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of loading by the “targeting” method, varying the modulus of elasticity and the Poisson’s ratio,
we approach the parameters of the experimental dome and determine the actual mechanical and
stiffness properties of the coating under study. We calculate the normal separation forces
through the radial forces determined by the current numerical model, and then determine the
coupling stresses. The developed experimental-theoretical method is an effective tool for
evaluating the mechanical properties and stiffness of coatings of complex structure, as well as
the adhesion of the coating to a spherical substrate.
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NMOKPBITHS HA chepudecKor MOAJI0KKe
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Hcropus craTbu AuHoTauus. V3BecTHBIC METOIBI W HOAXOMbI, HCXOMHO CHOPMHUPOBAHHBIC Ha
Hocrymuna B peakiuto: 11 mons 2023 r. HEIUIOCKUX IOBEPXHOCTSIX, Maod((EKTUBHEl WIH BOBCE HeanMej-lMMbl l'IpI:I
Jlopabotana: 12 centsiopst 2023 T. HCCIICIOBAaHUN MEXaHMUYECKUX XapaKTEPUCTUK U aIre3UH IOKPBITHH CIO0KHOM
Tlpunsta k my6mukaum: 21 centsops 2023 T. CTpYKTYphL. Pa3paboTaHo ycTpoiicTBO, BKIIIOUAROIIEe PparMeHThl CHEepHUECKIX

TIOUIOXKEK € KOJbLIAMHU TSI KPCIUICHHUS IO KOHTYPY, HCTOYHUK JaBJICHUA p360-

4yel cpensl ¢ MaHOMETPOM, MAarkcTpalblo C BEHTWIEM Ul IoJadu paboueit
3asiBiieHHEe 0 KOH(JIUKTE HHTEPecoB cpenbl, U3MEPUTENLHOIO KOMIUIEKCA M MAarucTpaly Ui TpaBlleHus paboueit
cpensl. Bo ¢parmente cdeprnueckoil MOATIOKKH HUMEETCS OTBEPCTHE MAJOro
Juamerpa, B 001acTu KOTOporo (JOpMUpYIOT HOKPLITUE IO 33[JaHHOI TeXHOJIO-
ruu. Yepes HEOONBIIOE OTBEPCTHE B MOIOKKE ToxaeTcst padouas cpena. Oro-
PBaHHBLI OT IOMIOKKU CEIMEHT MOKPBITUS 00pa3yeT KyIol B Buie (parmMeHra

ABTODBI 3asIBIISIOT 00 OTCYTCTBUH
KOH(IIMKTa HHTEPECOB.

BKJaz aBTOpoB snnunconna. PaspabareiBaeTcs unciaeHHas Moaens Aedopmuposanus GparMeH-
Ta TIOKPHITHA B BUJIE IAPOBOIO CETMEHTA CO CIIOMKHBIM KOHTYPOM, HCIIONb3YsI
U3BECTHBIE NPOrPaMMHBIE KOMILIEKCHL. Ha KaxIoM 1are Harpy»eHus METOI0M
«TIPUCTPENKM», BapbUPys MOJyJeM ynpyroctu u koddpduuuentom Ilyaccona,
npubnuKaeMcs K IapamMeTpaM JKCIEPMMEHTaIbHOTO KyHoja M ONpesesseM
AKTyaJIbHbIE MEXaHUYCCKHUE 1 KCCTKOCTHBIC CBOMCTBA HCCIECAYEMOI'0 TOKPBITUSL.
BbruncnsieM HOpMasibHBIE YCUIIHSL OTPhIBA Yepe3 pajualbHble YCUIIUs, OIpeje-
JICHHBIC 110 aKTyaﬂbHOﬁ YUCJICHHON MOJCIIHU, U OIIPEACIIAEM NaJIeC HAIIPSIKCHUS
cuerienus. PaspaboTaHHbli 3KCIIEpMMEHTAILHO-TEOPETUYECKUH METOJ SIBJISI-
€TCA 3(1)(1)CKTI/IBH])IM UHCTPYMCEHTOM OLICHKH MCXaHUYCCKUX CBOWCTB U JKE€CTKO-
CTM TIOKPBITHH CIOMKHOM CTPYKTYpHI, 8 TaKXKe aJre3uu MOKPHITUS K chepuye-
CKOM TIOJUTOXKKE.

HepasﬂenLHoe COaBTOPCTBO.

KimioueBsle c10Ba: CIIOXKHAs CTPYKTYpa, aAre3uB, XKECTKOCTh MOKPBITHS, HAIIPs-
JKEHHS! CLICTUICHHS
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1. Introduction

One of the most developed approaches for protecting surfaces from environmental influences is coating.
Surface coatings are widely used in all branches of production and life [1-3]. They provide protection and
insulation of the surface of structures operating in various environments and under the influence of various
physical fields.

Based on the operating conditions, various coatings and adhesives of complex structure are developed,
providing the necessary qualities [4—8]. Active work is underway to create functional and intelligent coatings for
corrosion protection [9—15].
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During the operation of structures, protective coatings fail first
of all, which can lead to serious consequences, in particular, to
intensive corrosion wear of the bearing elements of the structure. H
When choosing a coating, adhesive and its application technology, 5
questions arise related to determining their necessary parameters,
evaluating their mechanical properties and their service life
depending on operating conditions.

Methods for evaluating the mechanical properties of coatings.
Various approaches are used to study the mechanical characteristics »
of coatings [6—8]. The indenter method [16], which allows
determining the properties of a material in the vicinity of a given -
point, has become widely used. There are studies based on the o
molecular approach [17], in which difficulties arise in describing (g

the structure of the coating at the molecular level. However, for
coatings of complex structure, the indenter method and the
molecular approach are ineffective. There is a large variation in the
results of the study by the standard uniaxial tensile testing method Figure 1. Fragment and installationdiagram
of coatings of a complex structure in the shape of a rectangle based Source: made by N.M. Yakupov

on the Russian state standard GOST 14236-81. Polymer films.

Tensile Test Method; ASTM D 412-41.

An effective approach to assessing the mechanical properties of films is the experimental — theoretical
ETM method [18], which allows evaluating the integral properties of coatings. ETM is based on the synthesis of
experimental data and relations from the theory of thin shells. Figure 1 shows a diagram of the device. The
installation allows testing of round-shaped samples in plan.

The sample is placed on the device, loaded with a uniform surface pressure p and the form of deformation
of the sample is monitored. The dependence “pressure p — deflection H” is obtained from the experiment, and
then, using the relations of the theory of shells, the mechanical properties of the coating are determined [18].

Methods for assessing the adhesion of coatings. Various methods have been developed to determine the
adhesion strength of the coating to the substrate. There are, for example, USSR copyright certificate No. 183459;
RF patents No. 689411, No. 2207544. These developments have some disadvantages, in particular, technological
difficulties and do not provide the necessary accuracy. A method is known for estimating the adhesion of an
elastic coating to a substrate based on the parameters of the “bubble” [19].

A method has been developed for determining the adhesion of rigid and flexible coatings to the substrate
(RF Patent No. 2421707), which allows assessing the adhesive properties taking into account the mechanical
characteristics and thickness of the coating (Figure 2). At the same time, the spread of results is reduced.

Modern coatings have a complex structure and are formed, as a rule, directly on the surfaces of structures of
various shapes, in particular, on cylindrical, spherical and toroidal surfaces [20]. Known methods and
approaches are ineffective or completely inapplicable in the study of the mechanical characteristics of coatings
of complex structure, initially formed on non-planar surfaces.

The purpose of this work is to develop an effective tool for determining the stiffness properties of coatings
of complex structure and adhesive on a spherical substrate.

Figure 2. Installation diagrams: G1 — for rigid coatings; G2 — for flexible coatings
Source: made by N.M. Yakupov
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2. Method for assessing the adhesion of the coating on a spherical substrate

The test device consists of a set of fragments of spherical substrates of various diameters, a pressure source
of the working medium with a pressure gauge, a line with a valve for supplying the working medium, a measur-
ing complex and a line for etching the working medium. There is a small diameter hole in the substrate, in the
area of which a coating is formed according to a given technology. A fragment of the installation diagram is
shown in Figure 3.

T otr

Figure 3. Diagram of the experimental setup (G1); dome parameters:
the base of the spherical segment (G2), the base of the ellipsoid fragment in plan (G3),
the diametrical section of the spherical segment (G4)
Source: made by N.M. Yakupov

The algorithm of the method. During the experiment, the working medium, in particular, air, is smoothly fed
into the inner cavity of the spherical substrate — cavity 4 (Figure 3, G1). When the pressure reaches a certain
value, the coating slowly comes off. At the same time, a dome is formed. In the simplest case, a dome is formed
in the form of a spherical segment with radius r (axisymmetric variant) with a flat base in the form of a circle
with radius a (Figure 3, G2). In a more general case, a dome is formed that is close in shape to an ellipsoid frag-
ment; at the same time, the base of the dome is a spatial curve lying on a spherical surface of radius R and having
in plan a shape close to an ellipse with semi-axes a and b (Figure 3, G3).

At the first stage, the stiffness property of the coating is investigated. At each step of loading p, the form of
deformation of the coating under pressure p is monitored, the dome parameters are measured: a, b and H. Next,
numerical models of deformation of a coating fragment in the form of a spherical segment with radius 7, in a
particular case, or in the form of an ellipsoid fragment having a shape close to an ellipse with semi-axes a and b
are developed . In this case, either well-known software systems, for example, ANSYS, or a spline version of the
finite element method (CB FEM) are used [21; 22].

At each step of loading p by the “targeting” method, varying the properties of the material, for example, for
an elastic coating with the elastic modulus E; and the Poisson's ratio V;, we approach the dome parameters cor-
responding to the experimental parameters a, b and H. The mechanical parameters £ and Vv , at which the maxi-
mum approximation of the numerical model to the experimental shape of the dome is observed, characterize the
actual mechanical properties of the coating under study. Further, if necessary, it is possible to calculate the stiff-
ness of the coating for stretching B and bending D:

_ Eh _ ER®
- 25 ° D - 25 °
a-vH) 12(1—v)

B (1)
Thus, we determine the actual mechanical properties of the coating under study and determine the stress-
strain state of the coating. At the same time, special attention is paid to the determination of tangential forces 7'

and deformation of the coating, in the radial (normal) €1 and tangential €2 directions near the contour of the
dome.
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At the second stage, we investigate the adhesive properties of the coating to the spherical surface of the sub-
strate. Based on the radial forces

At the second stage, we investigate the adhesive properties of the coating to the spherical surface of the sub-
strate. Based on the radial forces 71 obtained at the first stage, we determine the normal separation forces 7os-.

For a dome in the form of a spherical segment, based on Figure 3, the separation forces are the same along
the entire contour and can be determined by the formula:

2a(H+R—VR2-a2)(VR2-a%—Vr2—a?) )
R[(H+R—VR2-a?)2+ a?] ) )

Torr =T,

For the more general case, the contour separation forces vary depending on the parameters a and b. Howev-
er, if we take into account that the maximum forces of separation of the coating will be in the area of the small
semi-axis b, then the separation forces can be determined by the formula:

2b(H+R-VRZ-b2)(VRZ—b2—r2—-b2) 3
R[(H+R-VRZ-b2)2+ b2] ) €)

Torr =T,

Further, according to certain normal separation forces 7or, determine the coupling tension Mos by the for-
mula:

_ Totr
Noer = ho(1—¢g1 —&3) )

Performing the procedure for calculating the coupling voltage Mos (pi) according to this algorithm for a
number of pressures p; (i = I + n), we determine the average values Nog--sr by the formula:

Notr-sr = (Z Norr (pt) ) / n. (5)

3. Conclusion

1. A coating of a complex structure, initially formed on a fragment of a spherical substrate, is investigated.
The working medium was fed through a small hole in the substrate. A segment of the coating torn from the sub-
strate formed a dome in the form of an ellipsoid fragment.

2. A numerical model of deformation of a coating fragment in the form of a spherical segment has been de-
veloped using well-known software systems. At each step of loading by the “targeting” method, varying the
modulus of elasticity and the Poisson’s ratio, when approaching the parameters of the experimental dome, the
actual mechanical and stiffness properties of the coating under study were determined. According to the radial
forces determined by the current numerical model, the normal separation forces are calculated and the coupling
stresses are determined.

The developed experimental-theoretical method is an effective tool for assessing the mechanical properties
and rigidity of coatings of complex structure, as well as the adhesion of the coating to a spherical substrate.
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