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In the article the stress-strain state of thick-walled structurally anisotropic composite
cylindrical shells under thermal power load, which are protected by a functionally graded material,
are analysed. Based on the interrelations of the spatial theory of elasticity, a system of
inhomogeneous differential equations in three-dimensional formulation, which describes the
stress-strain state of thick-walled anisotropic cylindrical shells, was obtained. To reduce the
dimensionality of this system, the Bubnov-Galerkin analytical method was used. Thus, the
obtained one-dimensional system of twelve equations of normal Cauchy form was implemented
using the numerical method of discrete orthogonalization. To represent the possibilities of the
proposed approach, there were used stress-strain states of two, four and five-layered anisotropic
cylindrical shells of fibrous composites, protected from temperature by a layer of transversely
isotropic functionally graded material.

Key words: thick-walled anisotropic cylindrical shell, stress-strain state, three-dimensional
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1. Introduction

Thin-walled structures made of composite materials are widely used in a
variety of elements of up-to-date equipment. For example, the aerospace and
rocket industries require the use of shells made of lightweight, high-strength
composite materials. Unfortunately, traditional composite materials are not
always able to be used in high temperatures, because their load-bearing
capacity can be significantly reduced. Heat-resistant ceramics can be used to
protect thin-walled composites from temperatures, but it is well known that
this material has brittle properties and does not bend and twist.

Relatively recently, a new class of composite materials known as
functionally graded materials (FGMs) has emerged [16]. Typical FGMs is an
inhomogeneous composite made of different phases of material components
(usually ceramics and metal). FGMs ceramic components are able to withstand
high-temperature environments due to the better heat resistance characteristics,
and metal components provide higher mechanical properties and reduce the
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possibility of destruction. Thus, the use of FGMs can help to protect the shell
structure from the effects of variable temperature fields, which will allow the
structure to absorb the load without reducing its strength, for instance.

At present, a sufficiently detailed analysis of the stress-strain state of thin-
walled and thick-walled cylindrical shells of both conventional composites and
FGMs in the calculations of two-dimensional systems under the thermal power
load [1,3,12,15,16,17] is made. In this paper, the change of the
characteristics of the stress-strain state in the thickness of the structure is
modeled by hypotheses of varying degrees of accuracy. It is generally known
that to calculate the stress-strain state of thick-walled cylindrical shells it
should be applied an approach [2, 6,7, 10, 11, 13], based on the use of
equations of the spatial theory of elasticity and which allows you to correctly
analyze changes of parameters such as stress-strain state of the construction by
the thickness.

The authors propose an approach to the establishment of the stress-strain
state of a thick layered anisotropic cylindrical shell made of a fibrous
composite, which is made at an angle to the generatrix, and a layer of FGMs. It
is also necessary to take into account the effect of anisotropy caused by the
discrepancy between the directions of reinforcement and the shell axes (Fig. 1)
[1,2,3,6,7,10, 11, 13, 14], and to assess the impact of temperature on such a
combined structure thickness.

In this paper a three-dimensional theory of elasticity is used to solve the
problem of the stress-
strain state of a thick-
walled anisotropic
cylindrical shell made
of fibrous composites
[5]. The obtained
solutions can serve as
references in  the
calculations of stress-
strain states of thin-
walled structures of
more complex
geometry established,
for example, when
using the finite
element method.

Fig. 1. Cylindrical thick-walled anisotropic shell

2. Formulation of the problem
Linear equilibrium equations in non-axisymmetric stress-strain state for
each i-th layer are as follows [5]:
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where r,(i=1,2) — radius of the cylinder, which does not depend on the

coordinates z and 0; o', o', oby, 7., 7'y, 7'y — components of the

stress tensor, F,,F,,F, — vector projections of specific volume forces on the
directions tangent to the coordinate lines r, z, 6.

The relationship between the components of deformation and displacement
will take the form:

i 61412 i 1 6149 1 i 6141,
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And u., uf,, u'— displacement in the direction of the axes z, @, r
respectively; e._, 600, e,, — relative linear deformations in the directions of

the coordinate axes z, 6, r; €y, e, , €., —relative tangential displacements

at the point to the corresponding coordinate surfaces.

The ratios of the generalized Hooke's law, which connect the components
of deformations and stresses, when the axes of orthotropy with the coordinate
axes are coincident:

i il i il i il i
€ =110, +a120'99 +a130'rr ;
il il il
Chp = A0, + a0 g + a0, ;

i il il il
¢, = aj30%, +aysope + 4350, ;

eﬁe = ailﬁlfie; €. = aSéTrz > eia = aé/sfie . €)
When rotating the axes of orthotropy relative to the z axis, these
dependencies take the form:

€., =aj\0l, +a},04y + a}30,, +ajsTly;
Chp = @120, +aChg +ax0,, +a5sTly:
ei = aliao'i +a53009 +a§30-£r +a§67i0 ;

Clg = AuT g +aisT). s €, = AlsT g + 55T, ;

€Ly = al4OL, +arsTpg + A30r, + AgeTLg “)

In the equations (3, 4) a} and a}, — are mechanical constants of the i-th

layer of orthotropic material and material with one plane of elastic symmetry,
the relationship between which is established in [4].
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3. Research methodology
The relation of the generalized Hooke's law for a material with one plane of
elastic symmetry (4) takes the form [2], which is used in the solution of the
system (l)'
. =bijel, +bjepg +bigely +cioy, + BT
o = birel. +byepg +bygely +cha,, + ﬂzz
tly = bigel, +bysepy + bggelg + 30, + BT
e, =—ciel, —chepy — cyetg +¢40,, + T +ap BT +ar BT + as i, T
€. = aystyg +asst,, +apT;
elg = AT g +aysT,, +anT ®)
where b,i, (k,1=1,2,6), c,i (k =1+4) — are the characteristics of the i-th layer
that are determined by the mechanical constants afd of the shell material; S/,
Bsy, Bl — are the components of the stress-strain state of the i-th layer,
related with the temperature dependences 7(°K):
BT = _(blilalil +biy0t5, + bigati )T ;
ﬁézT = _(bli2alil +b§20‘§2 +b§6af2 )T ;
ﬁlizT = _(bli6alil + bésaéz + bé6ali2 )T .
In this system of equations and in (5) « (1, j=1+3) — are the coefficients of
linear thermal expansion of the material of the i-th shell layer.
Replacing in (5) the deformations ¢’_, eég, eig by their expressions from
(2) and substituting the obtained dependences for O'iz , O-ég, Tig in (1), and

for &' eﬁ, in (2) we obtain for each i-th layer a complete system of

2o €10
differential equations in partial derivatives, in which we take into account that
the shell is deformed according to the axial symmetry:

90,. _ ¢ _lair 01, +blL22ur N bj, ou., N by Oug b]2 f]T—bﬁazzT—
or r Oz r r Oz r oz r r
_ialzT,

r
ot! oot 1 by oul ; o%ul o*uy . . dT

Tz =—C]l&——‘t';z—£i—b]l] 142 b16 u@ +hlal T+

or oz r r oz oz dz

dT dT_

+b]2a22 +b]6 12

dz dz



ISSN 2410-2547 169
Omip MatepianiB i Teopis cnopya/Strength of Materials and Theory of Structures. 2020. Ne 105

0ty _ 2 i i Oy 00y bhgdup 0%l ;a7
or po0 T 52 oz2 > oz r oz 1 52 oz2 16% ' dz

. . dT ., ;dT
+ by — + b0ty —

26422 dz 6612 dz
i i coul; oul 4 S S
~r= o), =2 = TE = SV al T —af b T - ajsblaoT -

iopi i T i i i i T

— ay3by 600, T — aysby00 T — aysbyy sy T — aysbiean, T — azebigon T —
iogi i ii i,

— a36b56000 T — a36D56 15T
z 1 1 1 1 r 1 .

= 55Ty, T aysT,g 5 +asl

or
oul o 1 4
0 _ i _i i i i
P 45Ty T AaqTrg +;u9 +aT . (6)

If the temperature field is constant to the cylinder surface, the system (6)
will be rewritten:

i i i i i i i i
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The solution of the system (7) must correspond to the conditions on the
side surfacesat r =7, r=n,

1 1
0, (1,2)=%q\(2); To(7,2)=0; Th(r,2)=0;

05 (1,2)=%q}(2); T (15,2)=0;  Tip(r2,2)=0, (®)
conditions at the ends are z=0, z=1L
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oL =u, =up =0 ©)
and the conditions of hard contact of the layers:
0 (=01 (1) TL(N=T (1) Te()=T15 (1) ;

w ()= () 5wl ()=ul ()5 up(r)=ug’ (1) (10)

There is a diaphragm, which is absolutely rigid in its plane and flexible, at

the edges of the cylinder in conditions (9). In (8) 4'(z), qf (z) - an internal and
external pressure is distributed on the side surfaces of the shell, respectively.

To solve the three-dimensional problem (7) and (8-9), we use the Bubnov-

Galerkin methodology. According to it, we decompose all functions into

trigonometric series on the coordinate along the cylinder generatrix z | so that

they would satisfy the boundary conditions (9):

O'ir(r,z) Z|:y] 5p(r)+y] ,m(V):|Sll'llmZ 5
m=1

7.(r7)= Z[yz’p(r)ﬂz sm(r)]cosl z;
m=0

oo

r Z):Z[yssp(’”)ﬂ@ o )Jsinlmz ;

nr
oo
oo

|:y4’p(r)+y4 o (r) inl,, z 5

)
r z =Z|:y5,p(r)+y5 ,m(r)]coslmz;
m=0

oo

ufg(r,Z)=Z[yé () + vl (r)JsinlmZ , (11)

m=1
where Y, yi/ ok (i=1,6) — are the components of expansion into

trigonometric Fourier series of components of the stress-strain state of shell,
p, m —are the wave numbers in the series.

After some mathematical transformations and separation of variables in
equations (7) using the ratios (11), we obtain for each i-th layer a system of
differential equations of the twelfth order in the normal Cauchy form

i
%:T’(r))_/’+fl, T'(r)=t. ) (r) , n,i=1+12, (12)
o S N

where y’={y{,,,;ylz,p;yé,,,;yi,,,;yé,p;yé,p;yi s> V2 o3 V3 ms Ve smsVs s Ve m}
solving vector function. Non-zero elements of which are written in accordance
with [6, 11], tfl ;(r) - coefficients for unknown systems (7), f " the

components of the stress-strain state related to the temperature in the system
(7) and are determined as:
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Implementation of the obtained one-dimensional problem on the stress-
strain state of a thick-walled cylinder was carried out using the numerical
method of discrete orthogonalization [3]. After solving the system (12) taking
into account the boundary conditions (8), ratios (11) were used for the
transition from the obtained functions to the components of the stress-strain
state.

4. Results of the numerical calculations and their analysis

The object of the study is a cylindrical shell made of layers of fibrous
boroplastic material and a layer of functionally graded material [16] under the
distributed external pressure and external constant temperature. Silicone nitride
was chosen as the ceramic component of FGMs, and titanium (Ti-6Al-4V) was
chosen as the metal component. The temperature distribution along thickness
of the cylinder was determined according to [9, 16]. Physical and mechanical
properties of the functionally graded component of the cylinder dependent on
the temperature were determined in the tables 1— 4 [12] and according to the
dependences [18]:

E=Py, .(P,IET*‘ +1+ P, T+PpT? +P35T3);

v=~F, .(P,WT*‘ +1+B,T+P,T* +P3VT3),

a=h, .(P,MT*‘ +1+PR,T+P,T* +P3aT3);

K =h, .(P,IKT*‘ +1+P,.T+P,T? +P3KT3), (13)
where E — the desired modulus of elasticity,v — Poisson's ratio, o -

coefficient of linear thermal expansion and x — thermal conductivity, the
given temperature 7(’K), and Py, , B, B,, B, — the desired characteristics

of the material, when 7=0’K, P, B, , P,, P, —are given in the tables 1-4.
Table 1
Modulus of elasticity of ceramics and metal, Pa
Material Pyr P Py Py P
Silicone | 348 43+10° | 0 | -3.070¢10% | 2.160*107 | -8.946%10™"
nitride
Titanium
alloy 122.56*10° 0 -4.586*10™ 0 0
(Ti-6Al-4V)
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Table 2
Poisson's ratios of ceramics and metal
Material Py, Py, Py, P, P;,
Silicone 0.24 0 0 0 0
nitride
Titanium alloy %104
(Ti-6A1-4V)) 0.2884 0 1.121*10 0 0
Table 3
Coefficient of linear thermal expansion of ceramics and metal, °K”™
Material P, P, Py, Py, Psq
Silicone | 5 ¢773x1( 0 9.095%10™ 0 0
nitride
Titanium
alloy 7.5788*10° 0 6.638%10* | -3.147*10° 0
(Ti-6Al-4V
Table 4
Thermal conductivity of ceramics and metal, 7/ (m’K)
Material PO/( P—l/( Pl/( PZ/( PS/(
Silicone 13.723 0 -1.032*107 | 5.466*107 | -7.876*10™""
nitride
Titanium alloy %102
(Ti-6A1-4V 1.000 0 1.704*10 0 0

Boroplastics  has  the  following  mechanical  characteristics:
E11=28%10° MPa, E»=FE3=3.1%10° MPa, G1,=G»=1.05*10° MPa,
G13=2.12%10° MPa, v5,=0,25, v,,=0,0277.

Common characteristics of the functionally graded materials were
determined in accordance with [8]:

E(Q=(E~E, )&/ +E,,:
E=(ve v, )&M) +v,,
Ol(f)=(0(c—05m)(f/h)N+

K@=k~ &) +x, . (14)
where E(E),v(E),a(&),k() — physical and mechanical characteristics of the

common material by thickness, E, ,

S

Vs Q,, K, —mechanical characteristics

m? m?>

Kk .— mechanical characteristics of

of metal (titanium alloy), E,, v o K,

cr @
ceramics (zirconium), i — the thickness of the functionally graded component

of the shell material, £ — thickness coordinate & =»—7, r — the coordinate

of an arbitrary point in the shell general coordinate system, fig. 1, r; — the
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coordinate of the cylinder inner surface, N — volume fraction of mixed
materials [16].

A cylindrical shell with the following geometric parameters was considered
(fig. 1): L=1.2 m, rn=0.57 m, r, =0.63 cm, #=0.06 m. Three variants of a

thick-walled cylindrical shell were calculated. The first one took into the
consideration only power load, and then combined power and thermal load. In
this case, the temperature field changed only according to the thickness of the
layer of functionally graded material.

In the first variant of this structure, it was assumed that the cylinder
consists of two layers: the inner #=0.57 m, 7, =0.6 m — made of boroplastic
material with reinforcement angle w=70° to the axes z and the external
75, =0.6 m, r, =0.63 m — made of functionally graded material, when N=1
(titanium alloy Ti-6A1-4V( 7y, ) — silicone nitride (7, )).

In the second variant, the shell was consisted of three layers: two internal
cross-enclosed with reinforcement angles w =+70° to the axis z, made of

boroplastic material 7=0.57 m, 7,=0.585 m (y =70°) and r,, =0.585 m,

Fy, =0.6 m (y =—70") and external layer 7y =0.6 m, r, =0.63 m — made of
functionally graded material, when N=1 (titanium alloy Ti-6AI4V(7y,) —
silicone nitride ( 7, )).

In the third variant, the shell was consisted of five layers: four internal
cross-enclosed with reinforcement angles w =+70° to the axis z, made of
boroplastic material 7=0.57 m, r;=0.5775 m (y =70") and r,, =0.5775 m,
7y =0.585 m (y=-70°), r5,=0.585 m, r,=0.5925 m (y =70°) and
7y =0.5925 m, 7,,=0.6 m (y =-70") and the external layer 7y =0.6 m,
r, =0.63 m — made of functionally graded material, when N=1 (titanium alloy
Ti-6A1-4V( 7y, ) — silicone nitride (7, )).

All presented variants of shell structures were under pressure load that was
distributed on the external surface g=—g,sin(zz//), where ;=100 MPa. In the
case of joint power and thermal load, the temperature field changed only by
the thickness of the functionally graded component of the material from
7=293K (20°C), when 7y, = 0.6 m, to 7=373°K (100°C), when r, =0.63m for
all three variants of the cylindrical shell, and distributed by thickness
according to the law presented in [9]

Fig. 2-4 show the change of stress-strain components of the shells with one
layer of boroplastic, that is curve 1 (solid), with two and four layers, i.e curve 2
(dashed) and curve 3 (dotted), respectively. The calculation results are given

by the coordinate » for the cross-section that is on the middle of generatrix,
i.e, when z=0.5L.
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Fig. 2. Stress distribution 0,,. by the thickness of the cylindrical shell:

(a) under the power load; (b) under power and thermal load
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Fig. 3. Stress distribution 7, by the thickness of the cylindrical shell:
(a) under the power load; (b) under power and thermal load
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Fig. 4. Stress distribution 7,9 by the thickness of the cylindrical shell:

(a) under the power load; (b) under power and thermal load.

The analysis results of calculations in Fig. 2-4 describe the stress-strain
state of the layered thick-walled anisotropic composite shells and show that the
variable temperature field of the functionally graded component of the shell
material within the studied temperatures ranges from T=293°K (20°C), when
r=0.6 m to T=373"K (100°C), when /=0.63 m and does not significantly affect
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the stress-strain state of a thick-walled anisotropic cylinder. However, it should
be noted that variable temperature field and distributed lateral pressure
(fig. 2b) effects that the values of normal stresses are slightly, up to 5%, higher
compared with those, which are under power load only (fig. 2a).

The graphs presented in figs. 3a and 3b indicate that the cross-laying of
fibrous material allows reducing the value of the tangential stresses .
compared to one layered of the composite. This is especially evident in the
example of the thickness distribution of the tangential stresses 7,, in figs. 4a
and 4b, which appear only in anisotropic material. There are anisotropic
components of the stress-strain state 7,, for one composite layer in the

transversely isotropic FGMs. However, for cross-ply composites having two
and four layers the effect is almost absent.

5. Conclusions

In the article the numerical calculations of the stress-strain state of a thick-
walled cylindrical anisotropic shell of fibrous composite material that is
protected by a functionally graded material under power and thermal load,
were conducted based on three-dimensional theory of elasticity. Variants of
increasing the number of layers stacked so that their axes of orthotropy of fiber
composites do not coincide with the axes of the cylinder coordinate system,
creating the effect of a material with one plane of elastic symmetry, are
analyzed. It is taken into account that the physical and mechanical properties
of FGMs are dependent on temperature. It was found that the stress-strain state
of a thick-walled anisotropic cylinder does not change significantly due to the
action of high temperature, which is the effect of using FGMs to protect the
cylindrical shell.
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Cementox M.I1., Tpau B.M., Iloosopnuii A.B.
HAIPYKEHUI CTAH TOBCTUX AHI3OTPOITHUAX IAJIIHIPUYHUX
OBOJIOHOK, 3BAXNIIEHUX ®YHKIIOHAJIBHO-IT'PAJIEHTHUM MATEPIAJIOM,
g TEPMOCHIIOBOIO JI€I0

B poGoTi mpHBEAeHWH HANPYKEHHH CTaH TOBCTMX KOHCTPYKTHBHO-aHI30TPOIHHX
KOMITO3UTHHX LIMJITHIPUYHUX 000JIOHOK, 110 3aXHILEeHI (PYHKIIOHAIBHO-TPaIilEHTHUM MaTepiaioM,
1 3HAXOATHCS B HOJI TepMOCWIIOBOI Ail. Ha OCHOBI CIIBBiAHOIICH IPOCTOPOBOI TEOPIT MPYXKHOCTI
OTpHMaHa CHCTEMa HEOAHOPIAHHMX AU(EepeHLianbHUX PIBHSHb B TPUBHMIPHIil [OCTaHOBLI, IO
OIIMCYE HANMpPYXEHHIl CTaH TOBCTUX AaHI30TPONMHHMX ILUUIHAPIB. ISl MOHMKEHHS DPO3MipHOCTI
3a3HAYEHOI CHCTEMH, BUKOPHCTAHO aHAMTHYHUN Merox BybHoBa-I'anbopkina. OTpiMaHy, TAKUM
YUHOM, OJHOBHMIpPHY CHCTEMY 3 ABaHAJLTH PIBHIHb HOpMaJbHOro BuAy Komi peamizoBaHo 3a
BHKOPUCTaHHSAM YHCEIBHOrO METOIY AMCKPETHOI opToroHamisauii. B skocTi mpencraBieHHs
MOXJIMBOCTEH 3aIpOINOHOBAHOrO IMIIXOMy MPHUBEICHI HANPYKEHI CTaHH ABO, YOTHUPH 1 II’SITH-
IIAPYBATUX AHI3O0TPONMHUX LHIIHAPHYHUX O0OOTOHOK, YTBOPEHHUX 3 BOJOKHUCTHX KOMITO3UTIB, L0
3axXHIleHi, Big il TeMIepaTypd, LIApOM TPAHCBEPCAIbHO-130TPOMHOrO (yHKIIOHAIBEHO-
rpaieHTHOrO MaTepiay.

KoirouoBi cjioBa: TOBcTa aHIi30TpoNHA LMIIHAPHYHA OOOJOHKA, HANPYKCHHH CTaH,
TPUBHMIipHA IIOCTAaHOBKA, QYHKI[IOHAIBbHO-TPAAIEHTHHII MaTepial.
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Cementox M.II., Tpau B.M., Iloosopnuii A.B. HanpyxeHu# cTaH TOBCTHX aHi30TPONHHUX
IWTHAPHYHUX O000JIOHOK, 3aXHINEHHX (YHKIiOHAJIBHO-ITPAIiEHTHUM Marepiajaom, mix
TepMOCUJIOBOIO i€t // Omip MaTepiaiis i Teopist copya: Hayk.-tex. 30ipH. — K.: KHYBA, 2020.
— Bumn. 105. - C. 165-178.

B pobomi npusedenuii HanpysiceHuii CMAaw MOGCMUX KOHCMPYKMUSHO-AHIZ0MPONHUX
KOMROZUMHUX YUTTHOPUUHUX 0OONOHOK, WO 3aXUjeHi QyHKYIOHANbHO-ePAOICHMHUM MAMepianiom,
i 3Haxoo0ambcs 6 noli mepmocunosoi Oii. Ha ocnosi cniegionowenb npocmopogoi meopii
NPYIHCHOCMI OMPUMAHA  CUCMEMA HEOOHOPIOHUX OUDEPEHYIANbHUX DIBHAHb 8 MPUGUMIPHIl
NOCMAHOBYI, WO ONUCYE HANPYICEHUL CIAH MOBCMUX AHI30MPONHUX YUTIHOPIE. [{s NOHUMCEHHS
PO3MIpDHOCMI 3A3HAYEHOI cucmemu, GUKOPUCMAHO auanimuynui memood bybnoesa-Iarvopkina.
Ompumany, makum YuHOM, OOHOBUMIDHY CcUCMEMY 3 0BAHAOYAMU DIBHAHL HOPMAILHO20 GUOY
Kowi peanizosano 3a 6UKOpUCmanHusm yuceibHo2o memody Ouckpemmoi opmoconanizayii. B
AKOCMi npedcmaesierHts MONCIUBOCMEN 3aNPONOHOBAHO20 NIOX00Y NPUBEOeHi HANPYHCeHi CmaHu
060, womupu i N’ AMUWAPOGUX AHIZ0MPONHUX YUTTHOPUUHUX 0OONOHOK, YIMGOPEHUX 3 GONOKHUCIIUX
KOMnO3umis, wo 3axuweni, 6i0 Oii memnepamypu, wapom mpaHceepcaIbHO-I30MpPORHO20
DYHKYIOHALHO-2PAJIEHMHO20 Mamepiany.

Tabu. 4. L. 1. bi6miorp. 18 Ha3s.

UDC 539.3

Semenyuk M.P., Trach V.M., Podvornyi A.V. Stress-strain state of thick-walled anisotropic
cylindrical shells under thermal power load, protected by the functionally graded material//
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
KNUBA, 2020. — Issue 105. — P. 165-178.

In the article the stress-strain state of thick-walled structurally anisotropic composite
cylindrical shells under thermal power load, which are protected by a functionally graded
material, are analysed. Based on the interrelations of the spatial theory of elasticity, a system of
inhomogeneous differential equations in three-dimensional formulation, which describes the
stress-strain state of thick-walled anisotropic cylindrical shells, was obtained. To reduce the
dimensionality of this system, the Bubnov-Galerkin analytical method was used. Thus, the
obtained one-dimensional system of twelve equations of normal Cauchy form was implemented
using the numerical method of discrete orthogonalization. To represent the possibilities of the
proposed approach, there were used stress-strain states of two, four and five-layered anisotropic
cylindrical shells of fibrous composites, protected from temperature by a layer of transversely
isotropic functionally graded material.

Tabl. 4. Fig. 1. Ref. 18.

YK 539.3

Cemenox  M.II1., Tpau B.M., Iloosopneviii A.B. HanpsizkeHHOe COCTOSIHHE TOJICTBIX
AHM30TPONMHBIX MHJIMHIPUYECKHX 000JI04€K, 3aUMIIEHHbIX PYHKIHOHAIBHO-TPATHEHTHBIM
MaTepuajioM, MO TepMOCHJIOBBIM JeiictBueM// CONPOTHUBIICHHE MAaTepHaIOB M TEOPHUS
COOpY’KeHHit: Hayd.-TexH. cOopH. Beim. 105. - K.: KHYCA, 2020. — C. 165-178.

B pabome npueedeno HanpsyiceHHoe COCMOsHUe MOICMbIX KOHCMPYKMUBHO-AHUZOMPONHBIX
KOMROZUMHBIX — YUTUHOPUHECKUX — 00010YeK,  3AUUWEHHbIX  (DYHKYUOHATLHO-2PAOUECHMHBIM
MAmepuanom, U HAxX00AWUXCs 6 Noje MepmMocunosozo oeticmeus. Ha ocnoee coommowtenuti
NPOCMPAHCMEEHHOU MeopUl YRPY20Cmu NOAYHeHA CUCeMd HeOOHOPOOHbIX OupepenyuanbHbix
ypasHeHuil 6 mMpexmepHoll NOCMAHOBKe, ONUCLIBAIOWAS. HANPANCEHHOE COCMOSHUE MOICIbIX
AHU30MPONHBIX YUIUHOPOS. [N CHUNICEHUS. PA3MEPHOCMU VKA3AHHOU CUCMEMbl, UCNONb308AH
anamumuyeckuti memoo byonosa-I anepruna. Ionyuennas maxum o6pazom 0OHOMEPHAS CUCMeMA
u3z 0genHadyamu ypasHeHull HOpMAIbHo20 6uda Kowwu peanuzoeana npu ucnonvzoeanuu
YUCTIEHHO20 — Memooa  OUCKpemHOoU  opmozonamuzayuu. B kauecmee  npedcmaesnenus
603MOJICHOCIEN NPEONIONCEHHO20 NOOX00A NPUBEOCHbI HANPANCEHHbIE COCMOSIHUSL O8YX, Yemblpex
U NAMUCTOUHBIX AHU3OMPONHBIX YUTUHOPUYECKUX 000NI0UEK, 0OPA306AHHBIX U3 BOJOKHUCHIBIX
KOMRO3UMO8, 3QUUEHbIX, OM OeliCMEUs. MeMNepamypol, CJI0eM MPAHCEePCalbHO-UZ0MPONHO20
PYHKYUOHAIbHO-2PAOUEHMHO20 MAMEPUATA.

Tab6un. 4. Y. 1. bubnuorp. 18 Ha3s.
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