JMHAMIKA TA MILIHICTb MAIINH

DOI: https://doi.org/10.15407/pmach2021.03.027

UDC 539.3 The safety of reliable operation of aircraft and their durability es-
sentially depend on the strength of the glazing, which is a critical

NUMERICAL INVESTIGATIONS structural element. There are a number of different requirements
OF THE CRACK RESISTANCE for glazing. To provide the necessary parameters, high-strength

silicate glass is widely used, and special technologies for its

OF ION-EXCHANGE strengthening are used. The analysis of the problem showed that
STRENGTHENED SHEET GLASS | the insufficient strength of aircraft glazing elements and the com-
plexity of methods for monitoring the state of glass during produc-

UNDER BENDING STRAINS tion and operation due to the presence of microscopic surface
defects, as well as the need for a reliable assessment of residual

Pavlo P. Hontarovskyi stresses, require that there be used new approaches and technical
gontarpp @ gmail.com solutions for the development of modern technologies for creating
ORCID: 0000-0002-8503-0959 structures. lon exchange is one of the glass strengthening mecha-
. . nisms, which makes it possible to reduce the negative effect of sur-
Natalia V. Smetankina face defects by artificially creating residual compressive stresses
nsmetankina @ukr.net and reducing the thickness of the damaged layer. Computational
ORCID: 0000-0001-9528-3741 studies, under bending strains, of the crack resistance of ion-

exchange strengthened sheet glass were carried out using an in-
. . house FEM-based software package developed to study the ther-
sugrimov @ipmach kharkov.ua mally stressed states of structures. The results obtained showed
ORCID: 0000-0002-0846-4067 that the strength of real sheet glass fracture due to tensile stresses
Nataliia H. Garmash i}‘1 bending‘is determined ?y crack-like surface defects. The crea-
tion of residual compressive stresses on the glass surface by ion
exchange strengthening provides an increase in bending strength.
With an increase in residual stresses and the depth of their distri-

Serhii V. Ugrimov

garm.nataly @ gmail.com
ORCID: 0000-0002-4890-8152

Iryna I. Melezhyk bution, the effect of ion-exchange treatment increases. If the depth
melezhyk81@ gmail.com of the zone of compressive stresses due to ion-exchange strengthen-
ORCID: 0000-0002-8968-5581 ing is much less than the depth of the surface crack, then the

strength of the glass depends little on the maximum compressive
A. Pidhornyi Institute of Mechanical stresses on the surface. The effect of ion-exchange strengthening
Engineering Problems of NASU, increases significantly in the case of a decrease in the depth of the
2/10, Pozharskyi str., Kharkiv, 61046, Ukraine surface crack. The expediency of further research and comparison

of calculation results with experimental data are shown. The de-
veloped technique will make it possible to solve important practical
problems in studying the strength of the aircraft multilayer glazing
and determining the optimal methods for eliminating defects.

Keywords: aircraft, silicate glass, stress state, strength, residual
stress, ion exchange, surface layer defects.

Introduction

The development of domestic aviation equipment requires that there be improved the materials and glass
structures used for cabins and cockpits in order to ensure their safe and long-term operation [1, 2]. The current
problems of increasing the competitiveness of aircraft are insufficient glazing resource and the need to reduce the
weight of their structures, and for military aircraft, also an increase in the bullet resistance of the glazing. The
glazing of aircraft cabins and cockpits must withstand intense operational static and dynamic loads [3, 4].

Insufficient strength of aircraft glass elements is largely due to surface defects, as well as the complexity
of methods for monitoring their condition during production and operation. Therefore, there is an increasing
need to introduce new refined approaches to analyze the effect of surface defects and glass strengthening mecha-
nisms on the stress-strain state, develop strengthening technologies and control the strength characteristics of
structural elements and multilayer products in general, as well as create new technical solutions based on the use
of modern technologies for strengthening sheet glass, methods of monitoring shock resistance and damage.
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Silicate glass, strengthened by special technologies, allows providing the necessary strength parame-
ters of glazing, which is why it is often used in aircraft construction. At the same time, the strength of silicate
glass significantly depends on the presence of surface defects, which are determined by the production
method, the technologies used in this case, and the conditions of transportation and storage. The presence in
glass of microscopic surface defects, the complexity of methods for their control leads to an uncertainty in
the state of the surface layer, which results in a significant scatter in the values of glass strength. A decrease
in the negative effect of surface defects is possible due to various mechanisms of strengthening glass by arti-
ficially creating residual compressive stresses therein and reducing the thickness of the damaged layer.

Insufficient strength of aircraft glazing elements, the complexity of methods for controlling micro-
scopic surface defects in glass during production and operation, as well as the need for a reliable assessment
of the effect of artificially created residual stresses on increasing the strength of glass require that there be
developed new calculation methods and technical solutions for the development of modern technologies for
creating structures.

It is known that the strength of glass under tensile strains is much lower than under compressive
ones, which is caused by the presence of small surface cracks. Glass is a very fragile material that breaks
down due to cracking without noticeable plastic deformations. A measure of the crack resistance of a mate-

rial is the value of the stress intensity factor Kjc. For ordinary glass, it is in the range of 0.4-0.7 MPa Jm ,
which is a hundred times smaller than for steel. This allows us to conclude that cracks, even of very small
sizes, significantly reduce the strength of glass.

Microscopic defects on the glass sur-
face (microcracks) are present even in its
original state. The surface layer with micro-
cracks is most often due to the manufacturing
process. It is formed by cooling float glass,
pressing parts, or pulling rods and fibers. Un-
der operating loads, the surface layer changes
due to the modification of existing defects and
formation of new microcracks [5, 6]. Fig. 1
shows a typical form of microcracks in real
glass [6]. The action of various technological
and operational factors leads to an uneven
pattern of the location of defects, as a result of

which, for technical glass, the strength limit Fig. 1. The surface layer of sheet glass with cracks:
under the action of tensile stresses can fluctu- 1 — surface layer microcracks; 2 — traces of macrocrack stoppage
ate from 10 to 3000 MPa on the fracture surface of a glass sample during bend testing [6]

Reducing surface layer defects by mechanical treatment [7] and etching [8], as well as creating re-
sidual compressive stresses, which block the development of defects in the surface layer due to heat treat-
ment and ion exchange (IE), are effective methods for increasing the strength of glass [9-12].

At present, in practice, the method of chemical strengthening based on IE as an alternative to thermal
strengthening is being used increasingly. The method consists in displacing sodium ions by potassium or lith-
ium ions in a thin surface layer of glass and creating compressive stresses in this zone. On the surface, they
reach their maximum values and quickly decrease in thickness. These compressive residual stresses close sur-
face cracks by contacting their faces [13, 14]. The patterns of the distribution of residual stresses for ionic and
thermal strengthening processes are significantly different, which leads to a different level of increase in the
strength of the samples, changing the fracture pattern. The magnitude of the residual compressive stresses in
applying IE is significantly higher than the analogous values for thermal strengthening, and the depth of the
layer with residual compressive stresses is much smaller. Fig. 2 shows a schematic representation of the indepth
distribution of compressive stresses for strengthened float glass through the use of thermal and chemical
strengthening [6]. The depth of the layer with residual compressive stresses in strengthened glass (solid para-
bolic curve) is about 21% of the glass thickness. The depth of this layer for ion exchanged glass (dashed line) is
much smaller, and, depending on the strengthening mode, is 20-100 pm. The maximum residual tensile
stresses in the inner layers of thermally strengthened glass are about 50% of the maximum level of compressive
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stresses on the surface. In strengthened glass, they Tensile stress Compressive stress

reach 50-70 MPa, which, when structural elements = v lf_ — MPa

collapse, lead to the formation of small fragments (‘7)——‘_

and a significant loss of the bearing capacity of

structures. Residual tensile stresses in the inner |

layers of glass, which correspond to residual com- L
I
I
I

- |lon-exchange strengthened
glass

pressive stresses in the surface layers for ion ex-
changed glass, are much smaller, about 20 MPa.

Heat-strengthened | —"

As a result, at the level of ultimate tensile and glass

bending stresses characteristic of thermally

strengthened glass, the fragmentation of the ele-

ments made of chemically strengthened glass dur- l xﬁ

ing their brittle fracture is characterized by a sig-

nificantly larger size of fragments, commensurate | Fig. 2. Schematic representation of the in-depth distribution
with those for elements made of unstrengthened of compressive stresses for thermally and

float glass. Under local static and shock loading by chemically strengthened float glass [6]

solids, the fracture pattern of the surface of ion exchanged glass is also close to unstrengthened glass, which
makes it possible to perform the cutting and mechanical processing of structural elements.

In the ASTM C 1422-99 standard [15], ion exchanged glass is classified according to two independ-
ent characteristics: residual compressive stresses and the depth of the strengthened layer. The document dis-
tinguishes five classes of glass by the stress level (with residual compressive stresses G,,, in the range from 7
to 172 MPa for class 1, and c,.,,>690 MPa for class 5) and six classes depending on the depth of the strength-
ened layer (on the value less than 50 um for class A and more than 500 pum for class F).

To determine the ultimate strength of strengthened glass o, two averaged parameters are most often
used: the ultimate strength of glass in the initial state oy and the level of residual compressive stresses Gy [16]

6, =0,+ko

res °
where k is an empirical coefficient, which in most cases is determined experimentally.

The influence of ion exchange on the strength of glass, depending on the depth and intensity of the
creation of residual stresses, has not been sufficiently studied, which is why the issues of the IE strengthen-
ing of glass are important and urgent.

Formulation of the Problem
As an example, consider a 5 mm thick sheet silicate glass sample with a surface defect and study the

effect of IE strengthening on the overall increase in glass strength.
For a small surface crack of depth a, the stress intensity

factor at the crack tip can be calculated from the relation [17]

K, =199ca (1)

where © is tensile stresses.

Let us assume that unstrengthened silicate glass is de-
stroyed at a stress of 35.5 MPa, which practically coincides with the
average strength of the silicate glass of such a thickness. For glass

with K;=0.5 MPa\/a , the critical depth of a surface crack, which
leads to catastrophic fracture, is, according to (1), 50 um.

The stress-strain state of glass during bending is determined
using the results of solving the problem of the theory of elasticity for
the case of plane deformation [18]. To simulate the fracture tough-
ness of IE strengthened glass by the finite element method, we select,
in the Cartesian coordinate system r0z, a rectangular region
0<r<0.35 mm, —0.001 mm<z<0.25 mm . A surface crack with a tip at
point B with a depth of 50 um is located along the r axis (Fig. 3). Fig. 3. Design scheme

u-(r)

005 0.1 015 0.2 0.25 z;mm
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The neutral plane during the bending of a sheet is described by the equation r=0.25 mm. The side of
the region z=0.25 mm moves in the direction of the z axis along the normal line to the neutral plane:
1,(0.25)=0; u,(0)=0.0013%P (mm), where the loading parameter P takes the values 1, 2, 3. Characteristics of
the glass material are the following: specific weight p=2.52 g/cm’, elastic modulus E=68 GPa, Poisson's ratio
v=0.22, coefficient of linear thermal expansion a=1.14-10", used to simulate residual stresses through the
use of thermal deformations €, (r)=a-T(r).

On the side z=—0.001 mm, the boundary conditions of symmetry are set as u,=0; 7,,=0. The com-

pressive stresses of o, :ﬂ =200 MPa, which are the result of the IE strengthening of the surface layer,

1-v
at a depth of 30 um at point A (Fig. 3) fall to zero, providing contact of surface crack faces. The OB segment
in the figure corresponds to the depth of the initial crack, and OA corresponds to the compressive-stress ac-
tion region, where a partial contact of the crack faces is possible. To simulate this phenomenon, 6 contact

elements are introduced in the OA region.

Key Research Findings

A simplified description of the [ \p, o-. MPa
regularity of the in-depth variation of com- 200 200
pressive stresses is used in this work
(Fig. 4), since in IE strengthened glass the 150
thickness of the layer to which these
stresses are propagated is very small
(30 pm). Both linear (Fig. 4, a) and bilinear
(Fig. 4, b) (approximately describing the
parabolic law of distribution in the com-
pression region) approximations are used. 0 15 30 zam 0 15 30 z,pm

With the loading parameter P=1, a b

the bending stresses Gpeng ON the sur.face of Fig. 4. Regularity of distribution of residual stresses:
unstrengthened glass are approximately a — linear approximation; b — bilinear approximation
35.5 MPa, with P=2 — Gyeng=71 MPa.

Discretization of the sample under consideration into finite elements is shown in figure 3, and in the
crack region, in figure 5. The size of the finite elements in the crack tip region is 2 um. The stress intensity
factor can be estimated by the relation [17]

K, =0, 27, (2

where r; is the distance from the crack tip to the centers of the finite elements that are on the crack extension.
With the discretization under consideration, ;= 1, 3, 5,7, 9 um.

A sharp decrease in stresses is observed on the first few finite elements from the crack tip. That is
why, in practice, to calculate the stress intensity factor, the calculations use the results obtained for the third
and fourth finite elements from the crack tip, while the stress intensity factors are averaged [19].

Table 1 shows the results of calculations of the stresses o, the stress intensity factor K; obtained from
relation (2), as well as the value of the crack half-opening on the surface in unstrengthened glass (without the
IE strengthening of the glass). Here, 6,1, G5, .3, O.4 are the stresses G, in the first — fourth finite elements from
the crack tip (point B). The results show that for unstrengthened glass, the stress intensity factor Ky at P=1

slightly exceeds the value of 0.5 MPa Jm taken as the critical limiting value, which is explained by the error
in the calculations of the finite element method. Analyzing the results obtained, we can conclude that loading
with the parameter P=1 is practically the highest loading that unstrengthened glass can withstand.

For IE strengthened glass, the calculation results are given in table 2. The numerator contains the
values obtained for the linear law of distribution of compressive stresses during the IE strengthening of glass,
and the denominator, for the bilinear one. The sixth column of the table shows the stress intensity factor at
the crack tip; the seventh one, the value of the contact compressive stresses of the crack faces on the surface
r=0; and the last one, the size of the contact zone of the crack faces.
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The results obtained show that with an increase in the loading 7, m
parameter the stress intensity factor at the crack tip increases, and the
length of the contact zone of the crack faces decreases. In the case of a 70

linear law of distribution of compressive stresses at P=3, there is no con-
tact of the crack faces. With a bilinear law of distribution of compressive
stresses, the contacting zone of the crack faces is somewhat larger, and 50
the stress intensity factor at the crack tip is smaller. The loading parame- B
ter at which the stress intensity factor reaches the critical value

Ki=K;=0.5 MPa \/E in the case of a linear distribution of compressive .
stresses, P=1.65, and of a bilinear one, P=1.7. 30
With the value of the loading parameter P=3 and the linear law
of distribution of compressive residual stresses, there is no contact of the
crack faces, and the half-opening of the faces on the surface
u,(0)=0.0684 pum. Thus, during IE strengthening, the crack faces are par-
tially in contact, and in the absence of contact, the opening of the crack
faces is significantly reduced. However, in IE strengthened glass with a
crack depth of 50 pm, its fracture occurs earlier than the opening of the | Fig. 5. Discretization of the domain
crack faces on the glass surface is achieved. into finite elements in the crack region

0 20 Z,um

Table 1. Calculation results for unstrengthened glass

ot loading | O MPa | 02 MPa | 0 MPa | oy MPa | K, MPa Jm | MRTIRS e R T
P=1 2584 | 1158 915 778 0.514 0.0695
P=2 5109 | 2316 1830 | 1556 1.029 0.1391
P=3 7753|3474 2745 | 2334 1.543 0.2087

Table 2. Calculation results for IE strengthened glass

Loading parameter |c,;, MPa|G,,, MPa|G,3, MPa| 6.4, MPa |K;, MPa+/m |G, (r=0), MPa | Contact of the crack faces
P=1 118.8 56.5 49.1 44.8 0.271 -27.1 2<24 ym
110.6 53.1 46.6 42.9 0.244 -30.2 z<27 pm
P 282.8 132.4 111.9 100.2 0.612 -17.3 z<15 pym
262.6 124.1 105.9 95.6 0.614 -21.3 7z<20 um
P=3 497.1 229.4 189.9 167.5 1.087 0 —
4394 | 2052 | 1725 154.0 0.994 -10.1 z<11 pm
Conclusions

The computational studies of the crack resistance of sheet glass, which is strengthened by ion exchange
under bending strains, have been carried out using a software package developed in the Department of Vibration
and Thermal Strength Research of A. M. Pidhornyi Institute of Mechanical Engineering Problems (National
Academy of Sciences of Ukraine), using the finite element method, to study the thermally stressed state of struc-
tures. The results obtained showed that the fracture of real sheet glass due to tensile stresses during bending is de-
termined by surface defects. With an increase in residual stresses and the depth of their distribution, the effect of
IE treatment increases. The depth of surface cracks, based on the real strength of sheet glass, 35.7 MPa, reaches
approximately 50 um, which exceeds the thickness of the layer of compressive stresses that ensure contact of the
crack faces. If the depth of the zone of compressive stresses from IE strengthening is much smaller than the depth
of the surface crack, the strength of glass depends little on the maximum compressive stresses on the surface. The
effect of IE strengthening increases significantly in the case of a decrease in the depth of the surface crack.

Since the residual stresses during IE strengthening are significantly inhomogeneous, the real values
of the intensity factors K¢ for glass have a significant scatter. The results obtained require further research
and refinement by comparison with experimental data.

The results of this paper have been partly obtained within the project of the Target-oriented Scien-
tific Research Program of the NAS of Ukraine «Scientific and Technical Problems of Monitoring the State,
Assessment and Life Extension of Structures, Equipment and Installations of Long-term Operation».
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YucebHi 10CiTKeHHs] TPIIIMHOCTIHKOCTI i0HO3MIIIHEHHOT0 JTHCTOBOTO CKJIA,
MpU 3rUHHUX JAedopManisix

II. II. I'onTapoBcbkmii, H. B. Cmerankina, C. B. Yrpimos, H. I'. T'apmamy, 1. I. Menexux

Iacturyt npobiem MammHoOyyBanHs iM. A. M. Ilinropaoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcekoro, 2/10

besnexa naoitnoi excniyamayii aimanbhux anapamis i ix 008208iUHICNb ICMOMHO 3a7excams Gi0 MiyHoOCmi
CKIIHHA, SIKE € 8IONO0BIOANLHUM KOHCMPYKYIUHUM elemenmoM. o CKAiHHs 8UCy8acmvcs yinuil psao pisnux eumoe. Js 3a-
be3neuentss HEOOXIOHUX NAPAMEMpPI6 WUPOKO BUKOPUCTOBYEMbCA BUCOKOMIYHE CUTIKAMHe CKIO0 Md 3aCmOCO8YIOmbCs
cneyianbHi mexHonoeii 1oeo 3miynenus. Ananiz npobiemu nokasas, wo HeOOCMAamHs MiyHICb e1eMenmié asiayiiiHo2o
CKMIHHSA Ul CKIIAOHICMb MemoOie8 KOHMPOJO CIMAHY CKIA NPU 8UPOOHUYMGI 1l eKCHIyamayii 6HACIIOOK HASLBHOCHI NOBEPX-
Hesux Oeghexmié MIKPOCKONIYHUX PO3MIDI6, A MAKONC HeOOXIOHICMb 00CMOGIPHOI OYIHKU 3aTULKOBUX HANPYIXCEHb NOM-
Ppebyoms 3aCmocy8anHs HOBUX NIOX00I8 | MEXHIUHUX PileHb Ol PO3ZGUMKY CYYACHUX TMEXHONIO2I CIMBOPEHH ST KOHCIPYK-
yiu. lonnuii 06Min € OOHUM 3 MEXAHI3MIE 3MIYHEHHS CKAA, AKUL 00360JIAE 3MEHWUMU HE2AMUBHULL 6NIUE NOBEPXHEBUX Oe-
hexmie 3a paxyHoK WmMy4HO20 CMEOPEHHS 3ATUUKOBUX CIMUCKAIOUUX HANPYIHCEHb | 3MEHUIEHHS MOBWUHU YUKOONCEHO20
wapy. I[Iposedeno po3paxyHKkosi 00CHiONHCeHHS MPIWYUHOCMITIKOCIE IOHO3MIYHEH020 TUCMOB020 CKAA NPU 32UHHUX 0eqhop-
Mayisx i3 3acmoCcy8aHHAM 61ACHO20 NAKeMa Npospam, po3podieH020 HA OCHOB8I Memoody CKIHUEHHUX elleMeHmie ma npus3-
HA4eHo20 07151 OOCHIOHCEHHS MEPMOHANPYHCEHO20 CIAHy KOHCmpykyit. Ompumani pe3yismamu noKazau, wo MiyHicme
PYUHYBAHHA PEanbHO20 JUCHOB020 CKIA 8i0 POIMALYIOUUX HANPYHCEHb NPU 32UHI BUSHAUAEMbCA MPIWUHONOOIOHUMY NO-
sepxnesumu Oepexmamu. CmEOpeHHs 3aNUUKOBUX CIMUCKAIOYUX HANPYHCEHb HA NOBEPXHI CKIA WIAXOM IOHOOOMIHHO20
3MiyHeHHs 3a0e3neuye 30LNbeHHa MiYyHoCcmi npu 32uraHHi. IIpu 3p0Cmanti 3a1UmKO8UX HANPYX*CeHb ma 2IUOUHY iX po3-
nooiny egexm 8io0 ioH00OMiHHOI 00pPOOKU 30iTbULYEMbCA. AKWO 2UOUHA 30HU CIMUCKAIOUUX HANPYIHCEHD 8I0 IOHHO20 3MiY-
HEHHsl 3HAYHO MeHwe 2TUOUHU NOBEPXHEBOT MPIWUHU, MIYHICMb CKAA MANIO 3ANeHCUMb 6i0 MAKCUMATIBHUX CIMUCKAIOYUX
HanpyoiceHv Ha nosepxii. Eexm 6i0 ionHO20 3MiyHeHH CYMMEBD 3pOCMAE Y BUNAOKY 3MEHUIEHHS 2TUOUHU NOBEPXHEBOT
mpiwunu. [lokasana 0oyinbHicme nposedeHHs NOOANLUUX OOCTIONCEeHb | NOPIGHAHHS Pe3yIbmamie po3PaxyHKIe 3 excne-
pumeHmanvHumMu Oanumu. Po3pobiena memoouka 003601umb po36'a3y6amu 6aANCIUSI NPAKMUYHI 30044l OOCHIOHCEHHs.
MIYHOCMI 6a2amowapo8o20 CKIIHHS TIMAalbHUX Anapamie i 6USHAYEHHs ONMUMAIbHUX Memo0i6 YCYHEeHHs IX OedheKkmis.

Kniouoei cnosa: nimanvui anapamu, Curikamue CKio, HAnpyicenutl Cmam, MiyHiCmb, 3aTUUKOG] HANPYICEHHS,
iOHHULL 0OMIH, OeheKmu noBepxXHe8020 Wapy.
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UDC 621.125 A structure’s material plasticity influence on the pattern of contact interaction of its
elements during operation is studied. The stress-strain state problem for the inner
CONTACT casing of a steam turbine high-pressure cylinder operating at supercritical steam
parameters (over 240 atm and 565 °C) is solved. The problem is solved by using a
INTERACTION finite-element software package. A model of thermoplasticity with kinematic and
OF STEAM TURBINE | isotropic harderz'}}g is hconsider.ec;. Ir} c;llrrying ou.t the 7A:}tludy, eixgzlerime;tal .strain .
curves were used for the materials of the connection. The main dependencies use
INNER CASING in solving the problem are given. The method of solving the thermal contact prob-
ELEMENTS lem of interaction of flange connector elements in the conditions of plasticity is
DURING PLASTIC based on the application of a contact layer model. To be able to take into account

changes in the load from the fastening in the process of combined strain of both the

DEFORMATION fastening and the casing, first proposed is a method of the three-dimensional model-

ing of the thermal tightening of the fastening of the horizontal casing connector by

Serhii A. Palkov applying the linear coefficient of linear expansion of the material. The proposed

sergpalkov@ gmail.com

approach allows modeling the stress of the initial tightening of studs by specifying a

ORCID: 0000-0002-2215-0689 fictitious change (decrease) of the coefficient of linear expansion of a stud given as

a separate body in the calculation scheme. The magnitude of the specified change in

Thor A. Palkov the coefficient of linear expansion is determined from the relationship between the
igorpalkov1987 @ gmail.com stress of the initial tightening in the stud and the required, for its creation, elonga-
ORCID: 0000-0002-4639-6595 tion, which is implemented in the calculation scheme in the presence of different
values of linear expansion of both the stud and the casing. To conduct the numerical
JSC "Turboatom" experiment, an ordered finite-element grid of the casing design was constructed. A
199, Moskovskyi ave., 20-node finite element was used in the construction of the casing grid and the fas-
Kharkiv, 61037, Ukraine tening. The effect of force loads and the temperature field, in which the structural

34

element under consideration is operated, is taken into account. An analysis of the
results of distribution of equivalent stresses and contact pressure during operation
is carried out. The difference between the obtained results and the results of solving
the problem in the elastic formulation is noted.

Keywords: turbine, flange connector, casing, stress state, contact interaction, plas-
ticity.
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