KOOPOUHAMHUX HANPAMKAX, i3 NApaneibHUM 6UKOPUCIAHHAM ANpOKCUMA-
yii ghynryiv ouckpemuumu psioamu @yp’e. OoHoMipHa Kpaiiosa 3a0a4a po3e6 s13yEmvbCs 3a 00NOMO20I0 CHIKO20 YUCETbHO2O
Memody ouckpemmnoi opmozonanizayii. IlposedeHo ananiz HANPYsceHo2o cmamy po3enidy8anux YUmiHOpie 3a1eiHCHO 6i0 Ge-
JUYUHU 6M SIMUHU, WO MAE Micye 68 OKONL 00H020 3 JlaMempie NOBEPXHI GIOMIKY, i 3aKOHY 3MIHU NPYICHUX XAPAKIMEPUCTIUK
mamepiany. Tlokazano, wo HeniHitIHICMb 3AKOHY PO3ROOITY NPYHCHUX XAPAKMEPUCTIUK 83008 MOBUUHI NPU3BOOUTL OO0
3011bULEeHHA/3MEHILEHHA MAKCUMATLHUX 3HAYEHb HOPMATbHUX nepemiujeHsb I N03008HCHIX Hanpyxicetdb 8 1,3 pasu, nopieHAHO 3
JUHIHUM 3aKOHOM. TIpu YyboMmy 30iMbUEHHS BeUYUHU 6M SIMUHU NPU3BO0UMb 00 3DOCINAHHSA 3HAYEHb AK nepemilyeHb, Max i
HOPMANbHUX HANPYJiCceHb Y 2—3 pasu 8 30Hi MAKCUMATbHOI BeTUYUHI 6M SAMUHU, NOPIBHAHO 3 OlAMEeMPanbHO NPOMUNEHCHOIO
30H010. Ompumani 6 poo6omi pe3yabmamu MON*CYMob OYMu BUKOPUCIIAHI NPU PO3PAXYHKAX HA MIYHICMb e1eMenmie KOHCMmpY-
Kyitl ma 0emanei Mauun nooioHo2o muny.

Knrwouoei cnosa: ouckpemui paou @yp’e, Hanpyoscenuli Cmar, NOPOHCHUCMI YUTIHOPU, NPOCOPO8a meopis npy-
sicHocmi, pienanns pasauxa Ilackans, QyHKYIOHATbHO-2pAdiEHMHT Mamepiau.
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