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THE INFLUENCE OF HEAT TREATMENT MODES ON THE STRUCTURE
OF PROTECTIVE COATINGS

Purpose. Increasing the durability of 'TK-101 hollow working blades due to double-sided protection of their profile
part.

Research methods. Microstructure studies were carried out on microsections under a ““Neophot-2”” microscope and
a “Stereoscan” microscope-analyzer. Microhardness was measured with a /7IMT-5 device. Short-term strength tests
(GOST 1497-61, GOST 9651-61, GOST 1497-84) were carried out on standard cylindrical samples (diameter of the
working part 5 mm, length 25 mm) at temperatures of 200, 800, 900 and 1000 € on a YME-10TM brand tensile machine.
Long-term strength tests (GOST 10145-81) were performed on standard cylindrical samples at temperatures of 800, 900,
10000 < and corresponding loads of 600, 400, 180 MPa on the AIMA-5-2 machine by uniaxial stretching of samples
under constant load. Comparative experimental studies of high-temperature corrosion of alloys were carried out in syn-
thetic ash using a method widely used in the industry. For corrosion tests, standard cylindrical samples (diameter <10
mm, length | = 12 mm) were used, on which, after preliminary degreasing, measurement and weighing on an analytical
balance with an accuracy of (+ 0.0005 g), synthetic ash in an amount of 12 mg / cm? was applied to their surface, simu-
lating the combustion products of gas turbine fuel, which were placed and kept in a furnace on a platform made of
refractory material in an air atmosphere.

Results. The influence of double-sided protection of the profile part of the working hollow blades of 7'TK-10l was
studied. It was shown that the formation of the coating is most effectively carried out at a temperature equal to or higher
than the peritectic reaction temperature (#1130 °C). Ir was established that the strength characteristics of superalloys
when using the complex protection technology at temperatures of 800 and 850 °C do not decrease. It was shown that at
relatively lower coating formation temperatures (1080 °C, 4 hours), the structure of the slip coating is significantly dif-
ferent from similar ones with a heterogeneous structure and fully corresponds to the classical RT-22A type. It was estab-
lished that the predicted service life of the working blades increases by 10 thousand hours when using their double-sided
protection using the complex technology.
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Scientific novelty. The obtained results make it possible to evaluate the processes occurring during coating appli-
cation and blade operation and to establish the relationships between the thickness, kinetics and type of coating and the

corrosion rate.

Practical value. The obtained results allow us to recommend developed coatings and application technologies to
increase the strength characteristics and durability of products.
Key words: nickel-based superalloys, protective coating, coating structure, high-temperature corrosion, strength.

Introduction

Protective coatings are designed not only to increase
the operating temperatures of turbine blades, which are
determined by the heat resistance of the alloys used for
their manufacture, but also to increase the service life and
reliability of the blades [1,2]. They have been used for
more than 50 years. At the first stage, aluminide coatings
were most widely used. Simple aluminizing of the working
and guide blades of turbines allowed to increase the service
life of gas turbine engines by approximately two times at a
temperature of 850 °C [3,4]. However, these coatings are
effective only in such typical corrosion as high-
temperature oxidation due to the formation of a barrier
layer of aluminum oxide. The use of low-grade fuel sharply
reduces their efficiency.

Aluminide coatings doped with chromium, silicon,
tantalum, niobium and other elements [5-7] have higher
corrosion resistance compared to simple alithization, and
also surpass them in thermal stability, plasticity and
thermal stability strength. They are applied to the blades by
various methods: diffusion (in powders with halide
activators and in vacuum), slip, metallization, etc. Their
thickness is within 40...100 microns. These coatings are
effective when used in gas turbines with high-quality fuel.
Under conditions of intense oxysulfide corrosion, their
service life is short, since nickel intermetallics are unstable
in contact with sodium sulfate and in its mixture with
sodium chloride [8].

Aluminide coatings with a sublayer of precious
metals (for example, platinum, rhodium) have become
widespread abroad. These include such coatings as LDC -
2, RT - 22, RT - 22A, RT - 44, etc. They are characterized
by high resistance to oxysulfide corrosion [9]. The
thickness of these coatings is 70...80 pum, the base is NiAl,
containing platinum aluminide PtAl .

Since the LDC-2 coating is characterized by porosity
of the platinum layer, the possibility of concentration of
contaminants at the platinum-substrate boundary,
improved coatings based on them JML — 1 and JIML -2 [8,
9] have been developed. The platinum layers included in
their composition are formed from molten salts.

Along with aluminide coatings, silicide coatings are
also used. They are used mainly in low-power turbines with
an operating temperature of up to 730 °C. They are
characterized by high fragility of the silicide layer, low
melting point (985 °C) of the eutectic formed by nickel
silicides, poor thermal stability, and deterioration of the
mechanical properties of the base metal due to the diffusion
of silicon into it. In this regard, they are modified with
chromium and tantalum [10].

Purpose

The main goal of the work was to increase the
durability of the I'TK-10l hollow working blades by
providing double-sided protection of their profile part.

Material and research methods

The development of nickel-based cast heat-resistant
alloys is primarily due to the fact that, in comparison with
deformed superalloys, they can achieve a greater
strengthening effect due to the y'- phase and carbides, and
higher structural stability. Their diversity is associated with
the level of operating temperatures and the requirements
imposed on the properties of alloys at these temperatures
(in particular, long-term strength, corrosion resistance). An
important advantage of materials of this class is also the
ability to cast thin-walled cooled blades of complex
configuration from them, which are practically impossible
to manufacture by forging and stamping methods. The use
of cast superalloys for gas turbine engine (GTE) blades was
largely facilitated by advances in the development of
ceramic materials, equipment and equipment that allow
castings with cooling channels to be obtained. For
stationary gas turbines, heat-resistant corrosion-resistant
alloys based on nickel DIT1-539JIM, UC-70BI, as well as
alloys developed by National University Zaporizhzhia
Polytechnic — 3MI-3 and 3MI-3V instead of imported
alloys IN-738 have become widely used. They are used for
the manufacture of working blades of gas turbines of the
I'TK-10l unit.

The chemical composition of the studied heat-
resistant alloys is given in Table 1.

Table 1 — Chemical composition of the studied cast

nicke-base superalloys
Alloy Element content, % by mass

grade [ C |Cr |Co |Al [Ti |Mo (W [Nb|Ta [Hf [Re [Ru | Zr B
3MI-3 |0,1 [13 |55 |29 |49 |18 45]-

BMI-3V|0,1 |13, |50 |3,4 (48 (09 (73|- |- |- |- |- - 10,01
yc70 (0,1 |15 |10 (2,8 |46 |20 p5/02|- |- |- |- |0,05|0,02
IN-738 |0,1 |16, (85 (34 |34 |17 260917 |- |- |- |0,05|0,01
[EI1-539 10,1 |18, 19, |3,0 |30 (42 |- |- |- |- |- |- [0,05[0,01
EI-929 |01 (15 |17 |47 |35 |50 |- |- |- |- |- |- |0,02|0,03

To protect the outer surface of the studied samples
and working blades, condensing coatings developed by the
E.O. Paton Institute of Electron-beam Technology are
used, which are applied on a vacuum electron-beam
installation VE-175M. The compositions used in the
studies of electron-beam coatings (EBC) are presented in
Table 2.
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Table 2 — Chemical composition of electron beam

coatings
Coating Element content, % by mass
brand Co Cr Al Y
CHII-11A basis 26...28 | 45...65 | 02...06
CJI1-8 basis 25...28 9...11 0,2...0,6

After spraying, the first level of diffusion annealing is
performed at a temperature of 1030...1130 °C, 2 hours in
an electrothermal vacuum furnace of the type CILB
8.12/13 EM1 or “Schmetz”. Before the second level of heat
treatment, strengthening shot blasting with glass balls of
170...200 pum in size is performed on a shot blasting unit
VIIM-2.

Protection of internal cavities of samples and hollow
working blades of GTP is performed using technology
developed by National University Zaporizhzhia
Polytechnic.

The compositions of the applied suspension coatings
used are presented in Table 3.

Table 3 — Chemical composition of diffusion
coatings

Element content, % by mass
Coatings cr | Al Si [ Ti| Fe
Al-Si - 80...88| 12...20| - -
Cr-Al-Si 8...10| 70...80| 10...12| - -
Cr-Al-Si-Ti 16...25 65...72| 6...10|1...5| -
Cr-Fe 70 - - - 30
Microstructure  studies were carried out on

microsections under a microscope “Neophot-2” and a
microscope-analyzer “Stereoscan”. Microhardness was
measured with a TIMT-5 device. Phase composition and
lattice periods of the main components — on JIPOH-1
diffractometer in copper Ka radiation. The content of
chemical elements - on a scanning electron microscope
REM-106l.

Short-term strength tests (GOST 1497-61, GOST
9651-61, GOST 1497-84) were carried out on standard
cylindrical samples (diameter of the working part 5 mm,
length 25 mm) at temperatures of 200, 800, 900 and
10000C on a YME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were performed on
standard cylindrical samples at temperatures of 800, 900,
10000C and corresponding loads of 600, 400, 180 MPa on
the AIMA-5-2 machine by uniaxial stretching of samples
under constant load. The relative elongation of the samples
was recorded using mechanical strain gauges. At each load
level, 3-5 samples were tested.

To assess the degree of reduction in the strength
characteristics of the studied alloys as a result of prolonged
thermal action at temperatures of 8500 and 9500 °C with
different aging bases of 1000, 3000, 5000 hours, additional
tests of samples were performed in accordance with the
above-mentioned standards.

Research results and their discussion

The choice of heat treatment modes is associated with
the physicochemical characteristics of the alloy (phase
dissolution temperature), operating conditions (resource
and level of operating temperatures and stresses), as well
as the parameters of thermal technological action in the
manufacture of blades (for example, coating application).

In this regard, the temperature and duration of
diffusion annealing for the formation of a protective
coating were determined taking into account the maximum
preservation of the mechanical and physicochemical
properties of protected alloy.

The structure of condensed coatings of the Co-Cr-Al-
Y type, used to protect the outer surface of the working
blades, has been sufficiently studied in the equilibrium
state (annealing at 1040...1130 °C, 2...4 hours in vacuum),
is y- a solid solution based on cobalt, containing up to
25 % Cr and 3 % Al, in which there are particles of the
intermetallic p — CoAl (up to 30 % by volume) and o — Cr
(Figure 1). The 6- CoCr phase, which is in the coatings
immediately after deposition, dissolves in the solid
solution as a result of annealing. Since chromium reduces
the solubility of aluminum in cobalt, excess aluminum is
consumed to form - CoAl.

To analyze the phase composition of coatings
deposited on heat-resistant nickel alloys, isothermal
sections of the Ni-Cr-Al phase diagrams are used. The
intermetallic compound y’-NizAl has an fcc lattice, the B-
NiAl and B-CoAl phases have a bcc lattice.

In B-NiAl, the solubility of chromium at 20 °C is
2.5%, and at 1445 °C it is about 10 %. With a decrease in
the aluminum content in the intermetallic compound NiAl,
the solubility of chromium in it increases.

b x 400
Figure 1. Structure of Co-Cr-Al-Y on the outer surface of the
blades: a — IN-738; b —4C-70
By limiting the formation of the y’- phase, chromium
in Ni-Cr-Al- Y coatings contributes to the preservation of
the B — NiAl phase for a longer time, when aluminum is
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consumed for the formation of o — Al,O3 scale or diffuses
from the coating into the protected alloy.

According to the phase equilibrium diagram in Ni-Cr-
Al condensate systems at 1020 OS, the transition y + f§ <
a + v should be observed.

At higher temperatures, y + B — phases will prevail in
the structure of the coatings, and with a decrease in
temperature, closer to the interface with the surface of the
cooled blade being protected, the region of existence of the
a + vy - phase expands.

For a suspension coating of the Cr-Al-Si-Ti type, it has
been established that at a diffusion annealing temperature equal
to or higher than the peritectic reaction temperature (<1130 OS),
layers of 120...160 pm and more are formed in 2...4 hours. A
clearly expressed heterogeneous structure of the layer is formed
on the basis of the compositions Cr-Al-Si and Cr-Al-Si-Ti with
a chromium content of 15...20 and titanium of 4.5...6 wt. % at
a silicon content of about 8 wt. % (Fig. 2). If the diffusion
annealing temperature exceeds the temperature of the peritectic
reaction, the chromium and titanium contents exceed their limit
solubility in the melt (Cr-Al-Si) and (Cr-Al-Si-Ti), then the
coating thickness decreases almost twice (from 140 to 80 pum).

At relatively lower diffusion annealing temperatures, in
particular, at 1080 °C, 4 hours, the structure of the Cr-Al-Si-Ti
slip coatings is significantly different (Fig. 3) from similar ones
with a heterogeneous structure (Fig. 2) and completely
coincides with those well known from the literature.

This is due to the long-term existence of the liquid
phase in the liquid solution due to the replacement of the
NizAl compound with a melting point of 854 °C by the
NiAl compound doped with tungsten and molybdenum.

The determining factor in the formation of the coating
is the chemical and phase composition of the base, which
determines the quantitative transition of nickel and
alloying elements in the coating.

< :
o = Qs
be et - Pk
6 x 400
Figure 2. Structure of the Cr-Al-Si-Ti slip coating:
a-3MI-3V, 1130 °C, 2 h; 6 — OI1-539. 1130 °C, 2 h

o % 300

Figure 3. Structure of the Cr-Al-Si-Ti slip coating:
a —IN-738, 1080 °C, 4 h.; 6 — 3MI-3V, 1050 °C, 4 h

The studied compositions of protective coatings have
an effect on the mechanical properties of heat-resistant al-
loys, which is due, first of all, to the mechanical character-
istics of the compounds forming the coating, the mechani-
cal characteristics of the protected alloy, the ratio between
the thickness of the coating and the cross-sectional size of
the sample, the interaction between the coating and the pro-
tected alloy during high-temperature tests. The influence of
the temperature cycle of coating application on the me-
chanical properties of the protected alloy is excluded due
to the combination of the thermal cycle of coating for-
mation and the adopted heat treatment of the alloy, as well
as its combination with reductive heat treatment during re-
use.

With double-sided protection using electron beam
coatings CIII-11A and CIII-8 and suspension Cr-Al-Si-
Ti (thickness 60...80 and 80...120 um, respectively), a de-
crease in the mechanical properties of the metal is not ob-
served in comparison with unprotected samples.

The influence of the studied coatings on the long-term
strength of the alloys 3MI-3 and 3MI-3V is primarily asso-
ciated with the peculiarities of their destruction in a corro-
sive environment at high temperatures. Corrosion during
the tests contributes to the formation of surface cracks and
the development of destruction. The application of protec-
tive coatings protects the surface from corrosion destruc-
tion and has a positive effect on their long-term strength.

Figures 4 and 5 show that the use of protective coat-
ings provides 3MI-3V alloy with a level of long-term
strength at 800 and 850°C not lower than that of the alloy
without a coating. At the same time, cracking of the pro-
tective layer and its separation from the substrate does not
occur, and no centers of local corrosion are observed.
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The intensity of the corrosive environment on mate-
rials under long-term strength testing conditions depends
on the applied heat treatment. Samples that have undergone
850°C aging for 24 hours have a level of long-term strength
higher than samples without aging.
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Figure 4. Long-term strength of 3MI-3 alloy at 800 °C:

1 - alloy without coating;
2 — alloy with using complex technology
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Figure 5. Long-term strength of alloy 3MI-3 at 850 °C:

1 - alloy without coating;
2 — alloy with using complex technology.

The heat resistance of the coated samples was deter-
mined in an oxidizing atmosphere at 800 and 850 °C. Dur-
ing the tests, it was necessary to obtain a heat-resistant ox-
ide on the surface of the coating that performs protective
functions, diffusion of coating elements into the protective
oxide, diffusion of coating elements into the protected al-
loy, diffusion of alloy elements into the coating.

Since the outer zone of the suspension coating is
made up of a Ni-Al compound, a protective Al,O3 oxide is
formed on the surface of the coating at the initial moment
of the tests.

Increasing the time of heat resistance tests leads to a
deterioration of its adhesion to the coating surface, crack-
ing and delamination.

The depletion of the outer zone of the coating with
aluminum during the testing process leads to a change in
the structure of the protective oxides and an acceleration of
oxidation processes.

Changes in the structure during thermal stability tests
of the tested protective coating compositions are shown in
Fig. 6-9.

c x300

Figure 6. Structure of coatings in the initial state:
a - Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe

As can be seen from the figures, with increasing test
time, there is a redistribution of the phase components of
the coating, as well as diffusion of coating elements into
the substrate and vice versa, from the substrate into the
coating. After testing at 860 °C for 600 hours (Fig. 7), the
structure of the coatings practically does not change. The
outer zones of the suspension Cr-Al-Si-Ti consist of p-
NiAl compounds, inside the grains of which there are pre-
cipitates of silicides MexSiy and y'- NizAl.

e X300

Figure 7. Structure of coatings after testing at 850 °C 600 h:
a — Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe
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c x300

Figure 8. Structure of coatings after testing at 850 °C 1500 h:
a— Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe

The total content of molybdenum and tungsten de-
creases to 1 %, due to the separation of a dispersed phase
based on these elements. In the Cr-Al-Si coating, the inner
zone increases, consisting mainly of BCC — solid solutions
based on tungsten and molybdenum and carbide phase. In
the Cr-Fe coating, the substrate elements diffuse and the
intermediate zone PC — base increases. After 1500 hours of
testing (Fig. 8), the outer zone of the Cr-Al-Si-Ti suspen-
sion PC is dominated by the B — phase (NiAl), enriched in
chromium and titanium, carbides of the Me23Cs type and
silicides. In the Cr — Al — Si coating, the inner zone “dis-
solves” into the outer one. In some places, the y’- phase
with an aluminum concentration of up to 10 wt.% is ob-
served. The Cr-Fe coating continues to diffuse into the sub-
strate with the formation of the embrittlement 6- phase
[(Cr, Mo)x(Ni,Co) Y]. After 5000 hours of testing (Fig. 9)
the structure of the Cr-Al-Si-Ti suspension can be consid-
ered as consisting of two structural zones. The outer zone
consists of B- and y’- phases, the inner zone consists of “is-
lands” of B-phase, u — phase based on molybdenum, car-
bide phase, mainly Cr21(MoW).Cs, silicides, and also the
primary (B +v") — phase.

On the gas-dynamic stand, the alloys YC-70 and 3MI-
3 showed the highest corrosion resistance. Comparative
tests of alloys with protective coatings at 800-900 °C give
preference to Co-Cr-Al-Y. They are followed by suspen-
sion Cr-Al-Si-Ti with a heterogeneous structure, then dif-
fusion Cr-Fe, applied by diffusion vacuum metallization.

c " x300

Figure 9. Structure of coatings after testing at 850 °C 5000 h:
a - Cr-Al-Si-Ti; b — Cr-Al-Si; c — Cr-Fe

The structure of suspension protective coatings Cr-
Al-Si-Ti after testing on the gas-dynamic stand of cylindri-
cal hollow samples is shown in Fig. 10. It is identical to the
structure of coatings applied to the working blades of the
I'TK-101 turbojet turbine, which have been used in real
conditions for 9.5 thousand years.

The corrosion kinetics of samples from the 3MI-3 al-
loy with different protective coatings is shown in Fig. 11.
The test results determined the following series of re-
sistance: solid samples with Co-Cr-Al-Y, hollow — with
double-sided protection, applied in a combined mode, solid
with diffusion Cr-Fe, hollow — with external Co-Cr-Al-Y
(without internal) and samples without coating.

b ka0

Figure 10. Structure of the coating of the Cr-Al-Si-Ti system:
a — outer surface; b — inner surface
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Figure 11. Corrosion kinetics of 3MI-3VY alloy samples

Figure 12 shows the dependences of the change in
the wall thickness of hollow samples depending on the time
of testing on a gas-dynamic stand with simultaneous ther-
mal cycling. The nature of the change in the wall thickness
of samples without protective coatings is significantly dif-
ferent from similar ones. In the first case, for 200 t of test-
ing, the wall becomes thinner by 0.780...0.850 mm, in the
second — by 122.5...135 um (practically, by the thickness
of the protective coating) in the cross section.

| ah| 6w

1 -without coatin®
2 - double-sided coating

Figure 12. Change in wall thickness of hollow specimens

The conducted studies allow us to conclude that tests
of hollow samples with a duration of 50, 100, 150 and 200
hours correspond to the real operation of working blades in
a gas turbine for 5000, 10000, 15000 and 20000 hours, re-
spectively, in terms of parameters such as:

- condition of the outer surface;

- depth of corrosion penetration;

- structure; dynamics of corrosion damage, including
the geometry of samples before and after the test;

- long-term strength.

All these parameters and research results allow us to

predict the durability of gas turbine parts both without pro-
tective coatings and with double-sided protection. Thus,
without taking into account the corrosion effect at a nomi-
nal stress in the average cross-section of 120 MPa, the ser-
vice life of the working blades is determined at 32 thousand
hours (Fig. 13), and taking into account the corrosion effect
and changes in wall thickness (according to the test results
— a decrease for every 5 thousand hours by 5-7 %) — 25
thousand hours. When using double-sided protection using
complex technology, the service life of the blades should
be 35 thousand hours.
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Figure 13. Durability of I'TK-101 workingblades:
1 (1") - excluding oxysulfide corrosion;
2 (2") - including oxysulfide corrosion;
3 (3") - blades protected using comprehensive technology
(including oxysulfide corrosion)

Conclusions

1. It is shown that the formation of
thermodynamically stable coatings in the complex
multicomponent system Cr-Al-Si-Ti is most effectively
carried out at a temperature equal to or higher than the
peritectic reaction temperature (= 1130 °C).

2. It is shown that at relatively lower coating
formation temperatures (1080°C, 4 hours), the structure of
the slip coating is significantly different from similar ones
with a heterogeneous structure and fully corresponds to the
classical RT-22A type.

3. It is established that the strength characteristics of
heat-resistant superalloys when using complex protection
technology at temperatures of 800 and 850 °C do not
decrease.

4. The increase in heat resistance is due to a favorable
combination of components and a perfect coating structure.

5. Slip coatings Cr-Al-Si-Ti with a heterogeneous
layer structure (“high-temperature”) have higher resistance
than “low-temperature”.

6. The projected service life of the working blades
increases by 10 thousand hours when using their double-
sided protection using integrated technology.
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Memoou docnioxcenns. /ocniodcenHuss MIKpOCMPYKMypu npo8oOULUCs Ha MIKpownigax nio mikpockonom «He-
oom-2» i mixpockonom-ananizamopom «Cmepeockany. Mikpomeepoicms eumiproganu npuiadom IIMT-5. Bunpoby-
sanns Ha kopomxouacuy miynicmo (I'OCT 1497-61, TOCT 9651-61, TOCT 1497-84) npogoounu Ha cmanHOapmHux yui-
HOpUYHUX 3paskax (Oiamemp pobouoi uacmuHu Smm, 0oexcuna 25um) npu memnepamypax 200, 800, 900 i 1000 °C na
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po3puenii mawuri mapku YMD-10TM. Bunpobysanns na mpusany miynicme (I OCT 10145-81) nposodunu na cmanoa-
PMHUX YuniHOpuuHux 3paszkax npu memnepamypax 800, 900, 1000 °C i 8ionosionux nasanmasicennsx 600, 400, 180 MIla
Ha mawuni AUMA-5-2 winaxom o0HO8ICHO20 po3maAcy8aHHA 3pA3KI6 NPU NOCMIIHOMY HaganmaiceHHi. TlopieuanvHhi exc-
nepuUMeHmanbHi 00CIiOHCeHHs BUCOKOMeMNepamypHoi Koposii cniagié npo8ooUNUCs 8 CUHIMEeMUYHIL 3011 3a Memoou-
KO0, KA WUPOKO 3ACMOCO8YEMBbCA 8 2aNY3L. []1sl KOPO3IHUX 8UNPOOYBAHbL BUKOPUCIIOBYBANUCA CIMAHOAPMHI YUTTHOPU-
uni 3pasku (Oiamemp & 10 mm, dosoicuna | = 12 mm), Ha KI nicisi NONEPEOHLO2O 3HENCUPEHHS, BUMIDIOBAHHSL I 36AICY-
6aHHs HA anamimuuHux eaeax 3 mounicmio (£ 0,0005 ), nanocunacs na ix nOGepxHIo CUHMemuyHa 30aa 8 Kintbkocmi 12
M2/ cm?, wo imimye npodykmu 320panHA 2a30mypOiHHO20 NANUBA, SAKI POIMIUYEANUCS | 6UMPUMYBANUCS 6 NeYi Ha Nid-
Mmgopmi 3 60CHEMPUBKO20 MAmMePIaLy 8 NOGIMPAHIt ammocepi.

Ompumani pesynomamu. I[Iposedeno 0ocnioxcenHs aniugy 080CMOPOHHLO2O 3AXUCTY NPOQPINbHOI YacmuHu pobo-
yux nopoxcuucmux aonamox I'TK-101. Ilokasano, wjo ¢popmysanns nokpumms HaliepekmugHiule 30iCHIOEMbCA NPU
memnepamypi pignoi abo 6inbuioi memnepamypu nepumexmuynoi peaxyii ( #1130 °C). Bcmanosneno, wo miyHicmui
XapaxkmepucmuKu HcapoMiyHux CHaasie npu 8UKOPUCMAHHI KOMNIEKCHOI mexHoao2ii 3axucmy npu memnepamypax 800 i
850 °C we suuoxcyromovcs. Ilokasano, wo npu 6iOHOCHO Hudicuux memnepamypax gopmysanns nokpumms (1080 °C, 4
200UH), CIMPYKMYPa WIIKePHO20 NOKPUMMSL 3HAYHO BIOPIZHAECMbCA 810 AHANOSTUHUX 3 2eMEPOLEHHOI0 CMPYKMYPOIO i NO-
eHicmio gionogioae knacuunii muny RT-224. BcmanogneHo, wjo npocHo308aHUll MEPMIH CyAcOU poOoYUxX 10namox 30i-
avuyemvcest Ha 10 muc. 200un npu UKOPUCIANHI 080CIMOPOHHBO20 IX 3AXUCIY 3A KOMIIEKCHOI MEXHOL0ZICIO.

Haykosa nosusna. Ompumani pesyiomamu 0ar0ms 3M02y OYIHUMU NPoyecu, o NPoxoosms nio Yac HAHeCeHHs.
NOKPpUMMI8 ma eKCcniyamayii 1onamox i 6CmaHo8UmMuU 3anediCHOCII MIJIC MOBUWUHOIO, KIHEMUKOIO MA MUNOM NOKPUIMS
i weuodKicmio Kopoa3ii.

Ilpakmuuna yinnicme.Ompumani pe3yivmamu 00360J810Mb PEKOMEHIYEamu po3pooieHi NOKpUMMIsL ma mexHo-
J102il HaHeceH i, 5071 30LIbUIEHHS XAPAKMEePUCIMUK MIYHOCMI Ma 008208IYHOCMI eKCHIyamayii supooie.

Knrouosi cnoga: sxcapomiyni Hikenesi cniasu, 3axucHe NOKpUmMms, CIMpyKmypa nOKpUmmsi, 8UCOKOmemMnepamypHa

KOpO3is, MIYHICMb.
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et al. // Energies. — 2023. — N 16. — 7851 p.
https://doi.org/10.3390/en16237851

2. Balitskii, A.l., Havrilyuk, M.R., Balitska, V.O.
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precipitated at grain boundaries in a superalloy / R.
Yonghua, Hu Geng, G Yongxiang // Metallography. —
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Rajulapati, K.V., Bhanu Sankara Rao, K. et al. // INAE
Lett4. - 2019. - N 263. - P. 241-250
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P. 3812-3830. https://doi.org/10.1007/s11661-018-
A777-y

8. Hydrogen Containing Nanofluids in the Spark
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CYYACHI IIAXOIHN A0 INIIABUIIEHHA ECEKTUBHOCTI AHTUKOPO-
3IMHUX MOKPUTTIB HA OCHOBI ENOKCHUJIHUX CMO.T

Mema pobomu. Y3azanohenns ma KpUmuyHUlL aHani3 onyoaiKO8AHUX HAYKOGUX OAHUX NPUCESUEHUX MOOUPIiKayii

NOKPUMMIE HA OCHOBI eNOKCUOHUX NONIMEPIS 3 Memoio NIOGUUEHHS IX AHMUKOPO3IUHUX GIACMUBOCHEN

Memoou docnioxcennsn. I1iodip nimepamyprux Odxcepen 30IUCHIOBABCA 3 GUKOPUCMAHHAM OiOnioepagiunux 6as
Google Scholar ma Scopus. Kniouogi crnoga 05 nowyky 0yau « enOKCUOHE CMOAUY, « eNOKCUOHI NOTIMEPUY, «ENOKCUOHL
NOKPUMMSY, K AHMUKOPO3IUHA Oisl/aKMUGHICMbY MA «IHeIOImopu KOpo3iiy YKPAIHCOKOK ma aH2IIlICbKOK MOBAMU.

Ompumani pesyromamu. Ilposedeno kpumuunui ananiz 22 onyoaiko8anux pooim uoo0o cyuacHux nioxooie 0o no-
KpaweHHs CIysHco06ux 61acmugocmeli aHMUKOPO3IHUX NOKPUMMIE HA OCHOGI eNnOKCUOHUX NONIMEPHUX MAamepianis.
V3zaeanvueno sioomocmi wo0o Haubitbws eghexmusHux nioxodis 00 MOOUPIKayii enoKCUOHUX NOIIMEPHUX Mamepianie
011 CMBOPEHHs 3axXUCHUX nokpummis. Iloxaszano, wo ceped HAHOPOIMIPHUX MOOUDIKAMOPIE eNOKCUOHUX NOKPUMMIE
Hatlbinb 00CTIONCEHUMU € 8y 2lleyesl Mamepiaiu, 30Kpema HaHompyoxu ma mooughikosanuti epagen. e oonum nepc-
NeKMUBHUM HANPAMOM NOKPAUJeHHS AHMUKOPO3IUHUX 81ACMUBOCHEl eNOKCUOHUX NONIMEDIB € iX NOEOHANHA 3 NoliMe-
pamu iHwoi npupodu. Hailldinbuw inmeHcusHo 00CioHCylomvcsa NOEOHAHHSA eNOKCUOHUX NONIMepi8 3 NONIAHITIHAMU, No-
JiiHOooAamu, a maxodc biononimepamu. e 0OHUM nepCReKMUBHUM HANPAMKOM NIOBUUEHHS AHMUKOPOIIUHUX 81ACHIU-
8ocmell enoKCUOHUX CMOJ € IX MOOU@IKayisi 2emepoyuKIivHUMY CROIYKAMY, (POCHOpOpeaHiuHUMU CNOTIYKAMU, KDEMHI-
UOP2AHTUHUMU CNOTYKAMU MA AMIHOKUCTIOMAMU.

Haykoea nosusna. Buseneno, wo 3nauna KinoKicms 00CHIONCEHb NPUCEIUCHA 86€0CHHIO 00 CKIAOY eNOKCUOHUX
NOKPUMMIE HAHOPO3MIPHUX MAMePIanie, d MAKoNC KOMOIHY8AHHS eNOKCUOHOI Mampuyi noaimepamu iHuoi npupoou, 6
momy uucai biononimepamu. Takodic, akMueHo OOCHIOHNCYEMbCSL 8 AKOCI MOOUDIKAMOPIE eNOKCUOHUX CMOJl OPEAHIYUHI
cnoayku pizHoi 6y008u, 30Kpema 2emepoyUKIiuHi CnOIYKU, AMIHOKUCIOMU MOUO.

Ilpakmuuna yinnicme. Pesynomamu pobomu mosrcyms 6ymu GUKOPUCTANT IHIICEHEPAMU MA HAYKOBUMU CRIBPOOI-
MHUKAMU 0151 NJIAHYB8AHHS O0CTIOJNCeHb MA KOHCMPYKMOPCbKUX POOIm, Wo 6KII04A0Mb PO3POOKY CKIA0Y AHMUKOPO3ili-
HUX 3aXUCHUX NOKPUMMIS.

Kniouosi cnosa: enoxcuoni nonimepu, nokpummsi, aHMUKOPO3itiHi 61ACMUBOCTI, HAHOMAMEPIATU.

Beryn HHUX MaTepialiB, sSKi 3HAWIIIM MIUPOKE 3aCTOCYBAHHS B Pi-
EnokcuaHi cMonu mpoTAroM OaraThOX NECATWINITH — 3HHUX raily3sx TexHiku. Llei kiac crnoigyk BUPI3HAETbCS BH-
3aIMIIAIOTHCS OJIHUMHU 3 HalyHIBEPCAIBHINIMX IOJIMEP-  COKMMH MEXaHIYHUMH XapaKTePHCTHKAMH, XIMIUYHOIO
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CTIMKICTIO Ta IPUBAOJIMBUMH JIEKOPATUBHUMH BIIaCTHBOC-
TaMu. IXHS MOMyIAPHICTH TAKOXK 3yMOBJIEHA BiJHOCHO HH-
3bKOIO BapTiCTIO, TOCTYNHICTIO i TEXHOJIOTIYHOIO THYYKi-
CTIO, OCKUIBKH TPOLIEC TBEPIHEHHS HE MOTpeOye CKiIai-
HOTO 00JagHaHHA uu crenudidaux ymoB. OnHI€I0 3 OCHO-
BHUX c(hep BUKOPHCTAHHS €MOKCUIHUX CMOJI € CTBOPEHHS
Ha 1X OCHOBI 3aXWCHHX IMOKPHUTTIB, 30KpeMa JJIs IIiJBH-
IICHHS KOPO3iiHOI cTifikocTi MeTaneBUX BUPOOiB. Bucoki
anre3iffHi BIACTHBOCTI €TMIOKCUIHUX IMOJIMEpiB Ta iX Bif-
HOCHA XiMiYHa IHEPTHICTH CIIPUSIIOTH €PEKTHBHOMY BUKO-
HaHHIO nuX (yHKMiHA. [lompu 3aragoM 3aI0BUTBHI SKCILTY-
aTauiiiHi XapaKTEpPUCTHKU TaKUX IOKPUTTIB, JOCHI-
JOKEHHS, CIIPSIMOBaHI Ha TOKPAIEHHs iX aHTHKOPO3IHHUX
BIIACTUBOCTEH, 3alMIIAIOThCA akTyanbHuMu [1-3]. 30k-
peMa, 1osiBa HAaHOMAaTepialliB, BBEICHHS SIKUX Y OJTIMEPHY
MaTPHILIO CYTTEBO MiABUINYE e(EKTUBHICTh 3aXUCHUX T10-
KPUTTIB, 3HAYHO aKTHBI3yBaJia HAYKOBI PO3POOKH B I[bOMY
HanpsMi. Llelt o € cripo6oro y3aralbHUTH CydacHi pe-
3yJIBTAaTH JOCIIIKEHb, IIPUCBAYEHUX YAO0CKOHAJICHHIO 110-
KPHTTIB Ha OCHOBI €MIOKCHIHHX CMOJL.

Meta pobotu

MeTor0 Ipe/ICTaBICHOTO OISy € y3arajJbHEeHHs Ta
KPUTHUYHHUN aHaJl3 OImyOIiKOBaHUX HAYKOBHX JAHWUX IPH-
CBAYCHUX MoAM(iKamii MOKPUTTIB HA OCHOBI CTIOKCHIHUX
MOJIiMEPiB 3 METOIO MiABUIICHHS {X aHTHKOPO3iHHUX Bila-
CTHBOCTEH.

Marepia i MeToauKA T0CTiTAKEHD

[TinGip miTepaTypHHX DKEpel 3AiHCHIOBAaBCS 3 BUKO-
puctanHaM Gibmiorpadivaux 6a3 Google Scholar ta Sco-
pus. KiodoBi cioBa Ui TOWIYKYy OyIM «EHOKCHIHI
CMOJINY, «EMOKCHUJIHI TOJIIMEPH», «ETIOKCHIHI TIOKPUTTS,
«aHTHKOPO3iiiHa Ji51/aKTUBHICTY Ta «IHTiOITOPH KOPO3ii»
YKpaTHCHKOIO Ta aHIIIHCHKOI0 MOBOIO.

Oo0rosopeHHst

¥V po6oTti Zhou Ta ciiBaBTOPiB [4] Ji3HUH BUKOPHCTOBY-
BaBCs UIT 00pOOKH TIOBEpXHI HAHOJWCTIB OKCHIY TpadeHy
JUIT BUTOTOBJICHHS HAHOMATEpialliB JI3WH-OKCHI TpadeHy,
mo Oyny BKIIOYEHI B €MOKCHAHI MOKpHTTA. [lokazaHo, 110
BBEJICHHS KOMIUIEKCY JIi3HH — OKCHJI TpadeHy 3HAYHO MOKpa-
11ye (yHKIIOHAJBHI BIACTHBOCTI TIOKPUTTS HA OCHOBI €TIOK-
CHJIHUX CMOJI. BinbIie Toro, kKoMIuekc Jli3uH-oKcHa rpadeny
TaKOK MOXKE IMi/IBUIINTH LIUTBHICT NIEPEXPECHHX 3B’ A3KIB B
TIOKPHUTTI HA OCHOBI EMOKCHIHHMX CMOJI BHACHIJIOK peaKIii
MK €HOKCHIHUMH (pparMeHTaMu Ta aMiHO-TPYIaMHt Y CKIIajii
Ji3KHY. 3a JOTIOMOTI'OI0 EJIEKTPOXIMIYHHX JOCIIJDKEHb Ta BU-
npoOyBaHb METOJIOM COJIbOBOTO TyMaHY BCTaHOBJIEHO, IO
BKJIIOYEHHSI KOMIUIEKCY JII3UH-OKCH] rpadeHy 3HA9HO TIOK-
paIIH aHTUKOPO3iiiHI BIACTUBOCTI MOPIBHSHO 3 MOKPHT-
TSIM Ha OCHOBI YHCTOT €MIOKCHAHOI CMOJIH.

I'pyna maykoBuiB KHP [5] po3pobwnu rigpodobue
eMOKCUJHE TIOKPUTTS, IIO MICTUTh 3AJIMIIKN OCH30KCa-
3uHY. 3a3HA4YCHE MOKPUTTS, OYyJI0O OTPUMAHO 3 BHUKOPHC-
TaHHSM MOHOMepY OEH30KCa3uHy sIK 3aTBepkyBaua. ['ia-
pohoOHICTh €MOKCUAHUX TOKPUTTIB Oyiia 3HAYHO MiJIBH-
IIeHa BBEJICHHSIM 3QJIUILIKIB OEH30KCa3HHY, KyTH KOHTaKTy
3 BOJIOI0 OTPUMAaHHUX MOKPHUTTIB OynM BUIIMMHU HiX 98 °.

Ormip nepeHecenHto 3apany (Rct) po3poOieHrX TOKPUTTIB
30LTBIIMBCS TPUOIM3HO HA TPHU MOPSIKH ITOPIBHSHO 3 He-
MIOKPHUTOIO M’SKOIO CTaJUIIO, a 3HAYCHHS e()eKTHBHOCTI 3a-
XHUCTY 3pa3KiB cTaHOBWIH ToHA 98 %. [ligBUIICHHS aHTH-
KOpO3iHHUX BIACTHBOCTEH aBTOPH MOB’SI3YIOTh 3 BHCO-
KAMU TiIpo(OoOHIMH BIACTHBOCTSAMHU PO3POOJICHUX TMOK-
PUTTIB.

Hocnimkenns Dagdag 3i cmiBaBTOpamu [6] 30cepe-
JOKEHO Ha TEOPETHUHIH Ta eKCIIepUMEHTAJIbHIH OIiHIII cTa-
O1IBHOCTI AaHTUKOPO3iHOTO MOKPUTTS IS HU3BKOJIETOBA-
Hoi ctami 15CDV6 Ha 0CHOBI €MOKCHAHOI CMOMH Ta MOJi-
aminoaminy. [Tokaszano, mo 3a3HayeHa KOMOiHALlis Ma€ CH-
JBHY CXHJIBHICTB JIO ajre3ii Ta MpUTHIYYe KOPO3idHE PO3-
YrHEHHS oBepxHi cTaini 15CDV6 y cumynsoBaHOMY MOp-
CBKOMY CEpEeJIOBHILL.

Tiero x HayKOBOW Tpymoro [7] Oyino po3pobiieHO
CKJIaJl aHTUKOPO31HHOTO MOKPHUTTSI BUCOKOI MIIHOCTI JUIst
ByrieneBoi ctaii. [IOKpUTTS CKIagaeThCesl 3 BHCOKOMOJIE-
KyJISIPHOI €TIOKCHHOI CMOJIM Ha OCHOBI AMTIIIMIHIOBOTO
edipy, OicheHory S Ta 3aTBepIKyBada METIJICHIIAHUTIHY
(MDA). Ilokpurts mi€ sk epeKTUBHHA aHTUKOPO3iiHHN
3acib mpoTsarom TpuBaioro dacy (180 muiB). KBanTOBO-XI-
MivHi qocmimkerHas MerogoMm DFT moka3zanu, mo po3po0-
JIeHI TOKPUTTSI MalOTh 3/IaTHICTh B3a€MOJIATH 3 MOBEPX-
HEI0 MeTaJly uepe3 eJIEKTPOH HaJUIUIIKOBI eHTpU. Moje-
JIFOBAaHHS [IOKA3aJ10, 10 pO3pO0IIeHE TOKPUTTS e(hEKTUBHO
azcopOyeThes Ha miakIanii (Merauesiii moBepxHi). Heoo-
XiJHO 3a3HAYMTH, IO TEOPETUYHI AOCIIKEHHS 3/1e01b-
IIOT0 KOPEIOBAIIH 3 EKCTIEPUMEHTATLHIMH JaHUMH.

Hocmimkernns Kamalon Rajitha [8] 3i ciBaBTOpamu
MIPUCBSICHO PO3POOII €PEeKTHBHOTO aHTHKOPO31HHOTO I10-
KPUTTS JJIs M'AKOi CTaji Ha O10JIOTIYHIH OCHOBI. Y Ll po-
00TI JOCTiKEHO e()eKTUBHICTD 3aXUCTY BiJ KOPO3il €MOK-
CHJTHOTO ITOKPHTTSI 3 BKJIIOYEHHIMH MOIH(IKOBAHOTO Ke-
JIATUHY 1 HAHOKOMIIO3UTY Ha OCHOBI MOAN(IKOBaHOTO XKe-
JATUHY Ta OKcUay Tpadeny. PesynbTaTu mokas3aiu BUCOKI
3aXUCHI XapaKTEPUCTUKH OJICPKAHUX KOMITO3HIIIMHUX TI0-
kputTiB. JIoOpe nucneproBanmii OkCHI rpadeHy 301TbITye
KOMIIAKTHICTB 1 CTYIIiHb 3MIMBAHHS MOKPHUTTS 1, TAKUM YH-
HOM, TMOKpaimye eheKTUBHICTh 3axucTy Ha 59 % mopis-
HSHO 3 ITOKPHUTTSIM 0€3 BKIIFOUEHb.

Pobora Saurav Ramesh Nayak [9] 3i cniBaBTOpamu
CHpsIMOBaHA Ha I IBUILEHHS aHTUKOPO31MHNX XapaKkTepH-
CTHK €TIOKCHIHOI CMOJIH IIUISIXOM BKJIIOYEHHSI HAHOKOMIIO-
3UTY Ha OCHOBI (DyHKIIOHAJILHOT OaraTomapoBoi Byriere-
BO{ HAHOTPYOKH Ta TOJiiHI0y. Pe3ynpTaTi nokasam, mo
HaHOKOMIIO3UTHE TOKpHTTs 3 cymimi 0,25 mac. % HaHOKOM-
MO3UTY JAEMOHCTPYE BiJIMiHHI aHTHKOPO3iiHi Ta Oap'epHi
BJacTHBOCTI. PiIBHOMIpHE AMcHepryBaHHS HAHOHAIIOBHIO-
Baya poOHUTH HOTO BIIMIHHUM MaTepiaioM JJIsi HOKPUTTA 3
METOI0 aHTUKOPO31HHOTO 3aXHCTY.

OpraHo-HEeOpraHiYHI HAHOKOMITO3UTHI 3aXHCHI TIOK-
PUTTA OynH onieprKaHi 301b-TEICBUM METOJOM 3 BUKOPHC-
TaHHAM 3-TIIMIOKCHIIPOMII-TPUMETOKCUCHIIAHY, TETpa-
MeTOKCHCHIIaHy abo TerpaeTokcucunany [10]. Kpim Toro,
HanouactuHkd TiO2 Ta AIOOH Oynu oTpumai 3 TeTpa-H-
OyTunTHTaHATy Ta OyTOKCHI AMIOMIHIIO BIAMOBIIHO AJIS
JTOCTIJKCHHS 1X 3aXHUCHOT JTii Ha 3-TIIIHIOKCUIIPOIIUI-TPHU-
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METOKCHCHIIaH. Pe3ynpTaTy mokasaim, Mo 3aXUCT BiJ| KO-
po3ii TiOpUIHMX MOKPUTTIB 3AJIC)KUTh T'OJIOBHUM YHMHOM
BiJl BMICTY CHJIaHy, THILY NIPEKYpCOPY CHJIAaHY Ta THITy Ha-
HOYAaCTHHOK.

VY nocnimkenHi Ai Ta ciiBaTopis [11] OyB 3ampomno-
HOBaHMU JIETKUI METOJ JUIs HaJaHHS K BOTHE3aXHUCHHUX,
TaK 1 aHTUKOPO3iHHIX BIACTUBOCTEH EMOKCHAHUM CMOJIaM
[UITXOM XiMIiYHOTO BBEICHHS OipyHKIioHaIBHHUX (hocdo-
PBMICHUX MOXiTHHX TpHuasony. Emoxkcumnumii TepMopeax-
TUBHMH Marepian 3 BMicToM 5 mMac.% Moxudikaropa mpo-
JIEMOHCTPYBAB BiJIMiHHY BOTHECTIHKICTh, 8 €(EKTHBHICTh
3axHCTY BiJl KOPO3ii mpu qoaaBaHHI MoaudiKaTopy 3pocia
Ha 95,3 % MOpPIBHSHO 3 YUCTOIO EMOKCHAHOI0 CMOJIOK0. 3a-
BJISIKM BOJIHEBUM 3B’SI3KaM 1 -7 B3a€MOISIM, BUKINKAaHUM
BBE/ICHHAM MOJM(iKaTopa, enoKCHaIHA CMOJIa TAKOXK MaJia
MOKpalleHi MEeXaHI4Hi BJIIACTUBOCTI y BUNPOOYBaHHSAX Ha
pO3TAT 1 3THH.

Po6ota Ehsan Bakhshandeh [12] mpucBstaena po3po-
O11i Ta BUPOOHHIITBY OpraHO-HEOPraHiYHUX T10PHIHIX MO-
KPHUTTIB Ha OCHOBI €MOKCHIHOI CMOJH AMTIIIHUIUIOBOTO
e¢ipy OiceHOTY Ta MPOAYKTIB TiPOIII3y TeTPACTOKCHUCH-
nany. OtpuMani riOpuaHi MaTepiany Mmicys OTBEPKCHHS
MOXYTb OyTH BUKOPHUCTaHHI B SIKOCTi MMOTEHIIHHUX aHTH-
KOpo3iitHuX mokpuTTiB. [TokazaHo, IO KOHIEHTPAIliS MO-
JTudiKaTOPiB EHOKCHIHUX CMOJ CYTTEBO BIUIMBAE HA MeXa-
HIYHI Ta TEpMiyHi BIACTHBOCTI MOKPHUTTIB, a KOpPO3iliHA
CTIHKICTh TIOKPUTTIB MOKPAIIYETHCS 31 30UIBIICHHSIM BMi-
CTy HEOpTraHivHO1 (a3u.

Chen Ta cmiBaBTopHu [13] onepkanu HaHOYACTHHKH
NOJTiaHUIiHY, JIETOBAaHOTO NMEep(TOPOKTAHOBOIO KHUCIIOTOIO
(PFOA/PANI) 3a 10110MOT0I0 OKHCITIOBAIBEHOT MOJIIMEPH-
3alii Ipu ONpoMiHEHHI yJabTpa3BykoM. OTprMaHi HaHOYa-
ctuaku PFOA/PANI nokasanu BUCOKY TipodoOHiCTh, a
moaudikoBane mnokpurtss PFOA/PANI/EP mponemon-
CTpyBaJIO BHUIII KOPO3iiHi BIACTHBOCTI y MIOPiBHSAHHI 3 He-
MOM(IKOBAHUMH CTIOKCHUIHUME CMOJIAMH.

VY mocmimkenni Tomi¢ ta cmiBaBTopiB [14] enokcu-
JTHI HAHOKOMITO3UTH Ta €TTOKCHUIHI MOKPUTTS Ha OCHOBI Ha-
HOKOMTIO3HTIB OyIIM BHTOTOBIICHI METOAOM IHTEpKaJIAIii
po3unHy 3 BukopuctaHHsaM Cloisite 30B sx HaHOpO3MIip-
HOTO KOMITOHEHTY. Pe3ynbTat BUNpOOYBaHHS MOKa3aiH,
110 @aHTUKOPO3iiiHI BIACTUBOCTI €MOKCUIHUX MOKPHUTTIB Y
npucytHocti 3 Mac.% i ocobnuBo 1 mac.% Cloisite 30B
OyJM 3HAYHO BUIMMH Y TIOPIBHSHHI 3 HeMOAN(DIKOBaHUMHU
EHOKCHTHUMH CMOJIaMH.

3axucr B kopo3ii Byrienesoi crani Q235 3a noromo-
TOI0 EMOKCHIHUX ITOKPHUTTIB, IO MIiCTSATh MOJiaHLIIHOBI Ha-
HOBOJIOKHA, JIeToBaHi (iTHHOBO Kuciotor (PANI-PA-
NFs), 0yB gociipKeHuid y poOOTi HayKOBOT IPYIH y CKIIaIi
Hao Ta iami. [15] ABTopaMu noka3aHo, IO MATOMA TUIOIIA
Ta iHTIOITOpHE HaBaHTa)keHHs miaroroBiaeHuX PANI-PA-
NF cranoButs 69,4 M>*r* i 10.3% Bixmosimao. Takox mo-
Ka3aHo, 10 JI0/IaTKOBE BBeNeHH OeH30Tpuazony (BTA) 1o
CKJIaJly TIOKPHUTTSI 3HAYHO ITOKPAIIy€e HOT0O BIACTHBOCTI.

B crarti Hsissou Ta cmiBaBTopiB [16] Oymo moci-
JDKEHO MOKITUBICTh BUKOPHUCTAHHS CIPKOBMICHUX STTOKCH-
nmaux cMon (SER) Ha ocHOBI murminuaun-0ic-aucyasdisy
BYTJICIIEBOTO ecTepy OicheHoury, 0 3UINTI uepe3 rekcame-

tuneriaMin (HMDA) i metunenaiamia (MDA) sik moTeH-
LITHUX aHTUKOPO3iHNX MOKPHTTIB. Pe3ynpTaTy enexrpo-
XIMIYHHUX JOCIIKEHb [TOKAa3aJIH, 10 OJIepXkKaHi aHTHUKOPO-
31{HI €MOKCHIHI KOMIIO3UTHI MOKPHUTTS B 3,5 % po3uuHi
NaCl marots Ha 97,9 % Kpali aHTUKOPO3iiiH1 BIaCTHBOCTI
y TOPIBHSIHHI 3 3BUYAHHUMH EIOKCHIHUMH MOKPUTTSIMH.
CkaHyI04a €IeKTpPOHHA MIKPOCKOIIS MOKa3ana, M0 KOM-
no3uniHi nomimepu SER/HMDA i SER/MDA MoxyTh
3HAYHO CIIOBIIFHIOBATH aTaKy i0HIB xjopuxy. O0umciro-
BaJIbHI MIAXOIU MOJICKYISIPHOT AWHAMIKH MiATBEPIKYIOTH
oJleprKaHi eKCIIepUMEHTaJIbHI JaHi.

VY nocnimkenni Izadi Ta cniBaBTopiB [17] aHTHKOpO-
31ifHI BJIACTHUBOCTI €MOKCHUIHOIO MOKPHUTTSA OyJIO MOKpa-
IIEHO HUISIXOM MOAUdiKalii MOBEpXHi CTaii 3a JOMOMO-
rOl0 TiI0pHUIHOT 30JIb-TeNIb CUCTEMH, HAalIOBHEHOI HaHOMa-
TepiaaMu 3 <«3elleHUMU» iHribiTopamu Kkoposii. bymo
BCTaHOBJICHO, 110 e(eKTUBHICTh iHTiOyBaHHS KOpPO3ii mMa-
HeJlel 3 TOKpHUTOI M sIKoi cTaii Oyya 3HaYHO MOKpalieHa
3aB/ISIKM BUKOPUCTaHHIO CHCTEMH aKTUBHOTO OaraTomapo-
Boro Mmarepiainy. [lokaszaHo, 1110 BUBLIEHEHHS iHTIOITOPY 3
HaHOKOHTEHHEPIB Ha MMOBEPXHI PO3ALITY IUIiBKa/CTANb MPH-
3BOJIUTH JI0 CHIOBUIBHEHHS SIK aHOJHUX TaK 1 KATOJHUX pe-
aKIii, 10 BeJie JO 3HIDKCHHS IIBUAKOCTI BiANIapyBaHHS
MTOKPUTTS BiJ| MiJKIAJAKK Ta YTBOPEHHS MMPOTYKTIB KOPO3ii.
JlomaTkoBO BCTAHOBJICHO, IO iHTIOITOPHI areHTH BUBiJIb-
HSITUCS B 00JIACTH MOAPSIIHH 1 OJIOKYBaJId aKTUBHI IICHTPH
Ha TIOBEpXHi MeTary. BupakeHniI aHTUKOPO3iHHNI epeKT
MOKPUTTA OYB MiATBEPHKEHUH 32 TOTIOMOTOIO €IeKTPOXi-
MiuHOi iMnenancHoi cnekrpockomii (EIS), ckanyBanHs
enekTpoHHOi Mikpockonii (SEM) Ta eHepromucmepciii-
HOTO peHTreHiBebkoro anamnizy (EDS).

OpraHo-HeopraHiyHe TiOpuIHEe NOKPUTTS Ha OCHOBI
Jquriinuauiosoro erepy 6ichenony A (BADGE) ta nano-
YaCTHMHOK HEOPTaHiYHOTO KPEMHE3eMY Ta HaHOYAaCTHHKU
OKCHAY IIMHKY OyJI0 BUTOTOBJICHO JJIsI aHTHKOPO3iHHOTO
3acrocyBanHs [18]. PesymeraT BUIIPOOYBaHHS METOIIOM
COJIbOBOTO TyMaHy IOKa3aJIo, [0 METaJIeBa MiJKJIaKa Bce
1ie He OyJia MOBHICTIO KOPOIOBAHOIO yepe3 68 IHiB.

V¥ po6ori Liu 3i criBaBTopamu [ 19] 6ymno ommcano 6a-
ratomapoBuii n1BoBuMipHUH (2D) KOBaJeHTHUIA OpraHid-
Hui kapkac TpPa-1, mo OyB cHHTE30BaHUii K HAHOKOH-
TEHep AJIs1 BUTOTOBIICHHSI CAMOBITHOBJIFOBAHOTO €HIOKCH-
JTHOTO MOKPUTTSL. [HribiTop koposii 6ensorpuaszon (BTA)
BBOJMIM B nopuctuii TpPa-1 emHicTh sikoro Oyno ponat-
KOBO TIOKpAIIEHO 3a JIOTIOMOT0I0 €JIEKTPOCTATUYHOT a/1c0-
pouii. OxepkaHe KOMIO3HIIAHE MOKPUTTS IIOKA3aj0 BHU-
COKI 3aX¥CHI BIIACTHBOCTI 32 Pe3yIbTaTaMH CICKTPOXiMid-
HUX JOCHIDKEHbD.

Rodriguez Ta criiBaBTOpU po3pobmau [20] enokcuaHe
TIOKPHTTS 3 HAHOPE3ePBYapaMHu iHIi0iTopa Kopo3ii craieit, mo
MOKpHTI cricteMor0 Mg-Zn. 11[o6 nmocsrtu 150r0, MOABIHHI
rizpokcumn  Mg-Al, MomudikoBaHi  OEH30TPHA30IOM
(LDH-BTA) Oymu CHHTE30BaHI METOOM CITiIBOCA/KEHHSI.
Byno nokazano, 1o MoJieKysu OEH30TpHa30Iy, MPUCYTHI
Ha TIOBEPXHI BUBIIBHSIOTHCS B TIPUCYTHOCTI XIJIOPHU]T
aHIOHIB, TaKMM YHMHOM B3a€MOJII0OYlI 3 METaJEBOIO
MTOBEPXHEIO Ta IMiIBUIYIOYH KOPO3iiHY CTIHKICTB.

VY nocmimpxenHi Abbout Ta criBaBropiB [21] meHTar-
JMLIUAWIOBHH eTep neHTadeHokcudochopy BUBUABCS SIK
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iHTIOITOp KOpPO3ii 32 JONOMOTOI0 Pi3HUX METONIB. ABTO-
paMu MOKa3aHo, 110 BBEAEHHs 3a3HAYEHOro iHriditopa 1o
CKJIaJy eMOKCUIHUX TOJIIMEPHHUX MOKPHUTTIB 3HAYHO Iif-
BUILY€e iX KOPO3iHHY CTIHKICTh B arpeCUBHUX CEPEIOBH-
max. EdexruBHicTs iHribiTopa nocsrac 95 % mpu ioro
BmicTi 10 M. TeopeTnuni po3paxyHKH METOJaMH MOJIe-
KyJSIpHOT MexaHiku Ta ab initio ;eMoHCTpyIOTE Uy I0BY KO-
PETSLII0 3 eKCIEPUMEHTAIBHIMH TaHUMH.

Suleiman 3i criiBaBropamu [22] ojepskaid HOBI Ti0-
PHUIHI 30JIb-TEJIEBI MaTepialyd HAa OCHOBI KpEeMHIi-eNIOKCH-
JTHUX KOMIO3UTHUX CMOJI 3’ €THAHHSIM Pi3HOMaHITHUX aMi-
HOCHJIaHIB 3 ernokcuaHo cMonoro DER736 3 HacTymHEM
30Jb-TeJIb MPOIIECOM N Situ, Ta MOJANBIIUM BBEACHHAM
YPETaHOBUX YAaCTUHOK /IO KiHLEBHUX IMOKPHUTTIB. Pe3yib-
TaTH MOKa3aJd, IO MMOKPUTTS, OTPHUMaHI 3 TPUAIKOKCHUCH-
JIaHIB JEMOHCTPYIOTh HaWKpalll MeXaHIuHi, aHTHKOpO-
31iiHI Ta a[Are3iifHi BIACTHBOCTI MPU HAHECCHHI HA TOBEp-
XHIO M’SIKO1 CTaJi HOPIiBHSAHO 3 yciMa iHIIAMA TOKPHTTSIMA

JocimKeHHIO MOKITHBOCTI CTBOPEHHSI aHTHKOPO3iii-
HUX MOKPHUTTIB Ha OCHOBI €TIOKCHIHUX IOJIMEpPIB Ta II0-
XiITHHUX LEepilo MpHCBsAYeHO mybikamito Van Soestbergen
Ta criBaBTOpiB [23]. [lokaszaHo, 110 BBeACHHS TUOYTHI(O-
cdary y ernoKCHAHI MOKPUTTS 3HAYHO ITiJIBHIIYE X aHTH-
KOpO3iiiHi BIACTUBOCTI

Wonnie Ma 3i criiBaBropamu [24] NpUCBSTHIH CBOE
JIOCTI/KEHHS BUBYCHHIO BIUIMBY HAHOPO3MIPHOTO XiTO-
3aHy Ha BlacTUBOCTI MOKpHUTTiB. Hanoxito3an (NCH) O6yB
MIATOTOBIEHAN SK 3MIMHIOIOYHN areHT HaHOHAIOBHIO-
Baya, SIKU OyB BKIIIOUEHHUH Yy 3aXHUCHE MOKPHUTTSI IS 3a110-
OiranHs KOpo3ii. Pe3ynpraTi mokasainy, mo BCi HAHOKOM-
TIO3UTHI MOKPHUTTS HA OCHOBI €MOKCHIHOI CMOJIH, IO MiC-
116 NCH, 3Ha4HO NepeBUIIYIOTh 32 CBOIMH aHTUKOPO3iii-
HUMH BJIACTUBOCTSMH HE HAIIOBHEHHI TOKPHUTTSL.

VY nocaimkenni Zheng ta criBaBTOpiB [25] moBinom-
JIIETHCS PO €KOJIOTIYHO YUCTE TiApodoOHE TOKPUTTS HA
OCHOBI 0i10€TIOKCHITHOI CMOJIM 3 BUKOPHCTAHHSIM BOJM SIK
€JIMHOTO PO3YMHHMKA ITiJ] 9ac MiAroToBKH. [TokpuTTs Oyio
BHT'OTOBJICHO IIIJITXOM BBEIEHHS CyMepriapodoOHUX Ha-
HovacTHHOK SiOpz, ripodoOHOro 3aTBEpKyBaya 1 rexca-
JIEHMITPUMETOKCUCHIIAHY B €TIOKCUAHY CMOJIy Ha OCHOBI
i30copOimy 3a JOOMOTOIO IIPOIIECY OJHOSTAITHOTO CITIHIO-
BaHHSA. [IOKpPHUTTS AEMOHCTpYE BUCOKY TinpodoOHICTH 3
KyToM KOHTakTy 3 Bogoio (CA) 134 + 3°. BeranosieHo,
110 IIe BYKE MiATOTOBJICHE TOKPUTTS Ma€ 10Opy MeXaHIuHy
MIIHICTD MPOTH MIIIaHOI epo3ii, TAKoX 30epirae BUCOKHIA
piBeHB 34aTHOCTI BiIMITOBXYBaTH Boxy. KpiMm TorO, OTpH-
MaHe MOKPUTTS IEMOHCTPY€E 3MEHILICHHS Ha OJINH TOPSI0K
rycturu ctpyMmy Kopo3ii (Icorr) Ta MO3UTHBHUI 3CYB MOTE-
Huiany kopo3ii (Ecorr) Bix —1,008 B mo —0,747 B Tta edek-
TUBHICTb 1HT10YBaHHs Kopo3ii 92 %.

BucHoBkH

[IpoBenenuit miTepaTypHHUil OTISA 3aCBIAYUB BHCO-
KHA{ piBeHB yBaru, M0 IPUAUISETECSA PO3pOOIIi iHHOBAITiH-
HUX aHTUKOPO3IMHWX TMOKPHTTIB Ha OCHOBI CMOKCHIHHX
cMout. BusiBnieHo, 1110 OCHOBHA KUTBKICTh TOCIIPKEHD TIPH-
CBSTUCHA BBEJICHHIO JIO CKJIAIY CTIOKCHIHOI MATPHIIi pi3HO-
MaHITHUX HaHoMarepiamiB. llle omHUM 3 EPCHEKTHBHUX

HamnpsIMKiB € KOMOIHYBaHHS €MOKCHUI0T MaTPHLi 3 TOJIiMe-
pamu iHIIOT NpUPOJIH, 30KpeMa MoJliaHiliHaMH, TOJiiHI0-
JaMu Ta OionosiMepamu. Takox, aKTUBHO JIOCHIJKY€ETHCS
B SIKOCTi MOAM(DIKATOPIB ENOKCUIHMX CMOJI OPraHiyHi pe-
YOBUHHU, 30KpeMa TIeTePOLMKIIYHI CIHOJYKH, aMiHOKHC-
notu pocdop- Ta KpeMHIHopraHiyHi cronyku. B podorax,
10 TPUCBSTYCHI KOMOIHYBaHHIO €MOKCHIHUX IOJIIMEPIB 3
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Purpose. To summarize and critically analyze published scientific data on the modification of epoxy polymer-
based coatings in order to improve their anticorrosive properties.

Research methods. The selection of literature sources was carried out using the bibliographic databases Google
Scholar and Scopus. The keywords used for the search included: “epoxy resins”, ““epoxy polymers™, “epoxy coatings”,
“anticorrosion effect/activity””, and ““corrosion inhibitors™ in both Ukrainian and English.

Results. A critical analysis of 22 published papers on modern approaches to improving the performance of epoxy
polymer-based anticorrosion coatings was conducted. The review summarizes the most effective strategies for modifying
epoxy polymer materials to develop protective coatings. It has been shown that among the nanoscale modifiers of epoxy
coatings, carbon-based materials — particularly nanotubes and modified graphene — are the most extensively studied.
Another promising approach to improving the anticorrosive properties of epoxy polymers is their combination with pol-
ymers of a different nature. The most intensively studied combinations involve epoxy polymers with polyanilines, poly-
indoles, and biopolymers. Yet another promising direction for enhancing the anticorrosive properties of epoxy resins is
their modification with heterocyclic compounds, organophosphorus compounds, organosilicon compounds, and amino
acids.

Scientific novelty. It has been estimated that a significant number of studies focus on the incorporation of na-
noscale materials into epoxy coatings, as well as on the combination of the epoxy matrix with polymers of different nature,
including biopolymers. Organic compounds of various structures — particularly heterocyclic compounds, amino acids,

and others — are also actively investigated as modifiers of epoxy resins.

Practical value. The results of this review can be used by engineers and researchers for planning experimental
and design work related to the development of anticorrosive protective coatings.

Key words: epoxy polymers, coatings, anticorrosion properties, nanomaterials.
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JOCJIIIKEHHSA BIIJIMBY OBPOBJIIOBAHOI'O MATEPIAJIY HA
IHTEHCUBHICTb PETEHEPATUBHHUX ABTOKOJINUBAHD
ITPHU TOYIHHI

Mema poéomu. /locniodicenns enaugy 0o6pobioeano2o mamepiany Ha iHMeHCUSHICMb pe2eHepamueHUX dmoKoIu-
8aHb NPU MOUIHHI.

Memoou oocnidcennsa. [ocniodcents npogoounu eKcnepumMenmanbHum Memooom, Npu AKOMY 3anucyanu 0CYuIo-
2pamu KOIUBAHb Pi3anbHOi KPOMKU Pi3ysa-0Cyunamopa. AHAnimuunum mMemooom 00CIIONCYSANU OCYUNOSPAMU, HA AKUX
SUMIDANU NAPAMEMPU KOIUBANLHOL CUCEMU PISYA-OCYULAMOPA, WO XAPaAKMepusyiome 3aKOH pYXy pi3aibHOI KPOMKU
npu asMOKOIUEAHHSX.

Ompumani pezynomamu. Bcmanoeneno, wjo Ha iHMeHCUEHICIMb A6MOKOIUBAHb NPU MOYIHHI 6NUEAE MUN KPUCTA-
JIYHOL [pAmKU ma KilbKicmb NJIOWUH 3CY8y 00pobriosanoeo mamepiany. Yum Oinbute KitbKOCMI RIOWUH 3CY8Y, MUM
Jecwe mamepian nio0aemvcsi RIACMuYHil depopmayii i mum iHmeHcusHiui siopayii modxcymo cenepysamucs. Taxooic
Ha 30amuicmo 30y0xceHHs: abo 2acinu 8ibpayitl npu MoYiHHI 0COOAUB0 BNAUSAE Yacmoma ceemenmayii cmpyoicku. Tax,
HANPUKAA0, HU3LKA YACMOMA CeeMeHmayii Cmpyjcku npu MoyiHHi 8aniCKO0OPOONI0SAHUX Mamepianie (muman) modxce
eacumu pezenepamugni asmoxoausants. ObpodKa piznux mamepianie npu iHMeHCUBHUX Pe2eHepamUEHUX dGIMOKOIUBAH-
HAX 8100)8AEMbCA 3 YMEOPEHHAM PIZHUX MUNIE CMPYIHCKU: CYen0OUCOl, HA0IOMY, YUKIIYHOL.

Haykoea nosuszna. Ompumani pe3yiomamu niomeepoicyioms NI MeXAHIUHUX ma Qi3uko-mexHiuHux 61acmueo-
cmeil 06poba08aAH020 Mamepiany Ha 30y02ceHHs A00 2ACIHHA pe2eHepamueHUX asmoKoIU8aHsb. Biacmusocmi obpobiio-
8a1H020 Mamepiany 61UBAIOMb HA NPOYEC CIMPYICKOYMBOPEHHSL Y 30HI PI3AHHS, AKUL Y POZYMIHHI KIACUYHOI cXemMu agmo-
KONUBANLHOI cUCeMU € Pe2yTAMOPOM.

Ilpakmuuna yinnicme. Ompumani pe3ynvmamu 008005Myb GHIAUE GLACMUBOCHEN 00POOII08AH020 Mamepiany Ha
IHMEHCUBHICIb Pe2eHePAMUBHUX ABMOKOIUBAHb NPU MOYIHHI [ HAOAIOMb MONCIUBICIb NPOBOOUMU HEOOXIOHI 3aX00u
011 3MeHUleHHs 8i0payiil.

Knwwuosi cnoea: pecenepamuéni asmokoIu8anHs, piseyb-oCYUIAMop, OCYUIOpama, MeXaniyti 61acmueocmi.

Beryn JUKY€ThCSl IHTEHCHBHUMH BiOpauisiMu, CIPHYNHEHUMH pe-

TokapHa 06pO6Ka BUKOPHCTOBYEThCS B Pi3HUX raxy- — CHEPATHBHHMH aBTOKOIMBAHHAMHU (AK). PereneparusHi
35X TIPOMHCIIOBOCTI, JI¢ TTOTPiOHe BHUTOTOBIECHHS IHMITiH/I- AK ABJIAIOTH 006(“0_ BiOpallito, 1o CaM036yﬂ?Ky€T“BC’Ia BHU-
PUYHHX, KOHIYHMX, pi3pOOBHX Ta (acoHHMx neraneif. KIMKaHy PISAHHAM IHCTPYMCHTOM XB“H?HOJII@'{OI Tobep-
IIpoliec TOKapHOi OGPOOKH B JCSKMX BHIAJAKAX CynpoBo-  XHL YTBOPEHOI Ha monepeaapoMy o0epTi nerari. Bidparrii
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IIpU pi3aHHI NPHU3BOAATH /IO HAJAMIPHOTO 3HOLICHHS iH-
CTPYMEHTY, ITOTaHO]I SKOCTI MMOBEPXHi, IIyMy Ta iH. [1].

Byno mpoBesneHo Garato JOCIIKEHb pereHepaThB-
Hux AK [2, 3, 4]. Binpmiicte 3 HAX COPSIMOBaHE Ha yCy-
HenHsi AK npu pi3aHHi, [UIS IBOTO HOCHJIIOIOTH MPYKHY
CUCTEMY JI€Tallb-IHCTPYMEHT [5], BUKOPHUCTOBYIOTh AWHA-
MIYHi BiOpOTAaCHHKH [6], TiIOUPAOTh ONTHMANEHY TeoMe-
Tpiro pi3nd [7] Ta mpU3HAYAIOTh PEKUMH pi3aHHA [8], sKi
JTO3BOJISFOTh BHWTH i3 30HU CTiMkuX BiOpamiit. [Ipote mo
TEeNepilHbOro Yacy Mpo MeXaHi3M 30yKeHHs pereHepa-
tuBHUX AK pi3Hi aBTOpH MaroTh pi3HI normsau [9, 10].

CrorosiHi y MamnHOOy/lyBaHHI 3aCTOCOBYETBCS IIIH-
POKUit aCOPTHMEHT MaTepiaiiB 3 pI3HUMH MEXaHIYHUMH Ta
(I3UKO-TEXHIYHUMH BIACTHBOCTSMH, IO (GYHKI[IOHYIOTH Y
pi3HHMX yMOBax. BukopucraHHs JaHuX MaTepianiB BUMarae
JIOCIIZPKEHHS! BIUIMBY 1X BJIACTUBOCTEH Ha 30yI)KEeHHS BiO-
paitliii 3 METOIO BIIOCKOHAJIEHHS ICHYIOUHX METO/IiB JIE30BO1
00pOOKY Ta MiIBUIICHHS IX MPOIyKTHBHOCTI.

AHaJti3 1ocaigxenb Ta nyoaikaumi

Ha nanwii yac ocHOBHMM MaTepianoM It TOCIiIKEHb
perenepatiBHUX AK € HalmommpeHImmiA MaTepian y ma-
mHOOYAyBaHHI — ctank. Tak Hanpuknaza, y podori [11] no-
CJI/KYBaBCsI BIUIMB YMOB 3aCTOCYBaHHS OXOJIOJDKCHHS Ta
MacTmiia Ha 30yIKeHHs BiOpariiif mpu TOYiHHI BYTJIEIIEBOL
cTami. BusBneHHS BiATyKy aKyCTHYHOI eMicii Ha BiOpariro
3arOTOBKH IIi/I Yac TOYiHHS BaliB i3 CcepeIHBOBYTIIEIICBOI
crami mapku 1045 posrisayTo y po6oTi [12]. Y pobori [13]
MIPONOHYBAJIOCS BUKOpHCTaHHA TexHouorii ISC mis 3Hu-
JKeHHs BiOpaliii pu TokapHili 0OpoOIi cTaneBoro Baiy 3
BUKOPUCTaHHSIM IHCTPYMEHTY 3 BEIMKHM BHIIHOTOM.

OnvH 3 OCHOBHHX AaKIICHTIB INpPH BHBYCHHI 30Y-
mkenHss AK 3aiimae 30Ha pi3aHHs. AJie OUTBIIICTE JAOCITI-
JUKEHb XapaKTepy CTPYKKOYTBOpeHHSs, nedopmanii Ta Ha-
NPYTH B 30HI pi3aHHS, TEMIEPATypH pi3aHHs st OLIbIIO-
CTi MarepiaiiB 3HiliCHEHO B yMOBax Oe3BiOpamiifHOTO pi-
3aHHs. [Ipy qocmiKeHH JUHAMIKA IPOIeCy pi3aHHS B Ha-
SIBHAX TYOJIiKaIlis HE MPOBOAWIOCH MOPIBHAIBHOTO aHa-
T3y BIUIMBY Pi3HOTO 0OpOOIIOBAaHOTO MaTepiany Ha 30y-
mxerHs AK. Tak, Hanpuxazn, y po6orti [14] mume npen-
CTaBlIeHA METOAWKA JWHAMIYHOI 3MiHH YacToTh o0ep-
TaHHS 3arOTOBKH JIsl 3puBY perenepanii AK npu Bucoko-
IIBUJIKICHOMY TOYIHHI JIeTale# 3 TBOX PI3HUX MaTepialiB:
mopantominieBoro crutaBy JJ16T ta cram 40X.

O0poOKa pi3HUX MaTepiaiiB MOXKE CYTTEBO Bipi3HS-
THCS, 4Yepe3 pi3Hi MexaHiuHi BnactuBocTi. Tak y poborti
[15] BcraHOBIEHO, IO MPH TOYIHHI HIKEIEBOTO CILIABY
Inconel 718 Ha HU3BKUX MIBUAKOCTAX YaCTOTA CETMEHTAIT
CTPYKKH BH3HaJallacs 9acTOTOIO BiOparlii, sika Oyia Oiu-
3bKa JI0 BJIACHOI JIOMiHYI04OI YaCTOTH MPY>KHOI CUCTEMH.
CMyr# 3cyBY IPHUBOJIMIIH 10 CETMEHTOBAHOI CTPYKKH, 1110,
CBOEIO YEPTOI0, BUKJIMKAJIO KOJIMBAHHS CHIIH, KA 30y Ky-
Bana BiOpauii. Y JesKkuX yMOBax pi3aHHs BaXXKO BiIpi3-
HUTH pereHepatuBHi AK Big cMyT 3cyBY, OCKUIbKH 00UIBA
NPOLIECH BHHUKAIOTH 4Yepe3 KOJHMBAHHS TOBIIUHH CTPY-
KKH. Y TOH vac sk BiOpailis BiiOyBa€eThCs MOOIU3Y BIlac-
HOi JOMIHYIO4OI YacTOTH MPY)XHOI CHCTEMH, YacToTa
YTBOPEHHS CMYT 3CYBY 3QJIC)KHUTH BiJ IIBUIKOCTI Pi3aHHA i
TOBIIMHY CTPYXKKH 1 MOXKE BIIOyBaTHCS Ha IHIIII 4acTOTI.

Yepes BIICYTHICTH JOCTATHHOTO OOCSTY TOCTIIKCHD
npo 30yIDKkeHHs pereHepaTuBHUX AK npu TOYiHHI pi3HHX
MaTepialiiB, a TAKOK BILUTUBY iX BIACTUBOCTCH Ha IHTCHCH-
BHICTh BiOpamiid, IPOBEICHHS TOJATKOBUX TOCITIIKCHb Y
Ii¥ rany3i € akTyaJbHUM 3aBIaHHSM.

Meta poboTu

Mertoro pobGoTH Oyi0 IOCIHIIKEHHS BILTUBY 00p00-
JIIOBAHOTO MaTtepially Ha iHTEHCHBHICTh pereHEepaTHBHUX
AK mipu TogiHHi.

Marepian i MeToANKA T0CTiTKEHD

Juis nocmimKeHHsT BIUIMBY 0OpOOIIOBAaHOTO MaTepi-
ally Ha IHTEHCHBHICTh pereHepatuBHuX AK Oyna oOpana
cXeMa ITOB3JI0BYKHBOTO TOYIHHS B yMOBaX OPTOrOHAJIbHOTO
pizanns. [Ipu TOUiHHI B SIKOCTI IHCTPYMEHTY BHKOPHCTO-
BYBaJIHM Pi3elb-OCUWISATOP 3 OJHUM CTYNEHEM CBOOOIM B
HanpsMKy 3MiHH peajibHOI TOBIIMHHU 3pi3y, BiCi X — pizelb-
ocumarop X [16]. Pizenp-ocumistop X BCTAHOBITIOBABCS
B CIIellialbHE IPICTOCYBAHHS, SIKE 3aKPIIUTIOBAaJIOCh HA TO-
kapHOMy BepcraTi 3 UITK momemi Zenitech WL 320. Kon-
CTPYKIIisl CHENiaJbHOTO TPHCTOCYBaHHA 3a0e3redyBaia
MOJKJIHBICTh 3MiHHN BHIBOTY L Big 80 mo 125 MM Ta mpuk-
JaJaHHs JOAAaTKOBOI Macu My IO TOJIOBKHU Pi3MsS-OCIHIS-
topa Big 0 T 10 344 r (puc. 1). Lle 103BOJISAIO 3MiHIOBATH
BJIACHY YaCTOTy KosiuBaHHs fn B mimpokomy miama3oHi Big
350 o 750 I'u. Ha kopmyci cneniaibHOTO MPUCTOCYBaHHS
OyB BCTaHOBJICHU IHAYKTHBHUH AAaTYHK TIepEeMillleHb MO-
neni XS4-P12AB110, sikuit BUMipioBaB KOJMBaHHS pi3a-
JbHOI KPOMKH DI3LA-OCHMIIATOpA IIPH PETreHEepaTHBHUX
AK 1o Bici X. AHaJIOTOBHII CHTHAII Bi/I JaTIHUKY Yepe3 aHa-
soroBo-nn¢poBuii mepersoprosad mozeni E14-140-M me-
peTBOpIOBaBcs B IIM(POBHUIl Ta IepenaBaBcsl HA NEPCOHA-
JBHUI KOMIT'IOTEp, 3alUCyBaBCsS y BHUIJIAAI OCLIIOTPAM.
3anmc ocmuiorpaM 3IIMCHIOBAaBCSA 3a JOIOMOTOIO TIPO-
rpamu LGraph2, a iX aHasi3 BHKOHYBalld B MpOTpami
PowerGraph 3.3.

[Ipu TOYIHHI BUKOPHCTOBYBAJIH Pi3alibHI IIACTUHKH
3 TBepaoro cmiaBy BK8 (¢=90°, a=10°, y=0°, r=0,4 mm)
0e3 MOKPHUTTS Ta BUKPYKOK. J[JIs KOKHOTO EKCIIEPUMEHTY
3a0e3neuyBaii MOCTIHHE 3HAYCHHS TUIOINAIKH 3HOIICHHS
h, mo 3aHii MOBEPXHI IUIIXOM 3aTOUyBAHHS B Jiana3oHi
Big 0,1 1o 0,2 Mm.

Pucynok 1. Po6oue micie asis gociimpKeHHs BiOpariit

BukopucTOBYBanM >KOPCTKI 3arOTOBKH JiaMETPOM
100...150 MM Ta noBxuHot0 10 100 MM 31 pi3HHX MeTalliB
Ta cruiasiB (Tabuuns 1).
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Taéaunsa 1 — MexaniyHi BIaCTUBOCTI 3arOTOBOK

Martepian o1, MIla oB, MIla ds, % 7, % KCU, kJlx/M? Tsepaicts, HB
XH73MBTIO 800 1210 31 24 720 217...294
Craib 45 275 590 20 40 440 156...197
J16 275 390 8 40 400 42...65
BT22 950 1080 7 17 250 285...320
Cranp 12X18H10T 196 510 40 55 215 179...190
CU3s - 350 - - 100 183...241
BpAXK9-4 420 540 15 50 500 110...180
C2 5 11 30 30 2500 3...5
M2 90 180 32 25 1400 55...95

Ipumimka. ot — epanuys naunnocmi, MIla; o8 — epanuys miynocmi, Mlla; ds — 6ionocHe noooeoicenns, %, y — 6iOHOCHe 36)-
acenns, %, KCU - yoapua 6 ’szxicmu, koic/m?; HB — meéepdicmo 3a Bpinenem.

Pexxumu pizaHHs 3MiHIOBAJIN B IIUPOKOMY JliaNia3oHi:
IIBUJIKICTh pi3aHHsA v Big 25 1o 500 M/XB; TuOUHY pi3aHHS
t Bix 0,5 mo 3 MM, nogauy inctpymenty S Bix 0,05 o 0,5
MM/00. ITi 9ac eKCIIEpUMEHTIB BUKOPUCTOBYBAIU 0XO0JIO-
JOKYIOUY piIOHHY.

Pe3ysabTaTH q0ciigKeHb Ta 00rOBOpPEHHS

[lig gac mociimKeHHS 3aKOHOMIPHOCTEH IHTEHCHB-
Hocti AK 1pm TodiHHI pi3HUX MaTepianiB 3MiHIOBAIN pe-
KIMH pi3aHHs. 3aKOH PyXy pizanbHOi kKpoMmkH mpu AK Bin-
HOBi}laB 3alMCaHuM OCHUJIOTpaMaM. Ha OTpUMaHUX OCIH-
sorpamax (puc. 2-5) Oynu BUMIipsiHI 3HAYEHHS aMIUTITY AN
KOJIUBAaHHS Ay 1 CTATUYHOTO BiIXWIEHHS B, pi3ajabpHOI Kpo-
Mku Ha airgaii AK, mo BcraHoBuimcs. BigmosigHo 10
LUX JAaHUX OyJin moOynoBaHi rpadiky 3aJ1eKHOCTI aMILTi-
TYJ¥ KOJIMBaHb Ta CTATHYHOTO BiJAXHMJICHHS BiJ IIBUIAKOCTI
pisanus (puc. 6, 7).

[Ipu BUKOpHCTaHHI Pi3ajdbHOI IUTACTHHKH 3 TUIOIIA-
koo 3Hocy 0,1...0,2 MM rpadiku 3aIeKHOCTI aMILTITYAH
KOJIMBaHb BiJl IIBUAKOCTI pi3aHHSI Mald €KCTPEMYM IUIs
pAAy AOCHIIKYBaHHX MaTepialliB, TaKUX SK CTaiub 45,
crame 12X18H10T, CU35. TobTO cmocrepiranocs HeBHi
3HAYCHHS KPUTHYHOI MIBUIKOCTI Pi3aHHS, SIKHUM BiJIMOBI-
JTaJId MaKCUMaJIbHI aMIUTITyId KoyuBaHb. [Toka3aHi 3aie-
JKHOCTI MIiJATBEP/UKYIOTh paHillle OTPUMAaHI pe3yibTaTu
[17,18].

Y G D D R L R G T
Yac, ¢

Pucynoxk 2. Ociusiorpama, oTpuMaHa IpH TOYiHHi ctaii 45
(v=250m/xB, S =0,2m/xB, t =1 MM, L = 100 MM, my=01)

VY TOMH e yac npu TOYiHHI TAaKUX MaTepianis, gk J[16,
C2, M2, BPAXK9-4, y nociipKkyBaHOMY JTiana3oHi MIBH/-
kocreit (1o 500 M/xB) rpadik 3aJIe)KHOCTI aMILTITY 11 KO-
JIMBaHb Bif MIBUIKOCTI pi3aHHS HE MaB eKCTPEMYMY. AMII-
JTyOa KOJIMBaHb TOCTIHHO 301IbIIyBaacs 31 3pOCTaHHAM
IIBUIKOCTI Pi3aHHS.

B:'()_.}_'ﬂ.':e.-n{x pircyuoi KPOMKL, MM

7] I T B, SR ¥ o7 o8 ob 19 Il

X
Yac, ¢

Pucynok 3. Ocrorpama, orpumana npu toginai CU35
(v=100m/x8, S = 0,2m/xB, t = Imm, L = 100 Mmm, m p=0 1)

Ipu touinni BT22 ta XH73MBTHO AK Ha ocuuio-
rpami He CIOCTEPIraaucs, KOJMBAHHS MaJH IIePi0HIHUMA
XapakTep, aMIUITy/ia SKHX y JOCIHDKYBaHOMY Jiana3oHi
mBuakoctei (25...100 M/xB) Oyna qOCUTh HI3HKOIO Ta HE
3MiHIOBaJacs 31 301TBIICHHSAM IIBUAKOCTI pi3aHHS.

Bid.mwmg PENCY4OT KPOMKL, MM
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i DR 1
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Pucynok 4. Ocrorpama, oTpuMana npy todinti {16

(v=200m/x8, S = 0,2m/xB, t = Imm, L = 100 Mmm, My = 0 1)

=

3MiHa nmapameTpiB pi3i-ocuisitopa X (BUIIIT, 101a-
TKOBA Maca) HEe 3MIHIOBAJIO 3aJICKHICTh aMILTITY T KOJIU-
BaHb BiJI IIBUKOCTI pi3aHHs Ui pi3HUX MaTepiaiis. [Ipn
3MEHIIICHH] KOPCTKOCTI Pi3Is-ocHmisiTopa X Ta MpHKIa-
JIaHHI JI0JaTKOBOI MacH rpadik 3aJIe)KHOCTI aMILTITY I KO-
JMBaHb BiJ MIBHIKOCTI pi3aHHS BHUIOBXKYBABCS 110 BEPTH-
KaJbHiK Bici (amrutiTynu). ToOTO KonMBaHHS 301NBIIYBa-
JIUCh, aJie KPUTUYHA MIBUIKICTH, K BiIMOBiTaI0 MaKCH-
MaJlbHe 3HAYCHHS! KOJIMBaHb, PAKTUYHO HE 3MIHIOBAJIOCh.
OTpuMaHi paHilire CX0xki 3aexHOCTI st crami [17] miar-
BEP/IMIIKCS UM JOCITI/DKSHHSIM Ha 1HIIUX JTOCIIPKYBaHIX
MaTepiayiax.
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Pucynok 5. Ocrorpama, orpumana npu Todinai BT22
(v=50 m/xB, S =0,2 m/xB, t =1 mm, L= 100 mm, mo=01)

3MiHa IIIMOMHY pi3aHHs NPONOPLIHHO 3MiHIOBaa iH-
teHcuBHicTh AK. Ile miaTBepAmio Te TBEp/KEHHS, IO
MIPOIIeC CTPYKKOYTBOPEHHS IUIOCKHH 1 PIBHHUH B KOXHIH
TOUIli pi3anbHOI KPpOMKH. 30UIBIICHHS TOAaYi iHCTpyMe-
HTY B JIOCIIi/PKyBaHOMY iHTEpBaJli TPOXH 3MEHIIIYBAJIO iH-
TeHCcHBHICTE AK, 0 minTBepKye paHilie OTprMaHi pe-
syaprary [18].
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PucyHok 6. I'padik 3a1exHOCTI aMILTITY/ 11 KOJIMBAaHb Pi3aibHOL
KPOMKH BiJ mBrAKocTi pizanas (S = 0,2 Mm/06; t = 1 mm;
L =100 mM; mo=01)

I'padixu BIIMBY MIBUAKOCTI pi3aHHS HA CTATUYHE Bi-
JIXWICHHS PI3HUX MaTepialiB MOKa3ylOTh OJTHAKOBY TEHIE-
HITi0: 31 301IBIIEHHSM IIBUIKOCTI Pi3aHHS CTaTHYHE Bij-
XHWJICHHS 3MEHITY€eThCS (puc. 7).

30Ha CTPY)XKOYTBOPEHHS y PO3YMiHHI KIACHYHOI
CXEMH aBTOKOJIUBAJIBHOI CUCTEMH € PETYIATOPOM. Tomy
TIpoIiecH, SIKi y Hil BiZOyBarOThCs, BiJOWBAIOTHCS HA aMII-
JTyOl KOJIMBaHHSA pisug-ocumraropa X. Hacammepen, Ha
MEXaHI3M PEeryJjsaTopa BIUIMBA€ IUTACTHYHA aedopMariis,
110 BiJOYBA€ETHCS B 30HI Pi3aHHsL.
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Pucynok 7. I'padik 3a1eXHOCTI CTAaTUYHOTO BiAXUICHHS PiKy-
40T Kpaiku Bij miBuakocti pizanns (S = 0,2 Mm/00; t = 1 mm;
L =100 mM; mo=01)

[Tnactruna nedopmarist B 30H1 pi3aHHs Pi3HUX MeTa-
JIiB Bipi3HSETHCA Yepe3 BiIMIHHOCTI B iXHIH aTOMHIM
CTPYKTYpi, MIITHOCTi 3B'SI3KiB, MEXaHIYHUX BIIACTHBOCTEH
Ta XiMigHOMY ckutazi. KoxeH MeTall i CIutaB Mae CBOIO KpH-
CTaJIiYHy IpaTKy: 00'eMHO-TIeHTpoBaHy KyOiunHy (OLIK),
rpanenenTpoBany kyoiuny (I'LIK), rekcaronanpHy IIiJIb-
HoymnakoBany (I'LIY) (tabmurs 2).

Koy pizanbHuii IHCTPYMEHT BIIPOBAIKYETHCS B Ma-
Tepiall, y 30HI pi3aHHS BUHUKAIOTH HAIIPYTH, SIKI EPEeBH-
LIYIOTh TPaHMINI0 MIIHOCTI Ha 3CcyB. B pesynbrari mapu
MeTally 3CyBalOThCS OJJMH BIJIHOCHO JIPYyroro, yTBOPIOIYH
CTPYXKY. 3CyB MaTepiaiy BiJOyBa€ThCsl 32 YMOBHOIO ILJIO-
IIMHOIO 3CYBY, IO € OCHOBHHUM MEXaHI3MOM YTBOPEHHS
cTpyXku. [lmommHa 3cyBy yTBOPIOE KYT 3 HAIpPSIMKOM
PYXy pLKy4oro iHCTpYMEHTY. UHM BUIIUH KYT 3CYBY, THM
JIeTHIe #Ie npolec pi3aHHs, OCKIUIBKH 3MEHINYETHCS TOB-
IIMHA CTPYXKH Ta CWid pisaHHs. KoxeH marepian mae
CBO€ IH/IMBI/IyasibHE 3HAYEHHS KyTa 3CyBY (AuB. TaOII. 2).
AuJle, HaNIpUKIIaJ, Y TATAHY KyT 3CYBY BJIBIYi BUIIHMI, HIXK Y
CTaJIi, ajie CUJIM Pi3aHHs HE MEHIII, a B pa3u OiJIbIIi.

Tabauus 2 — OCHOBHI XapaKTePUCTHKH JOCIIKyBa-
HHUX MaTtepiajiB

. Tun kpucramiv-
Marepian Ky ¢, rpan Hoi rpaTi
Crans 45 1,0 15-18° OIIK

BT22 0,22-0,26 40-45 'y
XH73MBTIO 0,1-0,15 40-45 'K
J16 2,0-3,0 25-35 'K
Craip °
12X18H10T 0,5-0,6 18-23 'K
Cu3s 0,7-0,81 30-35 OIIK
bpAX9-4 1,5-2,0 25-30 'K
M2 1,5-2,0 9-10° 'K
C2 4,0-6,0 35-40 T'aK
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Jns BpaxyBaHHS (Pi3MKO-MEXaHIYHUX BIACTHBOCTEH
00po0III0BaHOTO MaTepiaily MpH pi3aHHI BUKOPHUCTOBYIOTh
KpHTEpiH, 110 XapaKTepu3ye oOpoOIIIOBaHICTh MaTepiaiy.
OO0po6IrOBaHICTD pi3aHHAM — 1€ 3IaTHICTh MaTepiaiy Mmif-
JlaBaTHCS MeXaHiuHili o0poOmi (TokapHid, ¢pe3epHiH,
CBEPIWIIBHIH 1 T. JI.) 3 MiHIMaJJbHUMH BUTpPAaTaMU €HEPTii,
3HOCY IHCTPYMEHTY Ta TapHOIO SIKiCTIO oBepxHi. s o1i-
HKH 00pOOITFOBAaHOCTI KOPUCTYIOTHCS KoedirieHToM 00po-
OmroBaHOCTI MaTepiany pizaHHsIM K, — [1¢ BIXHOCHHUII 1O-
Ka3HUK, M0 TO0Ka3ye, HACKIIBKHA JIETKO MiITAEThCS Pi-
3aHHIO MaTepian MOPiBHAHO 3 €TaJJOHHUM MaTepianioM. Sk
STANOHHUI MaTepian BUKOPUCTOBYIOTH ctajb 45 (K, = 1).
Oninky KoedinieHTa 00poOIIOBaHOCTI MaTepialy IpOBO-
JIITH 3a JIeKUIbKOMa IapaMeTpaMu: 3a CTIHKICTIO pi3aiib-
HOT'O IHCTPYMEHTY, 32 CHJIOIO pi3aHHs, 3a SIKICTI0 00pobJe-
HOI MMOBEPXHI, 3a IBHUJIKICTIO pi3aHHs. Y TaOuuii 2 HaBe-
JIeHO cepenHi 3HaueHHs K, mpu oOpoOLi JOCIiHKyBaHUX
MaTepiaiB iHCTPYMEHTOM i3 TBEPIOTO CIUIAaBY, MOB'SA3aHi
31 CTaHAAPTHOIO CTIMKICTIO IHCTPYMEHTY Ta MIBUAKICTIO pi-
3anng [19, 20]. Ognak K, He XapaKkTepHu3ye 31aTHICTh 00-
po0iroBaHOTO MaTepiary 10 30ymKeHHs BiOpariii.

3TiIHO IPOBECHUX JOCITIKEHb MOXHA 3pOOUTH BH-
CHOBOK, IO, B MEpIIy 4Yepry, Ha 3JaTHICTb 00poOiroBa-
HOTO MaTepiaiy 30y/pKyBaTH BiOpallii IeBHOT iHTEHCHBHO-
CTI BIUIMBa€E TUN KpUCTamiyHOi rpatku. Tak, crayib Mae
kpuctaniuny rpatky tTumy OLIK a6o I'LIK, 3anexxHo Bif Te-
MIepaTypHHUX yMOB Ta BMicTy Byruero. Cipuii yaByH Mae
OLIK rpaTky, mpoTe BiH OUIbII KPUXKHI 32 CTallb. AJOMI-
Hiit Mmae I'LIK rpaTky, oo crpusie HOro BUCOKIH TIacTH-
Hocri. B3arami I'IK rpaTkn MaloTh BEJHKY KiTBKiCTH MO-
KITMBHUX HANPSMIB JJIsI KOB3aHHSI (MIEPEMIIIIEHHST) UCIOKa-
i, o a€ MaTepiady MOXIHBICTH AedopmyBatucs 3 0Oi-
JBIIOI0 TTOAATIUBICTIO TIPH MEBHUX HaBaHTAXEHHIX. TH-
taH Mae 'Y rpaTky npw KiMHATHIH TeMmepartypi, ska
MEHII HijaaTiuBa 10 aedopmalii NOpiBHSHO i3 CTPYKTY-
pamu craii Ta anoMiHilo. TuTaH 0OMEKEHUH Y MOXKITMBUX
HanpsiIMKax KOB3aHHsI, 10 POOUTH HOTO OLIBII KPUXKUM i
MEHII IUIACTUYHMM IIpH KIMHATHIA TemmepaTypi. Kijb-
KiCTh IUIOIIMH 3CYBY BU3HAaUa€ OaJaHC MiX IUIACTHYHICTIO,
MIIHICTIO Ta KPUXKICTIO. YuM X Oinbliie, THM JIeTIie Ma-
Tepiaj miANaeThCs IIACTUYHIN TedopMarii 1 THM IHTCHCH-
BHiII BiOparii Moxe reHepyBaTu. Y Marepiaiax 3 BEIH-
KOIO KUTBKICTIO TUIOIIMH 3CYBY AWCIIOKALIl MOXYTh pyXa-
THCS BiNbHIIIE, ane 3i 30UThbIIeHHIM Aedopmarii ix pyx
YCKJIaJIHSIEThCS, 10 BeJle 10 3MIIIHEHHS 1 MOKe I'aCUTH iH-
TEHCUBHICTh KoiMBaHb. Hampuknan, y cram 12 ruronmx
3CYBY, a Y THTaHY TITBKH 3, [0 3MEHIITYE 3/1aTHICTh aAedo-
pPMyBaTHCSI 1 IPU3BOIUTH 10 HU3HKOT iIHTEHCUBHOCTI KOJIH-
BaHb. MiJlb TIpH IIACTUYHIN nedopmallii coyaTKy JIeTKO
3MiHIOE OpMYy, aje MOTIM 3MIIHIOETRCS, IO TeXK HE Jae
BUCOKOI IHTEHCHBHOCTI KOJINBAHb.

Taxo>x Ha 31aTHICTD MaTepiaity 30y KyBaTH BiOpaii
MOX€ BIUIMBATH I'paHMIs IUTMHHOCTI. CTane 4acto mae
011 BUCOKY I'PAHHUIIO INIMHHOCTI, HK QJIOMIHIMH, 1110 110-
Tpebye OLIBIINX 3yCHIIb JUIsl TOYaTKY ii miacTuaHoi aedo-
pmauii. Ha BiaMiHy Bix crtani, cipuil 4aByH HE Ma€ 4iTKO
BUPA)KEHOI I'PaHUIll IUTMHHOCTI Yepe3 KPUXKICTh MaTepi-
aiy. Tutan Mae BUCOKY TPaHUIIIO IUTMHHOCTI B IOPiBHAHHI

31 cTayumo i 30epirae BUCOKY MIITHICTH IIPH BUCOKHUX TEM-
nepatypax. KpiM mporo, Hampukiam, craib 30epirae cBoi
TUTACTHYHI BJaCTUBOCTI B MIMPOKOMY Jiara3oHi TeMIleparyp
110 350 °C. TuTaH CTa€ MIACTUYHUM IIPU BUCOKUX TEMIIEpa-
typax (ume 400...600 °C), 3aBOsku (azoBOMy Mepexomy.
AMOMiHI TIOYMHAE BTpa4aTH MIIHICTH 3a TEMIICPaTypH
Burie 200...300 °C. TIpu 400600 °C cipuit 4aByH TpoXu 30i-
JIBIIIY€E CBOIO IUIACTUYHICTD, ajle 3aJIMIIAETHCS, B OCHOBHOMY,
KPUXKUM.

Ipu 36ibIICHH] MIBUAKOCTI Aedopmaliii 3cyBy cTaii
MOXYTb JIEMOHCTPYBaTH Oilbll BUCOKUH omip nedopma-
uii. [Ipu 30LIBIICHHAI MIBHIKOCTI 3CYBY THTaHY CIIOCTEpi-
raeTbcs 3HauHe 3MinHeHHs. Lle moB’s3ano 3 LY rpat-
KaMH, 5Kl yCKIIQTHIOIOTh KOB3aHHS AUCIOKAIiH. ATFOMIHIH
Ta HOro CrulaBM 3a3BHYail MOKa3ylOTh MEHIIE 3MIiIIHCHHS
MOPIBHAHO 31 CTAJUTIO Ta TUTAHOM 31 30UTBIICHHSIM IIBU/I-
KocTi gedopmartii. AJTFOMIHIN JIETTIIE MiATAETHCS TIACTHY-
Hill nedopmariii, OCKUIBKH HOTO KpUCTaJidHa CTPYKTYypa
CIIpUsIE JIETIIOMY PyXy AUCIOKamii. J[ns ciporo yaByHY
YUM BUIIA MIBUAKICTH AedopMaltii, TUM OijibIia HOro Kpu-
XKICTB, yIapHa B’SA3KICTh Pi3KO Majae, TOMY IO MaTepiai
HE BCTUTAE MEPEPO3MOMINATH HANpyru. PyiiHyBaHHS Bil-
OyBa€eThCs JIABHHOTIOIOHO, 3 MEUTTEBUM YTBOPEHHSM Tpi-
myH. PyiiHyBaHHS ITOYMHAETHCS 1O rpadiTOBUM BKIIIOUCH-
HSM (BOHHM BiflirparoTh poJib KOHIIEHTPATOPIB HANPYT).

B npyry uepry, Ha 31aTHICTb 30y )KeHHS 200 raciHHs
BiOpauiii Mpy TOYiHHI BIUIMBA€E YaCTOTAa CETMEHTALT CTpY-
JKKH — KUIBKICTh €JIEMEHTIB CTPYXKKH, Ha SKi IPOXOJIUThH
3CYB NIpH pi3aHHI 32 OAMHUITIO Yacy. BoHa BH3Ha4aeThCA
Oe3miy4io (GakTOpiB, BKIOYAIOYH PEKUMH Pi3aHHA, BJIAC-
THUBOCTI MaTepiaiay Tomo. Y TUTaHy 4acTOTa CErMEHTAIlil
Ha TIOPSIOK MEHIE HiX CTajiel, mo poOUTh OCOOIHBHIA
BIUIMB Y TaciHHi pereHepaTuBHUX AK mipn mociikerHi pi-
3ueM-ociisiTopoM X. [Ipu o6pobui pizaHHSIM ciporo 4a-
BYHY, BIZICyTHSI CETMEHTAIisl CTPY>KKH, TOMY ILII0 HOTo 00-
pobKa fae cTpyXKKy HaJJIOMY, 1110 TIOB’13aHO 3 Or0 KpHX-
KICTIO Ta HasiBHICTIO IpadiTOBUX BKIIOYEHb.

dopma CTpyKKH, 110 YTBOPIOETHCS MPH pi3aHHi, Xa-
paKTepu3ye YMOBH IPOLECY CTPY>KKOYTBOPEHHS 1 BU3HA-
4a€eThcsl 00POOITIOBAHUM MaTepialioM, PeKUMaMH Pi3aHHS,
TEOMETPI€I0 IHCTPYMEHTY, a TaK CaMO IHTCHCHUBHICTIO pe-
reaepatuBHUX AK. ¥V Xoni mpoBeneHNX JOCITiIKeHb MIPH
perenepatuBHEX AK 00poOKa pisHHUX MaTepialiB BinOyBa-
Jacsi 3 YTBOPEHHSM CYTIIOOMCTOI CTPYKKH, 38 TEPMiHOJIO-
riero I. A. Timme, B siKili OKpeMi YaCTHHU HE BiTOKpEMIICHI
MOBHICTIO OJIMH BiJ OJHOTO, a 3’€IHaHI MPOMDKHHIM IIa-
poMm (muB. puc. 8). Y 0araTboxX aBTOPIB 3YCTPidalOThCS
iHIII Ha3BH JTAHOTO THUITy CTPYXKOK: 3yO4acTta, IMHIKOIIO-
nibHa.

OTpuMaHa CTpYXKKa ITiJT 9ac JOCHTIIKEHb B yMOBaXx Bi-
Opamiif s omHmx MatepiamiB, Takux sk M2 Tta C2
(nuB. puc. 8), Mana 4iTKO BiIOKPEMIICHI KOMIIOHEHTH CYT-
JOOUCTOT CTPYXKKH, SIKI Uepe3 yMOBH TepTsS Ha TepeHii
MOBEPXHI MIITHO 3’ €JHYBaJIKCh OJIUH 3 OJJHUM, YTBOPIOIOYH
Oe3nepepBHY cTpyKKy. CTpy’KKa Majla XBHJIIO Ha BUIbHIN
CTOpOHI, BEPUIMHY K01 Oyin 3a0KpyrieHuMu. J{ist iHmmx
MarepiaiB, Takux sk ctaib 45, /116, bp.AXK9-4, crpyxka
Ha BUIbHIA CTOPOHI MaJla XBUJIIO 3 TOCTPUMH BEPIIMHAMHU
(mukomioniGHY dopmy).
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XBUWJISL HA BUTBHIH CTOPOHI CTPYXKKH yTBOPIOBAJIACs B
YMOBax HHUKJIIYHOI 3MIHM peasbHOI TOBIIMHU 3pi3y B pe-
3ynbTati perenepatuBHux AK. A 1i reomerpis Bu3Haua-
€TBCS IOBXXKMHOIO XBUJII HAa TIOBEPXHIi pi3aHHs (IIBHAKICTIO
pi3aHHs), YCaIKOIO i aMIUTITYZI0I0 PEreHepaTUBHUX KOJIH-
BaHb. TOMY ISl TOTO CaMOT0 MaTepiary, YuM OiJIbIIe IIBH-
JIKICTB pi3aHHs, TUM OyJa OUTBIIIOI0 JOBXKIHA XBHJII Ha Bi-
JBHIA CTOPOHI CTPYXKH. A 9UM OiNTbIIIE aMILTITy1a KOJIU-
BaHb, TUM OiJIbIIIE CIIIBBITHOIICHHS TOBIIUH CTPY’KKH BH-
MIpSIHAX TI0 BIIAJWHI 1 10 BEPIIMHI XBUII.

Ipu 06pobui BT22 ta XH73MBTHO cTpy)xkoyTBO-
PEHHS 3HAYHO BiPi3HUIOCS Yepe3 OCOOJIMBI BIACTHBOCTI
Marepiaiy, CTpyXka Maja ocoOIuBy GOpMy — HHUKIIUHY.
30Ha pi3aHHs THUTaHY 1 HIKEJIEBOT'O CIIABY XapaKTepu3yBa-
Jlacsi KOPOTKUM MaillaHYMKOM KOHTAKTYy IO MepeaHiil mo-
BEPXHI, 1 CTPYXKKa, 1[0 YTBOPIOBAIACS, MaJla HU3bKHI Koe-
(bIIieHT MOTOBIICHHS B MOPIBHSHHI 3 IHITUMH MaTepiaIaMu.
YacToTa yTBOPEHHX €JIEMEHTIB IUKJIIYHOT CTPYKKH OyJIa Ha
TIOPSIIOK HIDKYA IMOPIBHSHO 3 1HITMHU MaTepiaTaMu.

BT22 @“k

I mm
XH73METIO ) H

bpAKI-4 W

Cmaas 12XI18HIOT

A16 ¢Q~M A

Cmanb 45

Pucynok 8. Ctpyxka B ymoBax pereneparuBaux AK
BucHoBku

B pesynbTaTi mpoBeneHuX JOCTiKEHh BCTAHOBJICHO,
10 Ha 37aTHICTH 00POOIIOBAHOTO MaTepiay 30y/HKyBaTH
abo racutu pereHepaTuBHI AK BIITMBAE THTT KPUCTATITHOT
I'PaTKH, KUIBKICTh IUIOIIMH 3CYBY, T'PaHUISl IUIMHHOCTI Ta
HIBUIKICTh Aedopmartii. KiTbKicTh IUIOMIMH 3CYBY BHU3HA-
yae GaylaHC MIX TUIACTUYHICTIO, MIITHICTIO Ta KPHXKICTIO.
Yum ix Oinbire (crayib, adroMiHiil), THM Jieriie marepial
MiAAETHCS TUIACTHYHIN nedopmartii i THM iHTCHCHBHIIIIE
30yKyIOThCsl BiOpamii. Hanpuknan, y cram 12 mioniux
3CyBY, a Yy TUTaHy TUIBKH 3, III0 3MEHIIy€e HOTO 3JaTHICTh
ne(opMyBaTHUCS.

@dopma CTPYXKH, IO YTBOPIOETHCA IPH Pi3aHHI Xa-
paKTepu3ye yMOBH IPOIECY CTPYKKOYTBOPCHHS Mijx 4ac
perenepatuBanx AK. Ha 3matHicTs 30ymkeHHs abo Ta-
ciHHA BiOpariii mpu TOUYiHHI OCOOIHMBO BIUTMBAE YACTOTA
CerMeHTalii CTPYXKH, TOMY IO IPOIEC CTPYKKOTBO-
peHHs nuckpeTHull. Tak, HanpUKIIaj, HU3bKa 4acTOTa Cer-

MeHTalii CTPYKKH NPU TOYiHHI BAXKKOOOPOOIIIOBAHUX Ma-
TepianiB (TuTaH) Moxxe racutu pereneparuai AK. O6po-
OKa pi3HUX IUIACTUYHHUX MaTepiaaiB (MiJb) PH iIHTCHCHB-
HUX pereHepatuBHUX AK BiOyBaeThCs 3 yTBOPEHHSM CY-
riobucToi cTpyxku. Ilpn mpoMy cTpykKa Mae XBHIIO Ha
BUTBHIN CTOPOHI, BEPIIMHH SIKOT MOXYTh OyJIH 3a0KpyTJie-
HUMH 200 rocTpuMH (TTHIIKOTIOAi0Ha (hopma). XBUIISI HA Bi-
JIbHIN CTOPOHI CTPYXKKH YTBOPIOETHCS B YMOBaX LUKJIIUHOT
3MIHM peaJbHOI TOBIIMHHU 3pi3y B PE3yJbTaTI pereHepaTH-
sHux AK. Ii reomMeTpisi BU3HaYa€ThCS TOBKUHOIO XBUITI HA
MOBEPXHI pi3aHHs (IIBUAKICTIO Pi3aHH:), yCAAKOIO i aMI-
aitynoro perenepatuBHUX AK. ITpu 06po0iti BaxkkooOpo-
OJIIOBaHMX MaTepiaiiB CTPY)KKa Mana 0COOJIUBY GopMy —
mukiigHy. [Ipu o0poOii KpUXKHX MaTepialliB CTpYXKKa
MaJla THII HaJJIOMYy.
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Purpose. To study the influence of the processed material on the intensity of regenerative self-oscillations during

turning.

Research methods. The research was conducted by an experimental method, in which oscillograms of oscillations
of the cutting edge of the cutter-oscillator were recorded. The analytical method was used to study the oscillograms on
which the parameters of the oscillatory system of the cutter-oscillator were measured, which characterize the law of

motion of the cutting edge during self-oscillations.

Results. It has been established that the intensity of self-oscillations during turning is influenced by the type of
crystal lattice and the number of shear planes of the processed material. The greater the number of shear planes, the
easier the material is subjected to plastic deformation and the more intense the vibrations can be generated. Also, the
ability to excite or dampen vibrations during turning is particularly affected by the frequency of chip segmentation. For
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example, a low frequency of chip segmentation during turning of difficult-to-machine materials (titanium) can dampen
regenerative self-oscillation. Processing of different materials with intensive regenerative self-oscillation occurs with the
formation of different types of chips: articulated, fractured, cyclic.

Scientific novelty. The obtained results confirm the influence of the mechanical and physical and technical proper-
ties of the processed material on the excitation or damping of regenerative self-oscillations. The properties of the pro-
cessed material influence the chip formation process in the cutting zone, which in the sense of the classical scheme of the

self-oscillating system is a regulator.

Practical value. The obtained results prove the influence of the properties of the processed material on the intensity
of regenerative self-oscillations during turning and provide an opportunity to take the necessary measures to reduce

vibrations.

Key words: regenerative self-oscillations, cutter-oscillator, oscillogram, mechanical properties.
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OPTIMIZATION OF THE DIFFUSION BONDING PROCESS FOR A
MULTILAYER JOINT IN 14Cr17Ni2 ALLOY

Purpose. To optimize diffusion bonding technology for multilayer joints of aircraft engine components made of
14Cr17Ni2 alloy, minimizing material degradation and geometric distortions.

Research methods. Analysis of conventional (T1) and intensified (T2) diffusion bonding (using an intermediate
nickel layer up to 10 um). Parameters were optimized on laboratory samples and full-scale models; joint quality was
assessed by metallographic analysis.

Results. T1 technology requires high pressure (15-20 MPa) at 950-1050 °C. Optimized T2 technology (with a Ni
layer) showed superior results: welding temperature 950 °C, pressure 5 MPa, holding time 50 min. The Ni layer allowed
for a 3-4 fold reduction in pressure, use of a lower welding temperature, maintained high joint quality, and ensured
deformation <4%. Metallography confirmed the absence of defects in the microstructure. The reduced welding tempera-
ture of 950°C prevents post-weld hardening of the 14Cr17Ni2 alloy.

Scientific novelty. Optimal parameters for diffusion welding of multilayer joints of 14Cr17Ni2 alloy at low pressure
using a thin Ni interlayer have been determined, ensuring defect-free, high-quality joints with significantly reduced weld-
ing pressure and temperature. The optimal interlayer thickness allows leveraging the contact strengthening effect to
achieve a joint with strength comparable to the base material.

Practical value. T2 diffusion bonding technology ensures reliable manufacturing of precision multilayer compo-
nents from 14Cr17Ni2 alloy with minimal thermo-mechanical impact and reduced manufacturing complexity (lower pres-
sure equipment). This is a promising and economically viable solution for the aviation industry, for components requiring
high precision and performance under extreme conditions.

Key words: diffusion bonding, 14Cr17Ni2, interlayer, relative plastic deformation, surface activation.

Introduction

century is characterized by the intensive implementation of
the latest scientific and technological achievements. A
prominent example is the development and application of
methods for obtaining permanent joints of structural mate-
rials, particularly in the solid phase [1]. Among such meth-
ods, diffusion bonding holds a special place. It’s a high-
technology solid-phase process based on atomic diffusion
and local plastic deformation at elevated temperatures.
This process ensures the production of high-quality perma-
nent joints for a wide range of materials and is crucial for

welding deformations [1].

The object of this study is multilayer joints of
14Cr17Ni2 alloy, produced by diffusion bonding for the
“Amplifier Block” component (Fig. 1). This component is
a two-stage amplifier of command signals in the automatic
control system of aircraft engine valves and operates under
exposure to air at compressor command pressure over a
wide temperature range, from -60 to +500 °C. Alloy
14Cr17Ni2 is classified as difficult-to-weld, and welded
joints in the heat-affected zone exhibit reduced corrosion
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resistance [2]. The high precision and reliability require-
ments for such components, combined with the material’s
specific characteristics, necessitate a thorough selection
and optimization of their joining technology.

Figure 1. Multilayer structure of the Amplifier Block

The aim of this work is to develop and optimize the
technological process of diffusion bonding for the "Ampli-
fier Block" made of 14Cr17Ni2 alloy. This process aims to
ensure the formation of a high-quality joint while minimiz-
ing the negative impact on the material’s properties and the
product's geometric parameters, specifically by reducing
the main process parameters through a justified selection
of an intensification method.

The formation of a permanent joint in the solid phase
is based on fundamental physicochemical principles,
which include the stages of physical contact formation,
electronic interaction, and the development of diffusion
processes [3]. This requires not only the bringing together
of surfaces but also activation energy (thermal and/or me-
chanical) [4]. Under real conditions, the process is compli-
cated by the presence of microroughness and various films
on the surfaces. The formation of a joint is thermodynami-
cally favorable when the surface free energy of the system
decreases. This energy depends on the material's structure
and temperature but is practically independent of pressure,
although adsorbed gases significantly reduce it [5]. The
thermodynamic feasibility of joining similar materials is
evident, whereas for dissimilar materials, it is determined
by the possibility of a chemical reaction and a change in
Gibbs energy.

The process of joint formation during diffusion bond-
ing occurs in three conventional stages. Physical interac-
tion involves bringing atoms close enough for quantum-
mechanical interaction and overcoming microroughness
through local plastic deformation. The next stage, activa-
tion of contact surfaces, involves the formation of active
centers through the transition of the system to a higher en-
ergy activated state, where physicochemical interaction oc-
curs at sites of crystal structure defects. The final stage,
volumetric interaction in the contact zone, includes the for-
mation of strong chemical bonds, the development of dif-
fusion (self- and interdiffusion, accelerated by increasing
temperature and along grain boundaries and surfaces) and
relaxation processes, leading to the homogenization of the
joint [6].

The key parameters determining the quality of a dif-
fusion bonded joint are surface cleanliness and roughness,
the composition of the welding atmosphere, the thermal cy-
cle (welding temperature), an applied pressure, and weld-
ing duration [7-11]. Alloys with a high chromium content,
such as 14Cr17Ni2, are characterized by the formation of
thermodynamically stable oxide films on their surfaces,
which complicate welding and traditionally necessitate the
use of high temperatures and significant plastic defor-
mation for their disruption [2, 12, 13]. This, in turn, can
negatively affect the material properties and product accu-
racy.

To enhance the efficiency of the diffusion bonding
process for 14Cr17Ni2 alloy and achieve the required joint
quality at reduced technological parameters, various inten-
sification methods aimed at activating physicochemical
processes during the three main stages of joint formation
were analyzed. Known methods, such as cyclic pressure
variation, the application of ultrasonic vibrations, the im-
position of tensile forces, impact pressure, controlled
forced deformation, as well as the influence of electric or
magnetic fields, or ionizing radiation, can activate the for-
mation of physical contact, the disruption of surface films,
and mass transfer in the joint zone [14, 15]. This, in turn,
may allow for a reduction in the process temperature or du-
ration. However, a comprehensive analysis of these meth-
ods in relation to the stated task — the fabrication of multi-
layer precision components from 14Cr17Ni2 alloy — re-
vealed a number of significant limitations. Specifically,
many of the listed approaches lead to substantial plastic de-
formation of the welded parts, which is unacceptable for
precision products. Furthermore, they do not always ensure
that the joint strength is equal to that of the base metal when
the welding temperature is significantly lowered, and often
require the development of complex technologies, the cre-
ation of specialized high-precision equipment, and preci-
sion tooling, which is associated with considerable mate-
rial costs.

Considering these limitations and the necessity to
meet a set of requirements, such as minimal deformation,
high joint quality, and the possibility of reducing the weld-
ing temperature, pressure, and time, the application of in-
termediate plasticizing layers was chosen as the most
promising intensification method. This method allows for
a reduction in chemical heterogeneity in the joint zone, im-
provement of conditions for the disruption of oxide films
and the formation of physical contact due to the plastic de-
formation of the interlayer itself, minimization or complete
elimination of significant plastic deformation of the main
components, and a substantial reduction in the temperature,
pressure, and holding time of diffusion bonding, while en-
suring the attainment of joints with properties close to
those of the base material [16]. The use of intermediate
non-fusible layers, particularly those of plastic metals such
as nickel, is an effective method for intensifying the diffu-
sion bonding process and reducing its energy-force param-
eters. Unlike fusible interlayers, which essentially bring the
process closer to brazing and may not provide the neces-
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sary joint strength, non-fusible layers promote the for-
mation of a high-quality metallurgical bond.

Nickel, as a transition d-metal, is characterized by
high strength and ductility, which are maintained over a
wide temperature range. It forms solid solutions or stable
phases with most structural metals, including the compo-
nents of 14Cr17Ni2 alloy, thereby avoiding the formation
of brittle intermetallics in the joint zone [16]. Its enhanced
deformability compared to many other metals promotes
better formation of physical contact in the early stages of
welding. Intermediate layers can be applied in the form of
foils, powders, or thin coatings (electroplated or depos-
ited). Foils, having a surface activity close to that of a bulk
material and a significant thickness (0.05...1.0 mm), are
primarily used to prevent the formation of undesirable
phases. Powder interlayers, although possessing high free
energy which promotes sintering, are difficult to apply as a
uniform layer. Thin electroplated or deposited coatings,
however, due to structural defects, a high surface-to-vol-
ume ratio, and small thickness, have significantly higher
free energy compared to foils, which activates mutual dif-
fusion processes [16]. Electroplated coatings also provide
surface protection against oxidation and, due to tangential
stresses at the "substrate-coating” interface, promote the
disruption of oxide films and activation of the base metal
surface. In view of these advantages, this particular method
was chosen for forming the nickel intermediate layers.

Materials and methodology

The object of the research was multilayer joints fab-
ricated from 14Cr17Ni2 martensitic-ferritic stainless steel,
which is considered difficult-to-weld. The studies were
conducted on model samples simulating the design of the
"Amplifier Block" component — an assembly of six rectan-
gular plates with dimensions of 38x58 mm and individual
plate thicknesses ranging from 1 to 4.2 mm. The total thick-
ness of the assembly before bonding was 12.8 mm. Sam-
ples of various sizes were used for the experimental inves-
tigations. Initial development of the parameters for tech-
nology T1 (conventional diffusion bonding) was per-
formed on 15x15 mm plates of 14Cr17Ni2 alloy with
thicknesses of 1 to 4.2 mm. For technology T2 (bonding
with an intermediate nickel layer), 20x15 mm plates of
similar thickness were used. Verification of the optimized
parameters was carried out on full-scale 38x58 mm plates.

The roughness of the surfaces to be bonded did not
exceed Ra=1.25 um (according to I1SO 21920-2). Mechan-
ical surface preparation was performed by grinding using
an abrasive wheel with a vulcanite bond and a grit size en-
suring the specified roughness (F150 and finer according
to 1SO 8486-1 for bonded abrasives). Surface cleaning be-
fore bonding involved sequential wiping with technical
grade acetone and technical grade ethyl alcohol. In the case
of technology T2, a nickel layer up to 10 pm thick was
electrodeposited on each side of the mechanically pro-
cessed and cleaned workpieces. For samples used during
the T2 regime development stage, the nickel layer thick-
ness was 8-15 pm.

Initial development of optimal parameters for tech-
nologies T1 and T2 was conducted on a modernized
USEPVN-4N diffusion bonding unit with radiation heat-
ing. Verification of the optimized regimes on full-scale
samples was performed on a UDSV-DT diffusion bonding
unit with an induction heating source. Validation of the
technological process according to technology T2 was car-
ried out using SECO/WARWICK vacuum high-tempera-
ture furnaces. To prevent adhesion between the elements
of the welding fixture and the model assembly, their con-
tact surfaces were treated with an aqueous solution of bo-
ron nitride.

The development of the diffusion bonding technology
was carried out in two main directions. The first direction,
technology T1 - conventional, aimed to determine the op-
timal parameters (temperature, pressure, holding time) for
bonding without the use of intensification measures. The
investigated parameters included a welding temperature
(Tw) in the range of 850-1100 °C, a pressure (Pw) from 5 to
20 MPa, and a holding time (t.) from 20 to 50 minutes. The
vacuum level was maintained at not less than 10 mm Hg.
Cooling of the parts was carried out in vacuum down to a
temperature of 100°C.

The second direction, technology T2 - utilizing
nickel interlayers, aimed to reduce the bonding pressure
and temperature. The welding temperature (Tw) ranged
from 900 to 950 °C. The bonding pressure (Py) varied in
the range from 1 to 10 MPa. The bonding time (t.) was
varied from 25 to 65 minutes. Fixation of the assembly el-
ements before bonding was achieved using tensioning steel
strips, resistance welded to the ends of the assembled stack.
The thermal cycle included preheating to 600 °C with a
holding time of 30 minutes, subsequent heating to the
bonding temperature at a rate of 6-8 °C/min, holding at the
bonding temperature and pressure, and subsequent furnace
cooling to 70-100 °C.

The quality of the diffusion bonds was evaluated by
deformation control, metallographic analysis, and visual
inspection. Deformation control consisted of measuring the
thickness of the samples before and after bonding using an
MK-25 type micrometer. The displacement of the pressing
system rod during bonding was also recorded. The maxi-
mum permissible shortening of the component after bond-
ing was not to exceed 0.5 mm. Metallographic analysis was
performed to detect defects such as lack of fusion, cracks,
and kissing bonds, and to evaluate the microstructure of the
joints. Metallographic sections were prepared by mechani-
cal means. For etching the metallographic sections, a rea-
gent consisting of 20 g of copper sulfate, 100 cm3 of hy-
drochloric acid, and 100 cm? of ethyl alcohol was used, ap-
plied by swabbing. Microstructural investigation and pho-
tography were conducted using an NU 2 metallographic
microscope.

Results and discussion

The development of optimal parameter combination
for diffusion bonding of 14Cr17Ni2 alloy using the con-
ventional technology (T1), i.e., without the application of
intermediate intensifying layers, was conducted in two
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stages. The aim was to determine such combinations of
temperature, pressure, and holding time that would ensure
the formation of a high-quality, defect-free joint with an
acceptable level of part deformation.

In the first stage, the dependence of the relative de-
formation (g) of 14Cr17Ni2 alloy on the welding time (tw)
was determined at fixed values of temperature (Tw =
= 1000 °C) and pressure (Pw = 20 MPa) (Fig. 2). It was
established that the formation of the welded joint begins
after only 5 minutes of holding time. This time corresponds
to the completion of the transient creep stage, characterized
by a continuous decrease in the deformation rate, and the
transition to the steady-state creep stage. A high-quality,
defect-free welded joint was formed with a holding time of
20 minutes or more. Thus, although increasing the holding
time at given T, and P, typically enhances the joint
strength up to a certain limit, after which its growth ceases,
it also leads to a continuous increase in the deformation of
the workpieces. Analysis of the quality of the obtained
joints and the level of deformation showed that the optimal
welding time under these conditions should be considered
tw = 20 min. Under this parameter values, the absence of
defects in the welded joint is ensured, and an acceptable
level of deformation (¢ = 3 %) is achieved, which meets the
requirements for the investigated component.

In the second stage of research, with a fixed optimal
welding time of t, = 20 min, an experiment was conducted
to determine the optimal range for varying the welding
pressure Py and temperature Ty. Welding temperature is a
critical parameter as it determines the plasticity of the met-
als and the rate of diffusional exchange between the con-
tacting surfaces. Even small changes in temperature can
significantly affect the kinetics of joint formation. An in-
crease in pressure, in turn, promotes an improvement in

joint quality. However, excessively high pressure can
cause an undesirable level of plastic deformation of the
parts, changes in their shape, or even failure. During the
experiments, the welding temperature was varied in the
range from 850 to 1100 °C, and the pressure was varied
from 5 to 20 MPa (Fig. 3).

At a welding temperature Ty = 850 °C and a pressure
Pw = 20 MPa, a relatively low level of deformation (¢ =
=1.6%) was ensured. However, metallographic analysis re-
vealed lack of fusion (Fig. 4a). This indicates an insuffi-
ciency of temperature or holding time for the given pres-
sure. At lower pressures (Pw = 5-15 MPa) and a tempera-
ture of 850°C, only adhesion of the welded plates was ob-
served. These plates, as shown by the microsection, were
separated by an oxide strip (Fig. 4b) and easily detached
from each other upon an attempt to separate them.
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Figure 4. Microstructure of the welded joint of 14Cr17Ni2 alloy at [Tw = 850°C; Pw = 20 MPa; tw = 20 min] (a); [Tw = 850°C;
Pw =5 MPa; tw = 20 min] (b) and [Tw = 950°C; Pw =5 MPa; tw = 20 min] (c)

Increasing the welding temperature to Ty = 950 °C at
a pressure P, = 5-10 MPa did not ensure the required joint
quality due to lack of fusion and adhesion (Fig. 4c). Con-
versely, at Py, = 15-20 MPa and a temperature of 950°C,
high-quality joints with mutual diffusion of the joined ma-
terials across the entire contact zone were successfully ob-
tained (Fig. 5a). The relative deformation of the joints in
this case did not exceed 2.6 %. Similar joint quality was
also observed when welding at a temperature of 1000 °C;
the maximum relative deformation was 2.8 %. Further in-
creasing the temperature to Ty, = 1050 °C ensured a high-
quality welded joint and a change in relative deformation
to 3.5% at Py, = 20 MPa and 3.3% at Py = 15 MPa (Fig.
5b). When welding at lower applied pressures, a defective
welded joint was formed. A temperature of 1100 °C and a
pressure in the range of Py, = 10-20 MPa ensured a defect-
free joint. In this case, welding with an applied pressure
Pw =20 MPa led to an increase in the deformation of the
welded joint to more than 4 %. According to the require-
ments for the fluidic amplifier block, the permissible level
of deformation is not more than 4 %. This threshold was
exceeded only when welding with the parameters Ty =
=1100 °C, Py =20 MPa, and ty = 20 min.

Analysis of the joints in the test samples, obtained by
conventional diffusion bonding of 14Cr17Ni2 alloy, al-
lowed for the determination of the following recommended
regime parameters: welding temperature Ty, = 950-
1050°C, pressure Py, = 15-20 MPa, and holding time t,, =
20 min. If welding is performed at a higher temperature of
Tw = 1100°C, the welding pressure should be within the
range of Py, = 10-15 MPa and the holding time ty =20 min
to avoid excessive deformation. Thus, the application of

“conventional”  diffusion bonding technology for
14Cr17Ni2 alloy requires the use of a universal diffusion
bonding unit capable of providing a relatively high range
of welding pressure (10-20 MPa).

The use of intermediate soft interlayers is a known
method for intensifying the diffusion bonding process, al-
lowing for a reduction in process temperature and pressure.
In this work, an electrodeposited nickel interlayer with a
thickness of 8-15 um was chosen to intensify the diffusion
bonding process of 14Cr17Ni2 alloy and minimize the
thermo-mechanical impact on the material. The develop-
ment of welding regimes for technology T2 was carried out
with the aim of determining the minimum possible applied
pressure while ensuring a high-quality joint. The welding
temperature was reduced to 900°C, which allows for the
avoidance of additional heat treatment cycles for the
welded joint, as hardening of 14Cr17Ni2 alloy is recom-
mended from temperatures of 970°C and above. The weld-
ing pressure Py, was varied in the range from 1 to 10 MPa,
and the welding time t,, was changed from 30 to 65 minutes
depending on the pressure.

At a pressure Py, = 1 MPa and a holding time t,, = 65
min, the deformation of the welded assembly was € = 0.8%.
However, this regime did not ensure the required quality of
the welded joints, as metallographic analysis revealed ad-
hesion of the plates (Fig. 6a), complete (Fig. 6b) or partial
lack of fusion (Fig. 6¢). The thickness of the intermediate
nickel layer in the joint was 21-24 um. Such a result indi-
cates that a pressure of 1 MPa is insufficient to ensure
proper physical contact and surface activation, even with a
prolonged holding time and the presence of a plastic nickel
interlayer.

2]

i o

Figure 5. Microstructure of the welded joint of 14Cr17Ni2 alloy at [Tw= 950 °C; Pw= 15 MPa; tw= 20 min] (a) and [Tw= 1050 °C;
Pw= 15 MPa; tw= 20 min] (b)
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3 20 pm

Figure 6. Welding defects: adhesion (a), complete lack of fusion (b) and partial lack of fusion (c) at Tw= 900 °C; Pw= 1 MPag;
tw= 65 min

Increasing the pressure to Py, = 3 MPa with a holding
time tw = 60 min led to a deformation of the welded assem-
bly of € = 2.8%. This regime ensured the formation of a
complete welded joint without zones of lack of fusion or
continuous adhesion. However, in separate sections of the
weld seam, the presence of voids (pores) located along the
joint line was observed. The thickness of the intermediate
layer in the joint was 22-30 um. This indicates that a pres-
sure of 3 MPa is closer to optimal but still does not guar-
antee complete densification and elimination of all mi-
croporosities.

Upon further increasing the pressure to Py = 5 MPa
with a holding time ty = 35 min, the deformation of the
welded assembly was & = 3.5%. Under this regime, a high-
quality joint was obtained: defects characteristic of lower
pressures, such as voids along the joint line, adhesion, and
lack of fusion, were absent. Practically all five joints of the
multilayer assembly were characterized by a uniform, de-
fect-free microstructure along the entire length of the seam
(Fig. 7). The thickness of the intermediate layer in the
joints was 20-25 pm, which is somewhat less than when
welding under previous regimes, and is explained by the
increased plastic deformation of the soft nickel interlayer
under the influence of higher pressure. This regime is opti-
mal from the standpoint of joint quality and an acceptable
level of deformation.

Figure 7. Microstructure of the diffusion bonded joint of nickel-
plated 14Cr17Ni2 alloy at Tw= 900 °C; Pw=5 MPa; tw= 35 min

Welding an assembly of nickel-plated workpieces at
a pressure Py = 10 MPa and a holding time ty = 25 min led
to a significant increase in the deformation of the welded
assembly to € = 6.17%, which exceeds the maximum per-
missible threshold of 4% for the “Amplifier Block” com-
ponent. Although all welded joints were characterized by a
defect-free structure, a significant reduction in the thick-
ness of the intermediate layer to 10-15 um was observed.
Although such a reduction in interlayer thickness can pos-
itively influence the joint strength due to the effect of con-
tact hardening of soft interlayers, excessive deformation
makes this regime unacceptable for this component.

An important aspect of using thin soft interlayers is
the effect of their contact hardening, where the mechanical
properties of the metal in a thin layer, rigidly bonded to a
less plastic base material, significantly exceed the proper-
ties of this metal in its free state [17]. With a decrease in
the relative thickness of the interlayer, its strength charac-
teristics increase hyperbolically until the strength of the in-
terlayer reaches the strength of the base metal. This means
that to realize the advantages of contact hardening and en-
sure high joint strength while preserving the plasticizing
role of the interlayer, it is necessary to use the thinnest pos-
sible layers. This very phenomenon can contribute to in-
creasing the strength of joints, especially those obtained at
a pressure of 10 MPa, but excessive product deformation
is unacceptable. The desire to obtain the benefits of the
contact hardening effect without excessive deformation
was taken into account when selecting the target thickness
of the electrodeposited nickel layer of approximately 10
pm on each surface to be welded for the main experiments
on full-scale samples.

To confirm the stability of the developed regimes and
identify a possible scale factor, verification was performed
on full-scale samples (38x58 mm) using the UDSV-DT
unit with an induction heating source. The regime that
showed the best results on laboratory samples was chosen:
Tw =900 °C, Pyw =5 MPa, t, = 35 min. The results showed
that welding an assembly of nickel-plated full-scale work-
pieces using these parameters led to a deformation of the
welded assembly of € = 3.5%. Metallographic analysis con-
firmed that all five joints of the assembly are characterized
by a uniform, defect-free microstructure along the entire
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length of the seam (Fig. 8). This indicates that the devel-
oped diffusion bonding regimes using a nickel interlayer
are reproducible and ensure the formation of a high-quality
welded joint regardless of the type of heating source and
sample size.

Figure 8. Microstructure of the diffusion bonded joint of nickel-
plated 14Cr17Ni2 alloy at Tw= 900 °C; Pw=5 MPa; tw= 35 min

Analysis of the joints in the test samples, obtained us-
ing an intermediate nickel layer, showed that the following
main regime parameters are recommended for diffusion
bonding of a multilayer joint of 14Cr17Ni2 alloy: Ty =
90072 °C, Py = 3-5 MPa, ty = 35-40 min. The application
of an electrodeposited nickel interlayer with a thickness of
up to 10 pm per side is an effective intensification method,
allowing for a significant reduction in welding pressure.
This creates the prerequisites for the successful implemen-
tation of the technology under industrial conditions, ensur-
ing high joint quality with minimal thermo-mechanical im-
pact.

To confirm the effectiveness and adapt technology T2
to conditions approaching the actual production of the
“Amplifier Block” component, a stage of welding full-
scale model assemblies (six 38x58 mm plates) was con-
ducted. Initially, when using parameters close to laboratory
ones (Pw= 5 MPa, Ty = 920%3, °C, ty = 40 min), a satis-
factory overall deformation of the assembled stack was ob-
tained (average thickness after welding 12.3 mm from an
initial 12.8 mm, which meets the requirements of the de-
sign documentation). However, analysis of the condition of

(=15 8

the internal elements of the welded product revealed their
significant linear deformation (warpage) (Fig. 9a).

This prompted a correction of the welding regimes.
By reducing the welding pressure by 10 % (to approxi-
mately 4.5 MPa), increasing the welding temperature to
950 °C, and increasing the holding time to 50 min, it was
possible to obtain a high-quality welded joint of the model
assembly without visible linear deformation of the internal
elements (Fig. 9b). These corrected parameters (Tw =
95072 °C, Pw = 4.5 MPa, ty = 50 min) were determined
as final for technology T2.

Figure 9. Model assembly with linear deformation of internal
elements (a) and without (b)

Metallographic analysis of the welded joints, ob-
tained on the model assemblies using the final T2 regimes,
confirmed the high quality of all five seams in the assem-
bly. The absence of defects such as “lack of fusion” and
“adhesion” was observed, indicating the reliability and her-
meticity of the joints. The thickness of the nickel interlayer
in the joint zone varied from 13 to 15 um (Fig. 10).

Thus, the development stage on full-scale model as-
semblies confirmed the advantages of technology T2 using
nickel interlayers, enabling the production of high-quality
multilayer joints of 14Cr17Ni2 alloy at significantly re-
duced pressures and optimized temperature-time parame-
ters, which ensure minimal deformation and preservation
of product accuracy. This demonstrates the high potential
of this technology for manufacturing precision components
in the aviation industry.

Figure 10. Microstructure of the welded joint of seam No. 5 of the component’s model assembly: x200 (left) and x500 (right)
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Conclusions

As the result of this research, two approaches to the
diffusion bonding of multilayer joints of 14Cr17Ni2 alloy
were developed and optimized. The conventional technol-
ogy (T1) allows for obtaining high-quality joints at a weld-
ing temperature Ty = 950-1050°C, a pressure Py = 15-20
MPa, and a welding time t, = 20 min. However, this tech-
nology requires high applied pressures, which can be criti-
cal for the accuracy of precision components and necessi-
tates specialized equipment.

To reduce the process parameters and minimize their
impact on the material and product geometry, technology
T2, utilizing intermediate layers of electrodeposited nickel
up to 10 um thick on the surfaces to be welded, was suc-
cessfully applied. Optimization of technology T2 on labor-
atory samples demonstrated the possibility of obtaining
high-quality joints at Tw= 900*22 °C, P,, = 3-5 MPa, and
tw = 35-40 min. Further development of technology T2 on
full-scale model assemblies of the "Amplifier Block" com-
ponent allowed for the correction and establishment of the
final recommended parameters: temperature T, = 950%%2
°C, pressure Py = 5 MPa, and holding time t, = 50 min.
This stage confirmed the effectiveness of the developed
technology for complex multilayer structures, making it
possible to eliminate the linear deformation of the internal
elements of the assembly, which was observed in the initial
development stages.

The application of a nickel interlayer demonstrated
significant advantages, particularly a considerable reduc-
tion in the required welding pressure and temperature com-
pared to T1, while maintaining high joint quality. This was
possible due to the plasticizing effect of the nickel inter-
layer, which facilitates the formation of physical contact at
lower pressures, activates diffusion processes at lower tem-
peratures, and promotes the disruption of oxide films. Re-
ducing the operating temperature to 900-950°C also allows
for the avoidance of additional thermal impact in the form
of hardening 14Cr17Ni2 alloy. The level of deformation
under optimal T2 regimes (¢ = 3.5% at Py = 5 MPa) re-
mained within permissible limits.

The optimized technological process of diffusion
bonding for the fluidic amplifier block made of 14Cr17Ni2
alloy using technology T2 ensures the production of high-
quality joints. The performed metallographic analysis of
welded joints, fabricated using the final T2 technological
process, showed the absence of defects such as “lack of fu-
sion” and “adhesion”, which characterizes the high quality
and hermeticity of the obtained welded joints. The magni-
tude of product deformation after welding is within the per-
missible limits of up to 4%.
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Mema. Onmumizysamu mexnoao2io OUQy3itiHoco 38apro8ants bazamowmaposux 3’ €OHaHbL demanell agiad8ueyHis 3i
cnnagy 14Cri17Ni2, minimizyiouu decpadayiro mamepiany ma 2eoMempuiti CHOMBOPEHHSL.

Memoou oocnioscennan. Ananiz mpaouyitnozo (T1) ma inmencugixosarnoeo (T2) oughysiiinoco 3eapiosanns (i3 3a-
CMOCYBAHHAM NPOMINCHO2O wapy Hixkento 00 10 mxm). Ilapamempu onmumizosano Ha 1a60PAMOPHUX 3pA3KAX MA NOG-
HOPO3MIPHUX MOOEAX, AKICMb 3’ €OHAHb OYIHEHO Memanocpapiunum aHamizom.

Pesynomamu. Texnonoeia T1 eumazae sucoxoeo mucky (15-20 MIla) npu 950-1050 °C. Onmumizosana mexuono-
i T2 (3 wapom Ni) noxasana kpawi pesynomamu. memnepamypa 3eéaproganns 950 °C, muck 5 Mlla, yac eumpumxu 50
x6. Llap Ni 003601u6 3Husumu muck y 3-4 paszu, UKOpUCmamu HUMCHy memnepamypy 36apro8aHHs, 30epecmu UCOKY
saKicmy 3’cOnanns ma 3abesneuumu oepopmayiio <4%. Memanoepagis niomseepouna eiocymuicme oedhekmis y Mikpo-
cmpykmypi. 3uusicena memnepamypa 36apiosanns 950°C 3anobicae eapmysannio cnaagy 14Cr17Ni2 nicns 36apio6anus.

Haykosa nosusna. Busnaueno onmumanvui napamempu Ou@y3itinoeo 36aproeanis 6a2amouaposux 3 €OHamns 3i
cnnagy 14Crl7Ni2 npu HU3LKOMY MUCKY i3 3ACMOCYBAHHAM MOHK020 npoutapky Ni, wo 3a6e3neyyc ompumans 6e3zde-
exmHuux, BUCOKOAKICHUX 3 €OHAHDb 31 3HAYHO ZHUNCCHUMU MUCKOM Ma MeMNepamypoio 36apioganus. Onmumanvha mo-
BWUHA NPOULAPKY O0360JI51€ GUKOPUCTNOBYBAMU eQeKm KOHMAKIMHO20 3MIYHEHHS OIS OMPUMAHHS 3 €OHAHHS 3 MIYHICMIO,
aHANO2IUHOI0 00 OCHOBHO20 MAMeEPIaiy.

Ilpaxmuuna yinnicmo. Texnonoeis oughysiunoeo 3eaprosanns T2 3ab6e3neuye Hadiline 6U2OMOBNICHHS NPEYUSIUHUX
bazamowaposux doemaneti 3i cnaagy 14Cr17Ni2 3 MiHIMATLHUM MEPMOMEXAHTYHUM GNIUBOM MA 3HUNCECHOIO CKAAOHICIIO
BUpobHUYMBa (001a0HANHS O HUMICH020 MUCKy). Lle nepcnexmusne ma eKOHOMIUHO 6U2IOHe piuleHs sl asiayiiHOl
npomuciosocmi, 01 Oemainet, Wo NOMpeOyIomMb 8UCOKOI MOYHOCE MaA NPAYe30amHOCHI 8 eKCMPEMATbHUX YMOBAX.

Knrouosi cnosa: ougysiiine 36aprosanns, 14Crl7Ni2, npowapox, ionocHa niacmuuna oegopmayis, axmusayisi
NnOGepxHi.
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BILIVMB KYTIB IEPEMIIIEHHA BAHIAKHOI ITOJIMII HA JTEMII®YBAJIBHY
3AJATHICTD JIOITATKOBOI'O BIHIA TYPBIHHN

Mert a poGort u. Jlocizik eHHsl BIUIMBY CIiBBIHOIICHHS KyT 1B IepeMilieHHs Z-noAi0H0T OaH1ax HOT MOJHMII 10
KyT a HaXmIy poO040i KOHT aKT HOI MOBEPXHI Ha BIOPOHATIPYXK €HICT b POOOUNX JIOTIAT OK T YpOiHH i1 4ac pe3oHaHC-
HHX KOJMBaHb 32 BIECOKOYACT OT HOIO () OpMO¥O.

Memoou oocnioxycennsn. Excnepumenmanbhi 00CHIONCEHHSI NPOBEOCHO HA KOHCONbHO 3aKpiniienii jonamyi 1 cmy-
nemst mypoiHu GeHMUNAMOPA 3 BUKOPUCMAHHAM 1AO0PAMOPHOT YCMAHOBKYU, WO 6KIIOUANA 36VKOGUL 2eHepamop, niocu-
JI08at, NbE306IOpamop, MIKpOCKon i nvezouyn. Bugueno 06i gpopmu sucoxouacmommuux konueans (2810 Iy i 3550/3620 Iy), y
MedAcax AKUX 30iUCHIOBANOCS BUMIDIOBAHHS KYMI6 NepeMilyeHHsl 60CbMU KOHMPOTIbHUX MOYOK HA OAHOAICHIL NOIYI.

Ompumani pesynomamu. YcmanoseieHo, wo epekmugHicms 0eMnpysants 3a1edicums 6i0 CNi6BIOHOUICHHS MIJC
HANPAMKAMU nepeMilyenHsi OaHOaN*CHOT NOJIKYU Ma KYMOM HAXULY KOHMAKMHOI noepXHi. IIpu O1u3bKUX 3HAYEHHSAX Yux
napamempis 3a6e3neuycmovcs cmanuil KOHmakm i egpexmuene 0eMnysanHs HAGIMb Npu KOIUBAHHAX Y NPOMUPDA3L.
3mina ceomempii nepa 0o3eonuna 3HUIUMU THMEHCUBHICMYb 8IOpaYill 3a OpPY20i0 OPMOIO KOAUBAHL MA NOKPAWUMU
VYMOBU KOHMAKMY.

Haykoea nosusna. Bnepuie noka3ano, uwjo HanpsmoK nepemiujeHHss OaHOaNICHOT NOJIKU € CYMMEBUM PaKMopoMm, uo
BNIUBAE HA OeMNGDYBANbHI 81ACMUBOCMI TONAMOYHO20 8iHYA. OOIPYHMOBAHO OOYINILHICMb 2eOMempPUYHOI onmumizayii
nepa 3 memor cmadinizayii KOHMaKMHoOI 83a€MO0ii.

Ilpakmuuna yinnicmo. Pe3yiomamu mooicyms Oymu gukopucmani nio yac 00800Ku agiayiinux mypoin, 0cooauso
8 YMOBAX, KOJIU HEMONCIUBO 3ACMOCY8aAmu Oemngpepu abo sMiHUmu 0cbosutl posmip. 3anponoHosawi pekomeHnoayii cnpu-
AMUMYMb NIOBULYEHHIO PeCcypCy OAHOANCHO20 3’ EOHAHHA Oe3 3MIHU 3)CUTb NPUMUCKAHHA.

Knrouosi cnosa: demnghysanns, nonamka mypoinu, 6AHOA’CHA NOJKA, KOHMAKMHA NOBEPXHA, (popma KOIUBAHD,
HAanpsAMOK nepemiujeHHs, agiayitiHuti 08UYH.

Beryn TUBHE JIeMII(pyBaHHS J1a€ 3MOT'Y 3MEHIIINTH PiBEHb BiOpa-

3pocTaHHS BUMOT JIO0 MAJIMBHOI CKOHOMIYHOCTI Ta 1ii, 3amo0irTH BHXOLy Ha Pe30HaHCHi. POKUMH Ta YHHK-
eKCIUTyaTaliiHoOl HaxiiHOCTI aBiauifiHux razorypOinmmx  HYTH BTOMHOTO DYyMHYBAHHS CICMEHTIB JIOIATOYHOTO Bl-
JIBUTYHIB 00YMOBJTIO€ HEOOXIHICTh TiABHINCHHS epekTn-  HIA (1, 2]. )
BHOCTI POOOTH iXHIX KOHCTPYKTUBHHX EJIEMEHTIB, 30K- ) Cepe,f:[ CY4aCHUX KOHCTPYKTHBHHX PillicHb 0COO/IMBE
pema TypOiHHHX sonatok. OOHUM i3 KIFOYOBHMX YHHHMKIB ~ MICUC HOCIIAIOTE CUCTEMH 3 6aHJla)KHIfIMI/I 3,(;I[HaHHHMH,
3a0e3MedeH s JOBIOBIYHOCTI JIOMATOK € 3JaTHICTh KoHc- 1Kl 3a6e3neqyloT1? TNPYXXHUI KOHTAKT MIXX CyMDKHUMH JIO-
TPyKIii 10 neMrgyBaHHS 3MiHHEX (TIepeMiHHNX) Hampy- — NATKaMH. Haiibinpmr eeKTHBHOIO BBa)XKa€ThCA Taka

JK€Hb, 110 BUHUKAIOTh Y npoueci p060Tl/I JBUTYHA. E(beK— B3aeMOA1 MDK" KOHTAKTHUMH MOBEPXHSIMHU OaHIaXHIX
MOJHULb, 32 SIKO1 IOCATAETHECS ONTUMAJIbHE 3HAUYEHHS CUJIU
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nputHckaHHs. [Ipore MOXIHMBICTH 30UIbIICHHS! KOHTAKT-
HOT'O TUCKY OOMEXYETHCSI PU3UKOM 3aJIMIIaHHS, IHTEHCHB-
HOTO 3HOCY 200 MEXaHIYHOTO MOUIKO/KEHHS ITOBEPXOHb
MIOJIKH, OCOOJIMBO Mijl Yac HECTALIOHAPHHUX PEXUMIB pO-
6otu [3, 4].

Jnst miABUIIIEHHS pecypey JONaTOK Ta e(heKTUBHOCTI
poOoTi IBUTYHA 0COOIMBE 3HAUCHHS MA€ ONTHUMI3aIlis mma-
pameTpiB KibIIeBOTO OaHAaXHOTO 3’ €THAHHSA, CHOPMOBa-
HOTO pOOOYMMH JONMATKaMH 3a OaHJAKHUMH MOJKaMH. Y
TIpoIleci eKCINTyaTalii BayKIIMBO TaKOK BPaXOBYBaTH 3MiHY
reoMeTpii 3’€JHaHHS, 30KpeMa CIiBBIIHOIIECHHS KyTa Iie-
peMilieHHs 0aHMaXHOI MOJIKK JI0 KyTa Haxwiy po0oyoi
KOHTaKTHOI MOBEPXHI, sIKE 3HAYHOIO MIpOI0 BILIMBAE Ha
nemrdyBaibHi BIacTUBOCTI 3 emHaHHA. JlOCHTiHKEHHS
L[LOT'O BIUIUBY € aKTYaJIbHUM 1 Ma€ BaXKJIMBE 3HAYCHHS [Is1
MiJBUIIEHHSA HAAIMHOCTI Ta MJOBrOBIYHOCTI aBialliiHUX
TypOiH.

AHani3 nocairzkenb Ta myoaikamii

3abe3ncueHHs €PEKTHBHOTO AeMII)yBaHHS B JIOTA-
TOYHUX BIHIAX TYpOiH € OJHICI0 3 HAHBAXKIUBIIIAX YMOB
MMABUINIEHHS HAMIHHOCTI Ta JOBrOBIYHOCTI aBialliiHUX ra-
30TypOIiHHUX JABWUTYHIB. Y KIACHYHUX MiAX0JaX OO IIiel
npo0JieMH TOJIOBHA yBara 30CepeKyBajlacs Ha BUKOPH-
ctanHi Qppukniiinux nemndepis. Tak, y 3Biti [5] npeacras-
JICHO Pe3yJbTaTH MOCIIIKCHb €(DEKTUBHOCTI TAKHX JICMII-
(bepiB Ui KOHTPOJIIO HU3BKOYACTOTHUX KOJIHMBaHb, [I€
MIATBEP/DKEHO iXHIO 3MaTHICTh 3HWUXKYBAaTH piBEHb
3MIHHHX HaNpyXeHb Y KPUTHUYHHUX PEKUMaX POOOTH.

Pazom i3 TuM, yIOCKOHAJIEHHS KOHCTPYKIIH JOIAaTOK
BiIOYBA€TBCS IUIIXOM  BIIPOBA/DKEHHS T'€OMETPHUYHO
CKJIaTHUX CIIEMCHTIB, 30KpeMa Z-MOMIOHUX OaHTaKHUX
MOJIMIIb, ONMCAHUX Y TEXHIYHOMY naTeHTi [6]. Taxi KoH-
CTPYKLIT Jal0Th 3MOTY HOJIIMIINTH KOHTAKTHY B3a€EMOJIII0
MDK CYMDKHUMH JIOTIATKaMH, OJHAK CTBOPIOIOTH HOBI
BHKJIMKH y IPOTHO3YBAHHI MMOBE/TIHKH 3’ € JHAHHS B YMOBaX
BiOpariitHOro HaBaHTaKCHHS.

[IpyxHa 3B’ s13Ka MiXK pOOOYNMH JIONATKAMH TaKOXK €
Ba)XJIMBUM (haKTOPOM BIUIMBY HA 3arajbHy a€POEIACTHIHY
cTabinpHICTE poTopa. Y mociimkeHHI [7/] Ha mpuUKIami
KOMITO3UTHHX JIONATOK OyJ0 IMOKa3aHo, IO MapaMeTpu
NPY’KHOTO 3’€JJHAHHS ICTOTHO 3MIHIOIOTh XapakTep KOJIH-
BaHb, 30KpEMa B YMOBaX PE30HAHCHUX 30ypEHb.

CyTTeByY pOJIb BiJlirpae CHJia KOHTAKTHOTO THCKY MikK
0aHM@XHUMH TOJNUIIMU. 3TiHO 3 MyOJKalieo B Kyp-
uai Applied Sciences [8], posmoxin miei iy BrMBae Ha
CTIMKICTh JI0 3HOLIYBaHHS Ta 3arajbHy e(eKTHBHICTh
nemrdysanas. OmHAK, MOXIJIHUBOCTI I TPAMOTO 30iNb-
IIEHHS 00OMEXCEHI Yepe3 3arpo3y JOKIbHOTO pyHHYBaHHS
KOHTaKTHUX TIOBEPXOHb.

[Ile omHMM BakKJIMBHM TTapaMETPOM € KYT 3aKpyTKH
OaHIaXHOT IOJIMIY, BiJl SKOI'O 3aJ€KATh BEIWYMHA KOH-
TaKTHOTO MOMEHTY. Y maTeHTi [9] 3amponoHoBaHO HpH-
CTpiit U1 TOYHOT KOPEKILIT IIbOTO KyTa, IO € aKTYaJIbHUM
y TIpOLIEC] TOBECHHS Ta TEXHIYHOTO 00CIYrOByBaHHS.

Ornsij HasiBHUX JpKepeln JeMiipyBaHHS y TypOoma-
muHax [10] miaTBepakye KOMIUIGKCHHH Xapakrtep L€l
npoOiemMu: /O BTpaT eHeprii NPHU3BOAATH HE JIMIIE

¢bpuKLilHi, a § MaTepianbHi, aepOAMHAMIYHI Ta TEOMET-
puuHi pakTopu. Cepell HUX BaXXIIUBE 3HAYCHHS Ma€ BEIU-
YHHA NPUTHCKAHHSA KOHTAaKTHUX MTOBEPXOHb. SIK MOKa3aHO
B po6ori [11], ii onTrMi3allis € KIFOYOBOI YMOBOIO ITi/[BHU-
IIEHHS J>KOPCTKOCTI M CTabimbHOCTI MNpM BiOpamiiHUX
HABaHTaXCHHSAX.

JleTanpHuii aHaJi3 BUCOKOYACTOTHUX (OPM KOJH-
BaHb MMPEICTABIICHO B myoOstikarii [12], 1e po3risHyTo Imo-
BEJIIHKY JIOTIATOK MapoBUX TypOiH MPHU 3MIHHUX PEKUMAX
30ymkenHs. OcoOnmBa yBara NPUAUIIETHCS TEOMETPil
nmepa jomatku[13], ska BH3HAaYa€e YMOBH KOHTAaKTHOL
B32a€EMOJIii Ta BIUIMBAaE Ha aMIUNITYAy 1 HalpsMOK Iie-
peMileHHs OaHJaKHOT TOJTHIIL.

OnHak, HaBiTh 3a JOTPUMAHHS BCIX KOHCTPYKTUBHHIX
napaMeTpiB, OCHOBHOIO MPOOJIEMOIO 3aJTHIIAETHCS 3HOIITY-
BaHHSI KOHTAKTHHUX IIOBEPXOHB, 0COOIMBO B yMOBaX 1HTEH-
CHUBHHUX KOJMBaHb. I{e muranHs qocimimkeHo B pooori [14],
JIe OTMCAaHO MeXaHI3MHU Jerpajalii IMOBEpXOHb KOHTAKTY
Ta IX BIUIUB Ha BTPATy JeMII( Y0901 34aTHOCTI.

VY 3B’3Ky 3 UM yce OibIe yBarud NpUAIIIETHCS 3a-
XHCHUM MTOKPHUTTSIM, 30KpeMa TBEPJOCIUIaBHUM, Ha OCHOBI
KapOiny Boib(ppaMy, sSKi HAHOCSATHCS METOJaMH JIeTOHA-
miffiHOrO HamwieHHsA. Taki MiaXoaW AO3BOJSAIOTH ITiIBH-
IIMTH 3HOCOCTIMKICTh 03 3MiHM T'eOMETpil KOHTAKTHHX
enemenTiB [15]. BomHouac mpaBHiIbHE Y3TOIKEHHS KyTa
HaxWily KOHTAKTHOI TOBEPXHi3 HampsMKamMH Ie-
peMmilieHHs BiOpy090i OaHIaKHOI MOJIHII, SIK TTOKa3aHO B
po0OTI, € KIIFOYOBUM YMHHUKOM 3a0€3MCUCHHS CTa0ib-
HOTO TIPY’KHOTO KOHTAKTY.

TakuMm YHHOM, HasBHI IOCHI[HKEHHS OXOILTIOIOTH
IMIUPOKUN CHEKTp (DakTopiB, IO BIUIMBAIOTH HA JIEMII-
(dyBaHHS, MPOTE HATIPSAMOK TEPEMIIICHHST OaHIaKHOI 0-
JIUIII y B3a€EMO3B 3Ky 3 TEOMETPi€r0 poOOUO0T MOBEPXHI 3a-
JUIIABCS MaJIOJOCHTIDKEHUM. Y IbOMY KOHTEKCTi 3aIpo-
MMOHOBaHE JOCHI/DKEHHS CIPSIMOBaHE Ha 3allOBHEHHS ITi€l
HAYKOBOT TMpPOTalWHH, IUISXOM EKCIEePUMEHTaIbHOTO
aHai3y pealbHUX HANpsSMKIB MEPEMIIIeHHs KOHTAKTHHX
TOYOK TpH Pi3HUX (HopMax KOJMWBaHb. TaKWil MigXix A03-
BOJISIE BCTAHOBHTH HOBI KPHUTEPii T€OMETPUIHOTO Y3TOJI-
YKEHHSI 1 TOKPAIIUTH AeMIIyrodi BIaCTHBOCTI 6€3 moTpedun
Y 3MiHI CHJIH IPUTUCKAHHS 200 BBEJCHHI 30BHIIIHIX JIEMII-
(epiB, mO OCOOJMBO BAKIMBO Ha €Tali JOBEICHHS
JIBUTYHA.

Meta podoTu

JocnipkeHHsT BIUTMBY CITiBBIIHOIICHHS KYTIB Tie-
peMmimeHHs Z-moniOHOT OaHAaXHOI TMONHUI JO KyTa
Haxmiy po0o4oi KOHTAKTHOI NMOBEpXHI Ha BiOpoHAmWpy-
JKEHICTh POOOYHX JIOMATOK TypOiHM ITif] 9ac Pe30HAHCHHUX
KOJIMBaHb 32 BUCOKOYACTOTHOIO (hOPMOIO.

Martepian i MeToanKa T0CTiKEeHD

O06’exToM mociimkeHHs Oyna poboda ionarka 1-ro
cryneHs Typoinu Bentuisitopa (TB), mo mae Z-nonioHy
OaniaxHy noJiuLo. JloCHiKeHHs ClpsSMOBaHe Ha MOLIYK
Ta aHaJli3 J0NATKOBUX (aKkTOpiB, 3/aTHUX BIUIMBATH Ha
neMipyBaHHs B poOOYMX Jonarkax TypOiHW 3 Z-1oaio-
HOI0 0aHJIQXKHOIO TTOJIUIIEIO JIOTIATKOBOTO BiHIIS.
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Binomo, 110 ogHUM i3 CyTTE€BUX (DAKTOPIB, IO BILTU-
BalOTh Ha JAeMI(yBaHHs, € NPY>KHUH 3B’ 30K poOOYHX JIO-
NaToK 1o OaHJaXHUX NOJMIX. Lleil 38’130k BUHUKAE 3aB-
JUIKM 3aKpyTIH repa Ha KyT ¢. [Ipn npomy Ha OGanpaxkHi
MOJIMLI JIi€ KPYTHUI MOMEHT

M=G-g, (1)
ne G — KOpCTKICTh JOMAaTKK Ha KPYYEHHS Iiepa.

[pakTuka noKa3ama, II0 OCHOBHHM IapaMeTpOM,

SIKHA  XapaKTepHu3ye pIiBeHb KUTBIEBOrO OaHIaXHOTO
3B 513Ky, € criia N KOHTaKTHOT'O TUCKY MK TTOJIUIISIMU:

N = Mitcosp=G ¢ / tcosp, 2)

ne t — BigcTaHb MK OaHIZaKHUMM HOJIMIIMH JIOITATOK;

B — KyT MiX IJTOITHHOIO OOEPTAHHS Ta MOBEPXHEIO KOH-
TaKTY ITOJIHLII.

Ha pucynky 1 mokaszaHo cmiu, 1o JAilOTh Ha OaH-
JTKHY TTOJHUIIIO B ii TUTOIIUHI 1MiJ] 9ac poOOTH.

B

Pucynok 1. Cxema nii cuin Ha 6aHIQXHY TOJHUITIO ITi]] Yac
pob6otu

Cua N moxe 3poctaT pH 30ibIIeHH] KyTa £ a00
KpyTHOro MoMeHTy M. Ciij 3a3Ha4uTH, 10 KYT S MOXKHA
30UIBIIYBAaTH /10 TEBHUX MEX JUIl YHHKHEHHS 3aKiIu-
HIOBAaHHS Ta MOJIOMKH ITOJIMIIb HA HECTAllIOHAPHUX PEKH-
Max poOOTH.

Y  nocnmimkyBaHoMy OaHJa)kHOMY 3B’SI3Ky, Ha
BiIMiHY BiJ{ pOOOYHX JIOMATOK i3 IJIOCKUMHU OaHJaKHUMHU
MOJHUIISIMA, TIPH POOOTI IBUTYHA IIEPO JIOTIATKH PO3KPY-
9yeThCsl B IOJI BIALCHTPOBUX CHJI TAKUM YHHOM, IO
301TBITYE NiF0 MOHTaKHOTO KyTa 3aKPYTKH.

MaxkcumanbHe aeMndipyBaHHS 3MIHHAX Halpy>XeHb
JOCSTAETHCS 33 JOMIOMOTOI0 ONTHMAJIBHOI BETMYHHH HIPH-
THCHEHHS POOOYHX MOBEPXOHb KOHTAKTHUX HOJIULE, IO
YHEMOJKJIMBITIOE 1X CHIBYIap i 3MEHIIYe 3HOC MOBEPXOHb
KOHTakTy [16].

3riiHO 3 paiaNbHO HEPIBHOMIPHICTIO €NIOPH TEM-
nepaTypHOro noJjs B yMoBax poOOTH Ha JIBUTYHI, MaKCH-

MaJibHI 3HAYCHHS TEMIIePATyp 3HAXOIAThCS Y BEPXHiil Tpe-
THHI 1epa i 0aHIaKHOIO TOHICIO. 3 ypaxXyBaHHIM 3pO-
CTaHHS HallpaloBaHHA (moHaiMeHIe 10 THCaY roauH) 3a
NpPU3HAYCHUI pecypc, HEMHHYyYe BiOYBa€ThCS HAKOIH-
YeHHsI MIKpPOCKOMiYHMX Jedopmariii, MOB’I3aHUX 13 1O-
B3YUICTIO MaTepiaily ImiJ| 4ac ii BUCOKUX Temmeparyp. Ye-
pe3 e Jonatka HeoOOpPOTHO NeOpPMY€ETHCS 1 IPUTUCKHA
CHJIa TUCKY MUK TOJIMISIMH 3HMDKYETBCS, 110 MPU3BOIUTH
JI0 BHPOOJIEHHS KOHTaKTHHUX IIOBEPXOHb 1 3pOCTaHHS
BiOpOHAINpPY)XEHOCTI B pOOOYMX JIOTIATOK ITiJ 4Yac pe3o-
HAHCHMX KOJMBaHb, IIPU [IbOMY PiBHI MOXKYTb OYTH JOCHTh
BUCOKHMH.

Jnst  3HIWKEHHS piBHA BiOpPOHANPYXEHOCTI JI0-
CIIDKYyBIM MOXKITUBICTh IXHBOTO JIeMIQipyBaHHS 3a J0-
TTOMOTOI0 KOPUTYBaHHS KYTiB IMEpPEeMIlIeHHs OaHTaXHOT
MOJHUII O KyTa HaXWIy KOHTAKTHOI MOBEPXHI, JJOMararo-
YUCh MIHIMAJIBHOT Pi3HUIT MiK HUMH.

Jis mocnimkeHHs OyJio BUCYHYTO TIMOTE3y, IO OJ-
HHM 13 10JJaTKOBHX (DaKTOPIiB, sIKi BIUIMBAIOTh HA JieMI(py-
BaHHs, MOXKE OyTH HampsMOK IepeMilieHHs OaHIakKHOT
MOJMILI BiTHOCHO KyTa HaXWJIy po004oi KOHTAKTHOT IOBe-
pXHi.

ExcniepuMeHTanbHa YacTHHA JOCIIIKSHHS IPOBO/IU-
Jach y J1a00paTOpHUX YMOBaxX Ha KOHCOJBHO 3aKpiIuieHiit
nomati 1-ro ctynenst TB. s iporo Oyna 3i0paHa cxema,
IO MPEZCTaBICHA HA PUC. 2 Ta CKIaJjajacs 3: 3ByKOBOTO
TeHeparopa, MiACHITIoBaya, 11 €30BiOparopa, I’ €301Iymna Ta
MIKPOCKOTIA.

Pucynok 2. Cxema urs OCHIIKSHHSI KyTiB IEPEMIIICHHS
0aHJaKHOT MO

Po6oua omaTka BCTaHOBIIIOBAIACS B 3aXBaT 1 3aTHC-
Kajacs B ApMi 31 INTOKOM HEOOXiTHIM 3yCHIUIAM, SIKE 3a-
0e3medyBajo XOpOIry JOOPOTHICTH JIOMIATKH, HE TIOIIKO-
KYIOUH TIPU IILOMY ii 3aMKOBY YacTHHY. Y TaKOMY BUTIISI
SIPMO 31 IITOKOM MOHTYBAJIOCh Ha I’ €30BiOpaTop. Ha 6an-
JTXKHIN TOJHII TS BU3HAYCHHS KYTIiB IIEPEMIIIICHHS Yepe3
MIKpPOCKON BiJI3HAYAIIUCS BICIM TOYOK, KyTH BU3HAYATHUCS
BiJTHOCHO OCi TOPHU30HTAJI.

JociKeHHs TOMaTKU MPOBOIUIIOCH 33 IBOMA BHCO-
kouacToTHUMHU popmamu 3 yactoramu f= 2810 I'y taf=
3550 I'u BignoBigHO. PobOoua nomaTka BBOAMIACE Y PE30-
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HaHC, IPU [IbOMY CIIOYaTKy BH3Hauyayacs ¢popma i Koiu-
BaHb, a IIOTIM KYTH IepeMilleHHs OaHJa)KHOT MOJHLI Ye-
Ppe3 MIKpPOCKOII 3a JOCII/KYBaHOI (hOPMOIO.

Pe3yabTaTn gociaigKenn

3a pe3ynbTaTaMM NPOBEICHUX EKCIIEPUMEHTAIbHUX
Jocimkenp mepiioi GopMH KOMMBaHE i3 yactoToro f =
2810 'y BcTaHOBIICHO, 110 KYTH IEPEMIILIEHHS TOUOK 2 i 3
Jy’xe ONM3BKI 10 KyTa Haxwiy po0odoi KOHTAKTHOI IO-
BEPXHi, Pi3HHUI CTAaHOBUTH e 9° i 2° BigmoBigno. Taka
MiHIMaJIbHa PI3HUIA KYTiB epEMIilIeHH, 10 BHHUKAE 3a-
BISKM KPYTHJIBHIM CKJIAamOBiii KonmBaHB, 3ale3medye
MOCTiifHE TepTS KOB3aHHA Ta e(heKTUBHE JeMII)yBaHHS MO
KOHTaKTHUX TTOBEPXHIX HaBiTh 32 YMOB 3HIDKCHHS THCKY
Ta KOJHMBAHb CYCIJHIX JIOMATOK y mpoTudasi. BoaHnouac
PI3HMIL MK KyTaMH NEpeMILeHHs] TOYOK 6 1 7 € 3Ha4HO
011b11010 1 cTaHOBUTH 43° Ta 33° BiANOBIAHO.

JocnimkyBana hopMa € T0CUTh IHTCHCUBHOIO, OJTHAK
ITi/1 Yac TEH30METPUYHUX BUMIPIOBaHb HA JIBUTYHI BOHA HE
NPOSIBIISIIACS; MAKCUMaJIbHI PiBHI BiOpOHAINPYKEHOCTI po-
604nx JIOMaToK 3a(iKCOBaHO UL APYrol JOCHTiKYyBaHOI
¢dbopmu.

[pu nocmimkerHi Ipyroi popMu KOJIUBAHb i3 4aCTO-
toto f = 3550 I'1| BusiBIIEHO, 110 KYTH MEPEMILIICHHS TOYOK
2, 3 ta 6, 7 OOM3BKI MK CO0OI0, alle MalOTh 3HAYHY Pi3-
HUIIIO 3 KyTOM HaXWIy KOHTaKTHOI moBepxHi: 51°, 53° ta
47°, 43° BignoBingHo. Taka 3HaYHA PI3HUII KYTiB IepeMi-
IIEHH, 1[0 BUHUKAE 3aBASKHM 3TMHAIBHIM CKIIaJOBIH, 3a-
Oesrieuye TEpTsl KOYSHHS [0 KOHTAKTHHX MOBEPXHSIX MPHU
ONTHUMAJILHOMY THCKY Ta KOJIMBAHHSIX CYCIHIX JIONATOK Y
mpoTudasi.

3BakarouM Ha Te, IO 31 3POCTAHHSIM HAlPaIOBaHHS
BEJINYMHA MPUTHCKAHHS POOOYMX MOBEPXOHb KOHTAKTHHX
TIOJIMIb 3HIKYETHCS, 1I€ MOXE IPU3BECTH 10 aKTHBHOTO
3HOCY TOBEPXOHb KOHTAKTy, BTpPAaTH AEMI(YBaHHSI Ta
CHIByZapy MOJIHIIb.

Otxe, HEOOXi/THO 3MIHUTH KyTH NEpeMIillIeHHs, 1100
320€3MeYnTH MOCTIMHNI KOHTaKT 1 TepTsS KOB3aHHS MiXK
MOBEPXHAMH KOHTAKTHHX ITOJIOK HABITh 38 YMOB 3HIDKCHHS
MPUTHCKHOI CHIIN B NIPOIIECi HANPAIIOBAHHS.

[lepemimeHHs BCiX BOCBMHU TOYOK JUIsl KOXKHOI 3 JI0-
CIIKYBaHUX (OPM IIpEICTaBIIeHI Ha pucC 3.

3HadyeHHS KYTIB MEpeMIIlIeHHS TOYOK OaHmaXHOi

TIOJIKM JIJIsE KOSKHOT 3 popM HaBeneHi B Tabmmmi 1.

Jlist 3HMKEHHS PiBHS 3MIHHUX HaIpy>KeHb 3a IPyrolo
JIOCTIKYBaHO (HOPMOKO OYyJIO BIIPOBAKEHO KOHCTPYK-
TOPCHKUH 3aXiJl, OB’ A3aHU# 31 3MIHOIO r€OMETPil repa J0-
narku. JlabopaTopHi JOCHIKEHHsS MOKa3aiH, IO Taka
3MiHa T€OMETPIi CYTTEBO HE BIUIMHYJA Ha (OPMH KOJH-
BaHb, OJJHAK 3HNW3WJIA IHTCHCUBHICTH IEPIIOi JOCIIIKyBa-
HOi hopmu Ta 3MiHMIA yacToTy apyroi. HecyrreBa 3mina
gacrotu (+2 %) 3a Ipyrorw AOCIIIKYyBaHOK (HOPMOIO
OB’ 53aHa 3 IEPECTaHOBKOIO JIONATKH.

[Ticns BHpOBa/PKEHHS KOHCTPYKTOPCHKHX 3MIH 3a
nepmioro Gopmoro KommBaHb i3 wacroroto f = 2810 I'n
BCTaHOBJICHO, 110 PI3HHIA MK KyTaMH IIEPEMillIeHHS TO-
90K 2 1 3 CTOCOBHO KyTa HaXWiIy po0090i KOHTAKTHOI IT0-
BepXHi cTaHOBHUTH 24° 1 14° BiNMOBiTHO, IO JENIO BHUINE

MOPIBHSHO 3 IMOIEpeiHIMH 3HauYeHHAMHU. Bopnowac piz-
HUISI MK KyTaMHU IIEPEMIIICHHS TOYOK 6 1 7 CTAaHOBHUTH 22°
i 8° BIAMOBIIHO, 10 ICTOTHO HUXKYE 3a MOMEPEIHI MmoKas-
HuKH. OTpUMaHi 3MiHM 3Ha4€Hb KYTiB NEepeMillleHHs 3a-
0e3reuyoTh MOCTiHE TepTs KOB3aHHS Ta €(EeKTUBHICTh
JneMIipyBaHHsS MO KOHTAaKTHHUX ITOBEPXHSX, HaBITh IpHU
3HW)KEHHI THCKY Ta KOJMBaHHSIX CYCiJHIX JIOMATOK Y MPO-
THda3si.

MiLa 3 Fexy mopaTs

f=2810My f= 35507y

TR =
T 4 g

|
—

1= 35500
f=2810Mu
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1 # #
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el e 7 g
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Pucynoxk 3. ©opmu KoMBaHb i KyTu NepeMilieH s 0aHIaXHOT
TOJIN LI

Ta6muua 1 — Kyrn mepemimens TOYOoK Ha OaH-
JTKHIN TOJHII 32 TOCIIDKYBaHUME (popMamMu

KyTu nepemiments To40K BiIHOCHO TOPH3OHTAT, IPaj

Kyt naxuny
KOHTAKTHOT
TIOBEPXHi

Yacrora ko-
nuBanb, 'l

T.1 1.2 1.3 .4 T.5 1.6 1.7 T.8

2810 1557 | 1117 | 104" | 122° | 173" | 59° 69° 104°

3550 42° 51° 49° 42° 49° 55° 59° 39°

Ipumimra. 102° — geauuuna Kyma nio yac 6CMaHo8IeHHs HA
n’€30616pamopi 8iOHOCHO OCi 20pU3OHMAI.

Ilig gac TEeH30METPWYHHUX BUMIpIOBaHb Ha IBHUTYHI
BCTaHOBJICHO, 1[0 BiOPOHAIIPYKEHICTH pOOOYUX JIOTIATOK
IIPY PE30HAaHCHUX KOJIMBAHHAX 3a MEPLIOI0 JOCIIKyBa-
HOIO ()OPMOIO CYTTEBO HIXKYA, HIXK 32 APYTOIO0.

3a npyroto (HOpMOK KOJHMBaHb, YaCTOTA KO MICIIsA
mouikarrii 3sminunacek g0 f = 3620 ', BcTaHOBIEHO, 1O
KyTHU NepeMilieHHs To4oK 2, 3 1 6, 7 3anummnuncst 0Jau3b-
KHAMH, ajie CYyTTE€BO BiAPI3HSIOTHCS BiJ| MONEpPEAHIX 3Ha-
YeHb. Pi3HUIA KyTiB IIepEeMIIIeHHS! CTOCOBHO KyTa HAXITY
KOHTAaKTHOI TOBEpPXHi cTaHOBHUTH 15°, 90° 1 2°, 94°
BiZMOBiHO. Le 03BONHIIO JOCATTH NOCTIHHOTO KOHTAKTY
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Ta 3a0e3IeunTH TCPTA KOB3aHHS MOBCPXOHb KOHTAKTHHUX
TIOJINIIb HaBITh Inpu 3HUKEHHI CUIIH TUCKY Ta KOJMBAHHAX

CyciiHIX Jomatok |y npotudaszi 31  3pOCTaHHAM
HarpamoBaHHs.
PesynbraT  TEH30METpYBaHHS  HIiATBEPIXKYIOTH

MOJIMIIEHHS AeMI(Y040i 31aTHOCTI JIOIATKOBOTO BiHIIS
3aBISKA KOPHUTYBaHHIO CIiBBIIHOIIEGHHS KYyTiB Iie-
peMmimmeHHs 6aHAaKHOI ITONHAII 10 KyTa HAXIITy KOHTaKT-
HO1 TIOBEPXHi, IOCITaI0YH MiHIMaJIbHOT Pi3HUII Mi>K HAMH.
3a OTpUMaHMMH JAHUMH, IIPH PE30HAHCHUX KOJIMBAHHIX
3a JIPyroro JOCITIHKYyBaHOI (OPMOIO BAANOCS 3MEHIIUTH
BiOpOHarnpyxeHicTh pobounx sonaTok Ha 23,5 %.

[epemimieHHs BCiX BOCBMHU TOUYOK IPEACTABIICHI Ha
puc. 4.

Wy 3 Gy KoperTs

f=20100u = 3620My

RV R T
T S
i NE

A

Pucynoxk 4. ©opmu KoJMBaHb 1 KyTH NepeMilieHHs! OaHIaXHOT
TIOJINLI

3HaueHHs KyTiB TEPEeMIlIeHHsS TOYOK OaHIaKHOI
MONIKK /ISl KOXKHOI 3 JOCHiIKyBaHHX (hopM micns mo-
OTIpaIfOBaHHs HaBeIeHi B TaOIHII 2.

Tabauns 2 — Kytu nepeMiiieHb TOYOK Ha OaH-
JTKHIN TOJHII 32 TOCIIKYBaHUMU (POpMaMU Micist 10-
OTIPALIIOBaHHS

Kyr
Haxu
KyTH nepemileHHs TO4O0K BiTHOCHO FOPH30HTaJI, Ipaji ny

KOH-
TaKT-

Yacrora komnu-
BaHb, 'l

1o-
Bepx
Hi

T.1 T.2 1.3 .4 T.5 1.6 1.7 1.8

2810 1?5 126° 116" 1%5 81° 124° 110° 100°

102°

3620 60° 117° 12° 1%5 1%7 100° 8 65°

Po3risnyBIm ABi BUCOKOYAcTOTHI (popMH KOJIMBaHb
Ta YOTHPH BapiaHTHU TepeMillleHHs OaHNaXHOI MOJHII,
BCTaHOBJICHO:

- BIUIMB Ha jAeMIdyrouy 3IaTHICTH JIONATKOBOTO
BiHII TypOiH CITiBBIZHOLICHb KYTIB IeEpeMilleHHs OaH-
JIa’KHOT MOJIHMILI 10 KyTa HaXmiIy poOo40i KOHTAKTHOI I10-
BEpXHi;

- 3MiHy KYTiB ITepeMilIeHHs] 0aHIaXKHOI TOJIHIII CTO-
COBHO KyTa HaXwiy po0odoi MOBEpXHi 3a paXyHOK BIPO-
Ba/KCHOTO KOHCTPYKTOPCHKOTO 3aX011y;

- 3HW)KEHHS PIiBHS BiOpOHAINPYKEHOCTI poOOYUX JI0-
MaTOK 3a JIPYTOk0 JOCIIPKYBaHOIO (opMoto Ha 23,5 %.

BopmHouac mpu pi3HMIiI KyTiB nepemiimieHHs 9° i
MeHIIe BiI0yBa€ThCsl HEMUHYYHUI IHTEHCUBHUIT 3HOC KOH-
TaKTHHUX MTOBEPXOHb, L0 3yMOBIIIOE JIOLIBHICTH 3aCTOCY-
BaHHs TBEP/JOCIUIABHUX IOKPUTTIB Ha OCHOBI KapOimy
BoJIb()paMy 3 HiKeJeM i KOOaJIbTOM METOJOM JeTOHa-
LIIfHOTO HAITHJICHHSI.

3 ypaxyBaHHSIM 3POCTaHHS HANpAIIOBAHHS Ta MOX-
JUBOTO MiJBHUIIEHHS PiBHS BiOPOHAMPYKEHOCTI POOOUHX
JIONATOK Y PE30HAHCHUX KOJIMBAHHSIX, SIKE BUHUKA€ BHa-
CJIIZIOK 3HIDKEHHS CHIIM KOHTAKTHOTO THCKY MiX ITOJIKaMHU
Ta 301IBIICHHS 3HOUIEHHSI KOHTAKTHUX MOBEPXOHb, BUKO-
pPHUCTaHHS pe3yNbTaTiB MPOBEACHUX IOCIiIKCHb HaOyBae
0COOJIMBOI aKTyaJIbHOCTI y BHUIMAJKaX, KOJM HEMOXKIIUBO
3acTocyBaTd AeMIipepH, 3MIHUTH KOHCTPYKIIO COILIO-
BOTO amapaTy abo OCBOBOTO PO3MIpY MiX JIOMATKaMH
COIUIOBOTO anapary Ta poOOYMMH JIOMIATKaMH y KOJIECi.

OO6roBopeHHs1

Pesynbrate nOCHiKEHHST BIUIMBY CITiBBiTHOIICHHS
KYTiB IepeMilieHHs 0aHIaXXHOT ITOJIKH 10 KyTa HaXWUIy KO-
HTaKTHOI MOBEPXHI Ha AeMII(yBaIbHY 3/1aTHICTH JIONIATOK
nepoi cTyneHi TypOiHM BEHTWISATOPA MiATBEPANIIH, L0
KOHCTPYKTHUBHI 0COOJIHMBOCTI OaHIAXHOTO 3’€JJHAHHS Ma-
I0Th BEJIMKE 3HAYEHHsI U e()eKTUBHOTO 3HIKEHHS PiBHSA
3MiHHUX HalpyXeHb.

Bymo BctaHOBIIEHO, IO MiHIMaIbHA PI3HUIA MiX KY-
TaMH{ TIEPEMINICHHS] OKPEMHX TOYOK OaHIaXKHOI TOJIKU Ta
KyTOM HaxXWIy KOHTaKTHOI TOBEPXHi 3a0e3Meuye CTalliCTh
KOHTaKTHOI B3a€MOii i HAsIBHICTH TEPTs KOB3aHHS, HABITH
TIPY 3HIDKCHH] CHIIM TPUTHCKAHHS B IIPOLIEC] TPUBAJIOT eKC-
uryatanii. 30KkpeMa, py KoJIMBaHHAX Ha 9acToTi 2810 I'n
3a nepuior (GpopMoro, HaliMeHIa pi3HUI KyTiB (2° 1 9°
Juist TOYOK 2 Ta 3) cnpusiia epeKTUBHOMY JeMII(YBaHHIO
Ta 3HIKEHHIO PiBHS BIOpOHaBaHTa)XeHHs. Y TOMH e yac
3HAYHa PI3HULS KYTIB MEpeMIillleHHs B IHIIUX TOYKaXx
3YMOBIIIOBaJIa HECTAOIIbHICTE KOHTAKTY W MEHII edek-
THUBHE TaCiHHS KOJINBaHb.

[Ticnst BIpoBaIKEHHSI KOHCTPYKTOPCHKUX 3MiH y T€0-
METpI0 Tepa JIOMATKH OyNMM MOCATHYTI 3MiHH KYTIiB Tie-
PEMIIIEeHHS: 3MEHIIICHO PI3HUIIIO Y TOUKaX, A€ PaHille CTIo-
cTepiranacs 3Ha4yHa pisHuis. Lle 1amo 3Mory migBUIIUTH
JeMIipyBabHY 34aTHICTh Ta 3HU3UTH PiBEHb BIOpOHABaAH-
Ta)XKEHHS JIONATOK MPH KOJMBaHHAX JApyroi popMu Ha ya-
croti 3620 't — Ha 23,5 %.

3HaYHy pOJIb y 3MiHI CHJIOBOTO BIUIMBY Ta CTaOijb-
HOCTI KOHTAKTy BiJirpae KyT B — KyT MiX IUIOIIHHOIO
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o0epTaHHs Ta KOHTAKTHOIO TIOBEPXHEIO IOJIKH, SIKMH Ta-
KOX Tiyisrae ontumizamii. KpiMm Toro, HeoOXiTHO Bpaxo-
BYBaTH BIUIMB TEMIIEPATYpPHOrO IOJISI Ta MOB3YYOCTI Ma-
Tepialy B yMOBaxX TPHBaJIO] eKCILIyaTallii, o MOCTYIOBO
3HWKY€E CUIIy NPUTHCKaHHS W eEeKTUBHICTh OaHIa)KHOTO
3’€HAHHs. 3a TAaKUX YMOB MiHIMi3allisl Pi3HHII MiX Ky-
TaMU IepeMilleHHs i KyTOM HaXWITy KOHTaKTHOT IIOBEePXHI
BHCTYIIA€ BAXUINBUM (aKTOPOM y 3a0e3leUeHHI cTabib-
HOTO AeMITpyBaHHS.

OTxe, Ha MACTaBI aHAN3y ABOX (GOpPM BHCOKOYA-
CTOTHUX KOJIMBaHb i YOTHPHOX BapiaHTIB MepeMillleHHS
0aH/QXHOI IMOJIKHM MiATBEPPKEHO JOUIBHICT Ta edek-
TUBHICTh KOpPEKIII reoMeTpii mepa JomaTku Ajsl MMOKpa-
LIEHHS YMOB POOOTH KOHTAKTHUX IOBEPXOHb Ta IIiJIBH-
LIEHHS pecypCy JIONaToyHOro BiHIA. Jl0oaTKOBHUM 3aXo-
JIOM JUIsl 3HH)KEHHSI 3HOUIYBaHHSI KOHTAaKTHUX TIOBEPXOHb
MOYKE CTaTH HAHECEHHsI TBEPJOCIUIABHUX ITOKPHUTTIB Ha OC-
HOBI KapOixy Bonb(dpamy 3 HikeneM Ta KOOaIbTOM 3a JI0-
MIOMOTOIO JISTOHALIITHOTO HANUJICHHSL.

BucnoBku

BcraHOBIEHO BIUIMB CITIBBITHOIICHHS KYTiB Tie-
peMmimeHHs Z-1mo1i0H01 0aHJaKHOT TTOJIKH A0 KyTa HAXUITY
KOHTaKTHOI OBEPXHI Ha JeMN(yBaJIbHY 3JaTHICTh JIOMA-
TOYHOTO BiHIII TypOiHH.

JI71s1 3HVOKEeHHS PiBHS BiOpOHABAaHTAKECHHS MPH PE30-
HaHCHUX KOJIMBAHHSX HEOOXiTHO MiHIMI3yBaTH Pi3HUIIO
MDX KyTaMH TIepeMilIeHHs OaHJaXHOI MOJIKH Ta KyTOM
HaXWIy KOHTAaKTHOI MOBEPXHI MO BiANOBiAHIN (opmi Ko-
JIBaHb.

Minimizamist 1i€i pi3HUI MOXKe OYTH JOCITHYTa 3a
paxyHOK KOpeKii reoMeTpii repa JIomaTKH, KOHCTPYKTHB-
HO1 JIOOTIpaIFOBaHHS 0aHIaXKHOI MOJKU a00 3MiHU KyTa [3.

3aBIsSIKM  KOpEKLil KyTiB MEpeMillleHHs /10 KyTa
HaxXWiy KOHTAKTHOI ITOBEPXHI BIAJOCS 3HU3UTU PIBEHb
BiOpOHABaHTaXXEHHSI JIONIATOK 10 BUCOKOYACTOTHIHN opMi
KoimMBaHb Ha 23,5 %.

JIyist 3aXHMCTy KOHTaKTHUX TTOBEPXOHB BiJ IHTEHCHB-
HOTO 3HOIIYBaHHA IPH CIIiBBIIHOMICHHI KYTiB 9° 1 MeHIIe
PEKOMEHIY€EThCSI HAHOCUTH Ha HHUX TBEPAOCIIIABHI IIO-
KPHUTTS Ha OCHOBI Kap0ixy Bomb(ppaMy 3 HikeJleM i KoOab-
TOM METOJIOM JIETOHAIIIHHOTO HAaIIMJICHHS.

PesynbraTi 10CHIIKEHHS € 0COOJIMBO aKTyajIbHUMHU
y BHIIQJKaX, KOJM HEMOXXJIHMBO 3aCTOCYBaTH AeMmidepH,
3MIHUTH KOHCTPYKIIIIO COILUIOBOTO amnapary abo 0ChOBOTO
PO3MIpy MiX JIOTITaATKaMH COIUIOBOTO arapary Ta pooounuMu
JIONaTKaMH y KOJIeci.

TMogsaku

ABTOpH BUCIOBIIOIOTh HUPY MOIIKy bimoyc Omnb3i
BikTopiBHi, imKeHepy-mocmimHuUKy 1 kateropii AT
«IBuenko - [Iporpecy, 3a mpodeciiiny OIOMOTY, TEXHIYHY
MiATPUMKY Ta aKTUBHY y4YacTb Y IIPOBEJCHHI J1aboparop-
HUX JOCIIKEHb, 0 CYTTEBO CIIPUSUIM JOCSATHEHHIO pe-
3yJIBTATIB Li€] HAYKOBOT pOOOTH.
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Dmytro Pavlenko

Purpose. Investigation of the influence of the ratio between the displacement angles of the Z-shaped shroud shelf
and the inclination angle of the working contact surface on the vibration stress of turbine rotor blades under resonant
oscillations in high-frequency mode.

Research methods. Experimental investigations were carried out on a cantilever-mounted first-stage fan turbine
blade using a laboratory setup comprising a signal generator, amplifier, piezovibrator, microscope, and piezoprobe. Two
high-frequency vibration modes (2810 Hz and 3550/3620 Hz) were examined. The angular displacements of eight control
points on the shroud platform were measured using a microscope.

Results. It was established that the damping efficiency depends on the relationship between the displacement
direction of the shroud platform and the angle of the contact surface. When these directions are closely aligned, stable
contact and effective damping are maintained even during out-of-phase blade vibrations. Modification of the airfoil
geometry reduced the intensity of vibrations in the second vibration mode and improved contact conditions.

Scientific novelty. For the first time, it has been demonstrated that the direction of shroud platform displacement
significantly affects the damping performance of the blade ring, regardless of the contact pressure. The feasibility of

optimizing the blade geometry to stabilize contact interaction is substantiated.

Practical value. The findings can be applied in the tuning of aircraft turbines, especially when the use of dampers
or axial dimension adjustments is not possible. The proposed recommendations contribute to increased service life of the
shroud connection without altering the contact force.

Key words: damping, turbine blade, shroud platform, contact surface, vibration mode, displacement direction,
aircraft engine.
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OIITUMIBALIA HAITPY KEHO-IE®@OPMOBAHOI'O CTAHY ITOACHHUX
3’€IHAHb KOPOBYACTHUX BAJIOK MOCTOBHUX KPAHIB

Mema pobomu. Iliosuwumu epanuyio sUmMpuUearoCcmi ma NIACMUYHOCMI NOSICHUX 3 €OHANbL KOpobuacmux 6anox
MOCTOBUX KPAHIE WINAXOM ONMuMi3ayii iX nicia36apHo20 HanpysHceHo-0epopmMo8ano2o cmamy 3a paxyHox payioHdnb-
HO20 CNOIYYeHHs KOHCMPYKIMUGHUX MA MEXHON0LIYHUX Napamempis.

Memoou docniorncennsn. Mexaniunuii Memoo U3HAUEHHS OIUCHUX HANPYICEHb CEEPONEHHIM 2IYX020 OMEopY — OJisl
ananizy 3anUuKOSUX HANPYIHCEHb 8 30HAX MEPMIYHO20 BNIUEY 36APHUX 3 EOHAHD, YUCENbHUL MEMOO KIHYesUuX eleMeHInia
— 0/11 MOOENIOBAHHA MEXHONO2IUHO20 CIMAHY 386APHUX 3 EOHAHL, MEMOO MAMEMAMUYHO20 NIAHYSAHHS eKChepUMenmis
ma crmamucmu4Ho20 ONpayrO8aHHs eKCnepUMEeHMANbHUX OaHUX, MeManocpapiuni memoou — 015 00CTIONHCEHHs CIMPYK-
Mypu 30HU MEPMIUHO20 BNAUBY 36APHUX 3 EOHAHD.

Ompumani pezynomamu. Po3pobreno meopemuuny Moo0eib HANPY#ceHo-0ehpopMo8ano20 Cmany NoiacHux 3’€o-
HaHb KOpoOUacmux KpaHosux OAnoK 3 ypaxy8amHAM (a308ux i CMpYKMYpHUX NepemeopeHb 30H MepMIitHO20 GNIUBY.
Ompumano emMnipuyHi 3a1eHCHOCII 6NAUEY MEXHONOZIYHUX NAPAMEMPIE BULOMOGLEHHA MA KOHCIMPYKMUBHUX napamem-
pis 0anoK Ha NicAA38APHULL CMAH IX NOACHUX 3 €OHAHbL. Bcmanosneno 3aKoOHOMIpHOCII nepepo3noodiny 3aIuuKosux Ha-
npysiceHb Mma NAACMUYHUX 0eopMayiii Ha NePUUX YUKIAx HA6aAHMAICEHHs. 3anponoH08aHO Kpumepiti Onmumisayii ni-
CIIA36APHO20 CMAHY — KIHYEBY 2PaHUyI0 meKywocmi OLNAHKY MAKCUMATIbHUX 3ANUMKOBUX HANPYIICeHb NICIA MAKCUMATb-
HO20 eKxchayamayitinoz2o nasanmaxgcenus. Pospobneno nayko6o-o0rpynmosami KOHCMpYKMUGHi ma mexHon02iuni pexo-
MeHnoayii, wo 00380510ms 00 1,23 paz nidsuwumu 2PAHUYI0 UMPUBANOCIE NOACHUX 3 EOHANHL KOPOOUACmMUX 6ANOK MO-
CMOGUX KPAHIG.

Hayxkoea nosusna. 3anpononosano meopemuuny mooeib NiciA36aPHO20 HANPYHCEHO-0edOPMOBAHO20 CMaHy No-
ACHUX 3’ €OHAHD, WO 8pax08ye a3osi i cmMpyKmMypHi nepemeopents 30H mepmiyno2o enausy. Ompumano emnipuuni 3a-
JEAHCHOCMI M 3aKOHOMIPHOCMI 8NAUBY NAPAMEMPI6 MEXHON02TT 8U20MOGIEHH MA KOHCIMPYKYIL HA NICAA36APHULL CMAH.
Bcmanoéneno 3akonomipHocmi nepepo3noodiny 3aiumko8ux HanpyjiceHs ma niacmuyHux oe@opmayin npu nepuiux Yyux-
J1aX HABAHMAJICEHHS KPAHIS.

IIpaxmuuna yinnicmos. Po3poOneno KOHCMPYKMUGHI ma mexHoI02iuHi peKomeHOayii 0id niosuujenHs 2panuyi eu-
MpUBANOCMI NOACHUX 3 €OHANb Kopobuacmux 6arok. Ompumano Xapakxmepucmuky OitiCHUX YUKI6 HANPYICEHb, WO 6Pa-
X08YI0Mb PiGeHb 3ANUUKOBUX HANPYIHCEHb MA NIACmMudHi Oedhopmayii nepuwux yukiie excniyamayii. Pospobaeno pexo-
MeHOayii 00 BUSHAUEHHS HANPYICEHb MA MOOTIO8AHHS NICIA36APHO20 CIAHY MEMANe8Ux KOHCIMPYKYIllL.

Knrwouoegi cnosa: xopobuacma 6anka, MOCmosuil Kpaw, 36aplo6anHs, 3aIUUKO8] HANPYICEHHS, NAACTMUYHI 0edhop-
Mayii, 30Ha MepMIYHO20 GNAUBY, SPAHUYS GUMPUBATIOCMI, NICAAZBAPHULL CMAH, MPIWUHOCMILIKICMb.

Beryn JlociipKeHHs TTOKa3yIoTh, IO pyHHYBaHHS METajo-
KOHCTPYKIIH BaHTXOMITHOMHNX KpaHiB Hai9acTime Bia-
OyBaeTbCcss B 30HaX BHCOKHX 3aJIMIIKOBHX HAIPYXKEHb
3BapHUX 3’€aHaHb. OCOONMBO 1€ CTOCYETHCS MOCTOBHX
KpaHiB i3 kopobgacTuMu O6aaKamu, sKi HaOyJIH IMHPOKOTO
3aCTOCYBAaHHS Ha MiJIPHEMCTBAX MAIIMHOOYAyBaHHS, Me-
TaXyprii Ta eHePTeTHUKH.

[lepcriekTHBHIM MNUIAXOM IiIBUINCHHS HAIIITHOCTI
Ta JIOBFOBIYHOCTI KOpOOYAacTHX OaJlOK € BIPOBAKCHHS
METO/IIB PEryJIIOBaHHS 3JIMIIKOBOTO HAIpyXeHO-Aehop-

CyuacHuii ctaH ramy3i KpaHoOynyBaHHS B YKpaiHi
XapaKTePU3YEThCsI HEOOX1IHICTIO MiIBUIIEHHS KOHKYPEH-
TOCTIPOMO’KHOCTI BITYM3HSHOT MPOAYKIN] MUITXOM MOKpa-
IICHHSA SKOCTI Ta TEXHOJIOTIYHOCTI METAJIOKOHCTPYKIIH
BaHTAXOITI THOMHHX KpaHiB. MeTasieBi KOHCTPYKIIii CTaHO-
BJISITh 3HAYHY YacCTKy B 3arajbHill BapTOCTi KpaHa Ta BU-
3HAYar0Th HOTO KITFOYOBI €KCIITyaTaliiHI XapaKTepUCTHKH
— HaI{HICTB 1 JOBrOBIYHICTb.
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MOBAHOT'O CTaHy 3BapHHX 3’€JJHaHb Il Ha eTarax MpoeK-
TyBaHHs Ta BUTOTOBJIeHHs. [IpoTe peaizalis nboro mia-
XO/ly YCKJIQJHIOETBCSI HEJOCTaTHIM piBHEM BHUBUYCHHS
ITCIISI3BApHOTO CTaHy TAKUX KOHCTPYKUIH. 3 1HIIOTO GOKY,
Cy4acHi METOJJMKH BU3HAUCHHS 3aJIMIIKOBUX HAIIPY)KEHb Y
3BapHUX 3’ €IHAHHAX JI03BOJIIOTH MPOBOAUTH SIK KUIbKICHI
eKCIIepUMEHTAaIbHI TOCTIKCHHS, TaK 1 JOCTATHBO TOYHI
PO3paxyHKH YHCEILHUMHI METOAAMH.

KommekcHe mociiKeHHs MiCIsI3BapHOTO HaIpy-
XKEHO-71e()OPMOBAHOT0 CTaHy KOpOOYacTUX KpaHOBUX Oa-
JIOK 3 ypaxyBaHHSM iX T€XHOJOTIYHHX 1 KOHCTPYKTHBHUX
0CO0IMBOCTEN I03BOJISIE BUSIBUTH 3aKOHOMIPHOCTI (hOpMY-
BaHHS MOJIIB HAIPyKeHb Ta AedopMalriii, a TaKokK po3po-
OWUTH HAyKOBO OOIPYHTOBaHI PeKOMEHIAIIIT 00 TX ONTH-
Mizamii. I{e mMae Ge3nocepesHili BIUIMB Ha MiABHICHHS
rpaHuLi BUTPHUBAJIOCTI, 3aracy IUIACTHYHOCTI Ta 3arajb-
HOT'O TeXHIYHOTO PIBHS KOPOOUACTHX 0alOK BaHTAXKOII-
HOMHHUX KpaHiB.

JociiKkeHHs MiCIA3BapHOTO CTaHy MOSICHUX 3 €l-
HaHb MOTpeOy€e 3aCTOCYBaHHS KOMIUIEKCHOTO IiIX0y, IO
MIOETHYE €KCIEPHMEHTAIbHI METOM BU3HAYCHHS 3aJIHII-
KOBHX HaIlpy>KCHb, YHCEIIFHE MOJCTIOBAHHS 3BApPIOBAJIb-
HUX MPOLECIB i3 ypaxyBaHHAM (a30BHX i CTPYKTYPHHX TIe-
PETBOPEHB, a TaKOXK aHAJI3 BIUIMBY MEPIINX IUKIIIB €KC-
IUTyaTaliiHOro HaBaHTAXKEHHS Ha HEePepO3NOoJil Hampy-
xeHb 1 gedopmariii. Takuit TMiAXix CTBOPIOE OCHOBY LIS
PpOo3po0KH e(hEeKTUBHUX TEXHOJOTIUHUX 1 KOHCTPYKTUBHUX
3aX0JIiB, CIPSMOBAHUX Ha OMNTHUMI3allil0 TiCIA3BAPHOTO
CTaHy Ta, sIK HACIIIOK, IiIBUIICHHS HAIIHOCTI Ta JOBIO-
BIYHOCTI KOPOOYACTHX OAJOK MOCTOBHX KPaHIB.

AHaJti3 1ocaigxKeHb Ta myoaikaunii

[MuTaHHIO AOCHIIKEHHS BIUIMBY HACHIJIKIB 3Bapro-
BaHHS HAa TEXHOJOTIYHICTh, CTATHYHY MIllHICTb 1 JOBI'OBiY-
HICTh METaJICBUX KOHCTPYKILIH NPHUCBSIYEHO 3HAYHY KiJIb-
KicTh HayKOBHX po0iT. OcoOIMBY yBary IOCIiIHUKIB IPH-
BEPTAIOTh METANOKOHCTPYKIii BaHTaXOMIAHOMHHUX Ma-
mMH. BiTbIIicTh AOCHTIKEHD MATBEPIKYIOTh, IO CTPYK-
TYpHi 3MiHH B MeTaJli, BHYEPIaHHS TUIACTHYHOCTI Ta HasB-
HICTh BHCOKHX 3aJUIIKOBUX HAIPYXCHb PO3TATY HETaTH-
BHO BIUIMBAIOTH Ha SAKICTH 1 JOBIOBIYHICTE METAJIOKOHC-
TpyKLiil BaHTaxoMmiAHOMHNX MammH. Tak, y poboti Fricke
Ta CHiBaBTOPIB [1] JOCHIHKEHO BIUIUB Pi3HHUX THIIIB 3Bap-
HUX 3’€JHAHb Ha BTOMHY MIIHICTh METAJIOKOHCTPYKIIii,
110 MPAIOIOTh B YMOBaX 3MIHHUX HaBaHTaXeHb. ABTOPHU
IIKPECITIONOTh, 1110 3aJIMIIKOBUI HalpyXeHo-aedhopMoBa-
HHUH CTaH € KPUTHYHUM (DaKTOPOM IpH OLHII JOBrOBiY-
HOCTI 3BapHHAX KOHCTPYKIIii.

BapTo Bim3HAUNTH, MO0 CYyIacHI METOIH PO3PaXyHKY
METaJIOKOHCTPYKIIH BaHTaXOIIIHOMHUX MAIIWH TIepeBa-
JKHO 0a3yIOThCSI Ha MPUMYIICHH] PO BIICYTHICTH TEXHO-
JIOTIYHUX HANPYKeHb 1 Aedopmartiit. OqHAaK TaKWiA MIXiz
HE /103BOJII€ 00’€KTUBHO OLIHUTH PEAIbHUH CTaH KOHC-
TpyKii. Zerbst Ta iH1i [2] y CBOEMY OTJIsI/II HATOJIOUIYIOTh
Ha HEOOXIZHOCTI BpaxyBaHHS 3aJIMIIKOBHX HAaNpyKEHb
IIPY OLIHIY HiJIICHOCTI 3BapHUX KOHCTPYKIIiH Ta MPOIOHY-
IOTh IHTETPOBAHUM MiAXiM JO MOJETIOBAHHS MEXaHi3MiB
pyHHYBaHHS.

VY nocmimkenHi Barsoum i Gustafsson [3] npencras-
JICHO KOMITJIEKCHY METOJIMKY MPOTHO3yBaHHS BTOMHOI Mi-
ITHOCTi 3BapHUX 3’€/IHaHb 3 YpaxyBaHHSIM I'€OMETPUYHHX
napaMeTpiB Ta 3aJIMIIKOBHX HAaNpyXXEeHb, IO Mae 0co0-
JIMBE 3HAYCHHS U1 PO3yMiHHS MOBEIIHKH HOSICHUX 3’ €1-
HaHb KOpoOYacTHx OasoK.

BaxxnmuBuii BHECOK y pO3yMiHHS BIUTMBY ITiCIISI3Bap-
HOTO CTaHy Ha BJACTHBOCTI 3’€qHaHb 3pobwin Zhu Ta
Chao [4], sxi po3poOniy TPpUBUMIPHY KiHIIEBO-EJIEMEHTHY
MOJIeNb ISl aHANI3Yy TeMIIEpaTypHHX IOJIiB, 3aUIIKOBUX
HanpyXeHb Ta AedopMalliil y 3BapHUX 3’€IHAHHAX. [XHi
pe3yNnbTaTH MiATBEP/DKYIOTH HEOOXITHICTh BpaxyBaHHS
3MiH MEXaHIYHHUX BJIACTHBOCTEI MaTepianty B 30HI TepMid-
HOTO BIUIHBY.

KomriekcHud aHami3 3ajMIIKOBUX HAIPYXEHb Yy
3BapHUX KOHCTPYKIISIX BEJIMKUX PO3MIPIB IIPEACTABIICHO B
poboti Deng Ta criBaBTOpiB [5]. BoHu mokazainu, mio pos-
TIOJTLT 3aJIMIITKOBIX HATIPYKEHb CYTTEBO 3AJICKHUTH Bif IT0-
CJTiTOBHOCTI HaKJIaJaHHS 3BAPHUX IIIBiB Ta TE€OMETPii KOH-
CTPYKIIi, O 0COONHUBO aKTyaJlbHO AJS KOpoOdacTux Oa-
JIOK MOCTOBHX KPaHiB.

Hocmimkenns Balasubramanian i Guha [6] 3 ontumi-
3aIlii mapaMeTpiB 3BapIOBAHHS [UIS 3HIDKCHHS 3aJTUIIKOBUX
Harnpy>XeHb JICMOHCTPYE BaXKIIMBICTh TEXHOJIOTTYHUX (aK-
TOpIiB Y (pOpMyBaHHI MiC/IS3BaPHOIO CTaHY KOHCTPYKIIiil.
AmnasioriuHi BUCHOBKH Ipe/icTaBiieHi B podoti Paradowska
Ta iHMUX [7], 1€ eKCIepUMEHTAIBLHO JOCHTIKEHO BIUIMB
MOCIIZOBHOCTI 3BapIOBaHHS HAa PO3MO/ILI 3AJIMIIKOBUX Ha-
MPYKEeHb Y KOHCTPYKIIHHIX CTaSX.

CropusTauBuil MicIsI3BapHUN CTAaH 3BapHOTO 3°€l-
HaHHA Tependavae MiHIMI3alilo piBHS 3aJHIIKOBUX Ha-
MPY’XEHb, PO3MIpy 3¢pHA, KOHICHTPAMii KPUXKHX CTPYK-
Typ 1 piBHS IIIacTUYHUX Jedopmarii. Gannon Ta ixmi [§8]
EKCIIEPUMEHTAIIBHO TiATBEPIMIHN 3B 130K MK MIKpOCTpY-
KTYPOIO 30HH TEPMIYHOTO BIUIMBY Ta MEXaHIYHUMH BIlac-
THUBOCTSIMH 3BapHUX 3’€THAHb HU3bKOJIETOBAHUX CTaJICH.

TakuM 9MHOM, HE3BKAIOYHM HA 3HAYHY KiIBKICTh J10-
cmimkenb [9-15] ramysi 3BapHHX METAIOKOHCTPYKIIM,
mpoOyieMa ONTHMI3allil MiCIsI3BapHOTO HAMPYXEeHO-Ae(o-
PMOBAHOTO CTaHy MOSCHUX 3’ €THAHb KOPOOIACTUX OaIOK
MOCTOBHUX KPaHIiB 3aJIMIIAETHCS aKTYaILHOIO Ta NOTpeOye
KOMIUIEKCHOTO MiAXO/Y, IKUH BpaXOByBaB OM B3a€EMO3B's-
30K MiX TEXHOJIOTTYHHMH, KOHCTPYKTUBHUMH Ta €KCILTya-
TaliiHUMU pakTopamu.

Meta podoTu

Merta OCHIPKEHHS TOJISITae y MiABUIIEHHI TPaHULI
BUTPHBAJIOCTI Ta IUIACTUYHOCTI MOSCHUX 3’ €THAHb KOPOO-
TICIII3BApHOTO HAPYKEHO-1e(hOPMOBAHOTO CTaHy depes
paLioHanbHe IO€HAHHS KOHCTPYKTUBHUX TA TEXHOJIOTi4-
HUX TapaMmeTpiB. 3aBIaHHAME IOCHTIHKEHHSI € pPo3po0Ka
TEOPETHYHOT MOJIENI MICIIA3BAPHOIO HAMpyKeHO-aehop-
MOB@HOT'0 CTaHy 3’€JIHaHb 3 YpaxyBaHHIM (a30BUX i CTPY-
KTYpPHUX TIEPETBOPEHb 30H TEPMIYHOI'O BILIUBY, BCTAHOB-
JICHHSI eMITIPUYHUX 3aJIeKHOCTEH BIUTUBY TEXHOJIOTIYHUX i
KOHCTPYKTHUBHHX ITapaMeTpiB Ha IiCIs3BapHHUIA CTaH, 10C-
JJKEHHS 3aKOHOMIPHOCTEH Mepepo3noAily 3ajJIHIIKOBUX
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Harnpy>XeHb Ta IIACTHYHHX Je(opMalliii IpH Mepnx H-
KJIax HaBaHTaXXEHHs, (OpMyIIOBaHHS KPUTEPIlO ONTHUMi-
3alil MmicIsI3BapHOro CTaHy Ta po3poOka HaAyKOBO OOIPYH-
TOBaHMX KOHCTPYKTHBHUX 1 TEXHOJIOTIYHUX PEKOMEHIaIlii
JUIsl TABMINEHHS TPaHUII BUTPUBAIOCTI MOSCHHUX 3°€l-
HaHb KOPOOYacTHX 0alOK MOCTOBHX KpaHiB.

OO0’ €XTOM TOCTIKEHHS € MICIA3BapHUNA CTaH IOsIC-
HUX 3’€IHaHb KOPOOYACTHX 0aIOK MOCTOBUX KpaHiB, TOMI
SIK TIPEIMETOM JOCIIKEHHS BICTYTAIOTh 3aKOHOMipHOCTI
BIUIMBY KOHCTPYKTHBHHX Ta TEXHOJIOTIYHHMX IapaMeTpiB
KpaHOBUX KopoOuacTux Oanok Ha (popMyBaHHS IOJIB 3a-
JMILIKOBUX HAIPYKeHb, Ae(OopMalliil Ta CTPYKTYp Y 30HaX
TEPMIYHOTO BIUIMBY LKX 3’€1HaHb. Oco0imBa yBara npH-
JIISETHCSI BCTAHOBIICHHIO B3a€MO3B’S3KIB MK pPEKUMaMHU
3BapIOBaHHs, TEOMETPUYHUMH XapaKTEPUCTHKaMH OaloK
Ta HapaMeTpaMy MICJs3BapHOTO CTaHy, a TaKOX BILUIUBY
MepIINX HUKIIIB eKCIUTyaTalliiiHOr0 HaBaHTAXXEHHS Ha Te-
PEpO3IOIiT 3aTUIIKOBUX HANIPY>KEHb 1 IIIaCTHYHHX Aedo-
pMarliif, o T03BOJISIE PO3POOUTH HAYKOBO OOTpYHTOBaHI
MIPHUHITUITA ONTHMI3aIlii MiCII3BapHOTO HATPYKeHO-aedo-
PMOBaHOTO CTaHy JUIsl MiJBUIIECHHS I'PaHULl BATPUBAIOCTI
Ta 3aracy IIaCTHYHOCTI IOSICHUX 3’ €THAHb.

MarepiaJu i MeToAuKA 10C/TiTKEHDb

JI71st KOMITJIEKCHOTO JTOCIiPKEHHS TCIsI3BapHOTO Ha-
py’keHo-Ie(OpMOBaHOTO CTaHy MOSICHUX 3’ €IHAHb KOPO-
OuacTux 0aJI0K MOCTOBHX KPaHiB 3aCTOCOBAHO MOETHAHHS
EKCIIePUMEHTAIBHUX Ta PO3PAaXyHKOBHX METOJIB, IO JI0-
3BOJIMIIO 3a0€3MEUNTH TOCTOBIPHICTh OTPUMAHUX PE3YIIb-
TaTiB Ta iX MPAKTHYHY LIHHICTb.

Jeramnizanis HanpyxeHO-1eOpMOBAaHOTO CTaHy B
30HaX TEPMIYHOTO BIUIMBY 3BapHUX 3’€JHAHb 3a0e3reuy-
BaJIaCh JBOCTAITHUM MOJICIIOBAHHSIM METOJIOM KiHLIEBHX
eneMeHTiB. Ha mepmomy erami mpoBOMBCS TepMiuHHNA
PO3paxyHoK 3 (OpMyBaHHIM 0a3 JaHUX PO3IOJILTY TEMIIe-
partyp, KOHIIEHTpaIlii (a3 i CTpyKTYpHHUX CKJIa0BHX, a Ta-
KO 3aJIeXKHUX BiJl HUX (DI3UIHHUX 1 MEXaHIYHUX BJIACTHBO-
creii matepiany. Ha apyroMy etari BHKOHYBaBCS po3paxy-
HOK HaIpyXeHO-Ie()OPMOBAHOTO CTaHy U1 KOXKHOTO
KPOKY MOJICTTFOBaHHS.

OcoOMMBOCTAMH 3aIPOTIOHOBAHOI METOIMKH MOJE-
JIFOBAHHS, 110 3a0e3meunin 00'€KTHBHICTh PE3YIIbTATIB, €
BUKOPHCTAHHS TPUBUMIPHOT JABOEJIIIICOITHOT MOJIET eHep-
TOBKJIQJIaHHsl, ypaxyBaHHS TeMIlEpaTypo3aiexHux (izny-
HUX 1 MEXaHIYHUX BJIACTHBOCTECH METaly, KOHIIEHTpAIlii
(a3 Ta CTPYKTYPHHX CKJIaJIOBUX Ha OCHOBI Jliarpam Hei3o-
TEPMIYHOTO TIEPETBOPEHHS IEPEOXO0JIOHPKEHOTO ayCcTe-
HITY, a TAKOX BPaxyBaHHS €HEPTEeTHKH Ta MEXaHIKH (a3o-
BUX 1 CTPYKTypHHX IIEPETBOPECHb.

Jn1s eKcIiepuMEeHTaIbHOTO BU3HAYCHHS 3aJTUIIKOBHX
Harnpy>XeHb B 30HaX TEPMIYHOTO BIUIMBY 3BAPHUX 3’ €IHAHb
PO3po0IIeHO crenialbHy YCTaHOBKY, IO JO3BOJISIE IPOBO-
JIUTH 0araTOKPOKOBE BUCOKOIIBHJIKICHE (4acToTa TYpOiHM
10 350 000 006/xB) CBEpAJICHHS OTBOPIB JIaMETPOM [0
2,5 MM 3 TEH30METpYBaHHSAM Ae(OpMaliifHOrO BiAryKy
KPOMKH OTBOPY Ha KOXXHOMY KpOIi. YIPaBIiHHA YCTaHO-
BKOIO Ta 00po0Ka pe3ynpTaTiB 341 CHIOBAIIICE 32 JOIIOMO-
roto AIITI/ITAIT Ha nepcoHATBLHOMY KOMIT IOTEpI.

Jnist i ABUIEHHS. TOYHOCTI €KCIIepUMEHTAIBHUX J10-
CJIIJKEHB BiJOKPEMIICHO Ta IMPOaHai30BaHO OCHOBHI JIXKe-
peia HOXHOOK NMpH BU3HAYEHHI 3JIMIIKOBUX HAINPY>KEHb B
30HaX TEPMIYHOTO BILIMBY KyTOBHX 3BapHHX 3’€JIHaHb, 30-
KpeMa: BUCOKI I'paJlieHTH 3aJIMIIKOBHUX HAIPYKEHb, OJIM3b-
KICTh IX BEJMYMH J0 TPaHULI TEKy4OCTI MeTany, OJIu3b-
KiCTh pO3TalllyBaHHS BaJHKiB 3BApPHUX IIIBiB, @ TAKOXK KiH-
[[eBa LIMPHHA TEH30PE3UCTOpa PO3eTKH. Po3pobieHo pe-
KOMeHamii moA0 MiHiMizamii 3a3HaYeHUX MMOXHUOOK, IO
J103BOIIIO Ha 5...20 % MigBUIIUTH TOYHICTH PE3yIIbTATIB.

Jlnst BUKOPHCTaHHS CTaHAAPTU30BAHOTO METOAY BH-
3HaueHHs 3aTUIIKOBUX HanpyxeHb ASTM E 837-08 i3 te-
H30pO3ETKaMH HECTaHJAPTHHUX PO3MIpiB 3alPOIIOHOBAHO
BHECEHHS KOPHUI'YI0UOro KoedinieHta 10 (izudHOro paji-
yCy TEH30PO3€ETKH, 1110 J03BOJIMIO PO3LIUPUTH KOJO BUKO-
PHCTOBYBaHMX TEH30PO3ETOK MJIsl METOAY CBEpJICHHS
TJIyXOTO OTBOPY.

Bepudixkariist pe3yiapTaTiB MOAETIOBAaHHS MiCIIA3Bap-
HOTO CTaHy 3BapHOTO 3’€HAHHS TPOBOJMIIACH HIIIXOM
MOPIBHAHHA: iCTOPIl TEPMIYHOTO MUKIY KOHTPOIBHOI TO-
YKH 30HN TEPMIYHOTO BIUIMBY 3 BUKOPHCTAHHSM ITipoMe-
Tpy; TeoMeTpii 3BapHOI BaHHM MOJEJI Ta Makpouutidy
3’€THaHH; PO3PaXyHKOBHX Ta €KCIEPHUMEHTAIBHIX Ae(do-
pMaliit 3’eiHaHHS; PO3MOJUTY 3ATMIIKOBUX HANPYXKEHb B
3’etHaHHI. PO301>KHOCTI MiXK €KCTIIEpUMEHTAIbHUMH Ta PO-
3paxXyHKOBHMH JaHUMH He nepesuurysainn 60 Mlla, mio 3
ypaxyBaHHSIM CKJIJHOCTI IOCII/DKYBaHUX NPOLIECIB Ta BH-
COKHX TPaJi€HTIB HANPY)XCHb € NPUHHATHUM pE3yJbTa-
TOM.

Jnst nociKeH S BIUIMBY KOHCTPYKTHBHUX 1 TEXHO-
JIOTIYHUX MapaMeTpiB KopoOyacTux OalloK Ha MiCIsa3Bap-
HUI HalpyXeHO-Ie(QOpPMOBaHHI CTaH IX MOSICHUX 3’€l-
HaHb 3aCTOCOBAaHO METOJI MAaTeMaTWYHOI'O IUIAHYBaHHS
eKCIIepUMEHTIB. [IJI1 CTaTUCTHYHOrO OIIPAIfOBaHHS pe-
3yJbTATIB BUKOPHUCTOBYBAJIUCH CTAHIAPTHI METOJHUKH, a
JUTSI Bi3yaltizailii OTpuMaHuX JaHUX — CTIeliali3oBaHe Mmpo-
rpaMHe 3a0e3eYCHHS.

MeranorpadiuHi JOCTIIKEHHS CTPYKTYPH 30HU TEp-
MIYHOTO BIUIUBY 3BapHUX 3 €IHAHb POBOIMINCH HA ONITH-
YHOMY MIKPOCKOTI 3 IH(poBOI0 (hiKcalli€ero pe3ysbTariB,
1110 TO3BOJIMJIO BCTAHOBUTH 3B’SI30K MIXK MapaMeTpamMmu Te-
PMIYHOTO LMKy 3BAPIOBAHHS Ta CTPYKTYPHUMH HEPETBO-
PEHHSIMH B METaJi.

PesyabraTn fociaizkenn

Ha ocHOBI 4nCeIbHOTO MOJETFOBAHHS Ta KCIIepUMe-
HTAJBHUX JOCIHIKEHb PO3POOJICHO TEOPETHYHY MOJIENb
MCIISI3BApPHOTO CTaHy IOSCHHUX 3’€JHaHb KOpOOYacTHX
KpaHOBHX OaJloK 3 OJHOCTOPOHHIM IIBOM. Pe3yibrartn
aHaJli3y JaHUX PO3paxyHKy 127 Mojeneid, o OXOIUTIOITh
BECh IHTEpBaJl BapilOBaHHS KOHCTPYKTHBHHUX IapaMeTpiB
KopoO4acTux 0aloK, JO3BOJIMIM BCTAHOBUTH, IIO HOJIO-
JKEHHSI eKCTPEMYMIB 3aJIMIIKOBUX HANPYKEHb Ta IIACTH-
gHUX Aedopmariii B 30HI TEPMITHOTO BIUIUBY 3aJIC)KUTH
TOJIOBHMM YHHOM BiJ] MaKCHMAJIBHOI TeMIepaTtypu Tmax,
JIOCSITHYTOI IIpU 3BapioBaHHi. MakcuMalbHe CTPYKTypHE
3MII[HEHHsI (TapTyBaHHS) CIIOCTEPIracThCs B TOYKAX Hai-
MEHIIOT TpHUBaocTi (pazoBoro y—0o NepeTBOPEHHS, SIKi Bi-
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InoBigaroTh Tmax ~ 1100 °C. MakcumalsHU# piBeHb 3aITd-
LIKOBHX Halpy>XeHb HasSBHUW B TOYKaX HAHMEHIIOT TpUBa-
JOCTI  ICHYBaHHS  ayCTEHITy, IO  BiJOBIJAIOTh
Tmex = 867°C. MakcuManbHUH piBeHb IUIACTHYHUX Aedo-
pMmattiit 3aikcoBaHO B HAHOJNMKYMX JIO IIBY TOYKaX, IO
He 3a3HaBa (a30BUX NEPETBOPEHB, 3 Tmax = 727 °C.
JlociipKeHHs 1TOKa3yroTh, 10 JIOBIOBIYHICTH 3Bap-
HOTO 3’€JJTHaHHS FOJIOBHUM YHHOM JIIMITYETHCS 30HAMHU Ma-
KCUMaJIbHUX 3JIMIIKOBHUX HaIlPY>KeHb, TOMY IIPU PO3paxy-
HKaX MOSICHUX 3’€JHaHb KOPOOYacTHX OAOK Ha BUTPUBA-
JCTh HEOOXIOHO PO3TIAAAaTH TOYKH 30HH TEPMIYHOTO
BIUTUBY, 110 nocsrand Tmax =~ 867 °C. PiBeHb TeXHOJIOTIU-
HOTO BHYEPIAHHA IUIACTHYHOCTI ITOSCHOTO 3’€JHAHHS JI0-
IIJTHFHO OIIHIOBATH 32 TUTACTUYHUMHU Ae(opMaliisaMu aiJis-
HKH 3 Tmax & 727 °C, sKi XapaKTepPH3yIOTHCS BHCOKOTEM-
HEepaTypHUM IUIACTHYHUM CTHCKOM 3 HACTYITHHM HH3bKO-
TeMIepaTypPHUM IIACTUIHAM PO3TAToM (puc. 1).

rapr.
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Pucynok 1. [Tpuniunosi rpadiku 3aaexHOCTEN piBHS eKBiBalie-
HTHHUX HiC/SI3BapHUX HANPYIKECHB, 3MILIHEHHS TapTYBaHHIM Ta
IUIACTUYHUX JehopMalliil BiZl MaKCHMAJIBHOI TeMIIepaTypu
Tmax AinssHKY 30HA TEPMIYHOTO BILUTHBY ITOSICHOTO 3BapHOTO
3’€JIHAHHS KOpOOYacToi Gaku 3 HU3bKOJIETOBaHOI cTai

BcraHoBineHo, 1110 BEIMYMHU MaKCUMaJIbHUX 3aJTUIL-
KOBHX Halpy>kKeHb Ta IJIACTHYHUX Jedopmaniil B 30HI Te-
PMIYHOTO BIUIMBY 3aJIeXKaTh BiJl PE)KUMIB HarpiBy Ta 0Xo-
JIO/DKEHHS 1 BiJ mapaMeTpiB reoMerpii HOSCHOro 3°€f-
HaHHA, a He Bix rabapuriB kopobuacroi Oanku (puc. 2).
Jls moBeneHHsI IIbOTO TOJIOXKEHHS OyJIo MpoaHaIi30BaHO
HaINpyKeHO-1e(OPMOBAHHUI CTaH 30HU TEPMIYHOTO BILIHBY
MOSICHUX 3’€IHAHP KOPOOYacTUX OANOK YOTHUPBOX Pi3HUX
rabapuriB. Pe3ynpTaTi mokaszany, 1o Ha MOJENIX 3 PO3Mi-
pamu ioHan 300300 MM 00’ €KTHBHUH TiCISA3BapHUIA CTaH
TOSICHOTO 3’€JJHAHHS BXKE HE 3a3Ha€ JIOJATKOBHX 3MiH.

AHani3 pe3ysibTaTiB MOJEIIOBAHHS CBIJUUTB, IO
PO3MOJI CTPYKTYP, 3AIHMIIKOBUX HAIPYKEHb Ta IIaCTHY-
HUX JedopMatiil B mosci KopoO4acToi OajaKy Mae pajiaib-
HUH XapakTep 3 KpyTUM TPaJi€HTOM, 110 00YMOBIICHO 3Ha-
YHOIO TOBIIMHOIO MOSCY BIIHOCHO PO3MIipy BaJIMKYy IOSIC-
HOTO IIBa. BHCOKI TpaieHTH HaIPy>KeHb Ta IeopMariii 3a
TOBIIMHOIO JEMOHCTPYIOTh HEOOEKTHBHICTH ycepeIHEHHS
HaIpyXeHo-1e()OpMOBaHOTO CTaHy IOSCY B JABOBUMIPHHX
CKIHEYHO-EJIEMEHTHUX MOJIENISIX Ta JTOBOIATH HEOOXIAHICTH
TPUBHMIPHOTO MOJEIIOBAHHS 13 PO3OUTTSM MOSICY 10 TOB-
IIMHI TIOHAWMEHIIIe Ha TPU KiHIEB1 €JIeMEHTH.

Jnst mosicHOTO 3’€JJHAHHS, BUKOHAHOTO JIBOCTOPOH-
HIM IIIBOM, BCTAHOBJICHO, 1110 BUPIIIaJbHUI BIUIMB HA ITiC-

JISI3BapHUN HANpPy>KeHO-IehOPMOBAaHUHN CTaH Ma€ TepMid-
HUI MK BiJl HAKIAaJaHHS IPYroro Baiuky. IIpu 1somy
pamiaibHICTh 30HM TEPMIYHOTO BIUIMBY OCTAaHHBOTO Ba-
JIUKY MOIIHUPIOETHCS Ha MEPIIUI BAJIMK 1 CIIPUYHHSIE BUCOKI
3aJIMIITKOBI HANPYXXEHHS Ta IUTACTHYHI AedopmMariii B 30-
HaxX Te€OMETPUYHOI KOHIIEHTpamii mepmoro Banuky. [Ipu
HaKJIaJaHHI OCTAHHHOTO 3 BAJMKIB 3’€JHAHHS 3BapHA
BaHHA Ta JUISHKA 0. — Y — 0, ICPETBOPCHD 30HU TEPMid-
HOTO BIUTUBY 3HAXOJIUTHCS B dKOPCTKOMY, ITOTIEPEIHBO 3Mi-
ITHEHOMY «XOJIOJHOMY» KOHTYpi, C(OPMOBAHOMY TIOSICOM,
CTIHKOIO Ta MEPIITUM BATUKOM, IO MPU HACTYITHOMY OXOJIO-
JOKEHHI 1HIIIFOE TIBUINCHHS PIiBHS Ta TPATiE€HTIB TUIACTHY-
HUX JedopMalliif i 3aMUIIKOBUX HAIPYXXEHb B 3’€THaHHI. 3a
HECIIPUATIIMBUX YMOB PiBSHB 3AJTUIIKOBUX HAIPYyXEHb TIep-
IIIOTO BaJIMKY Ta 30H KOHIIEHTPATOPiB MOKe nocsrati 1,60+,
HaOJIMKAFOYHCh JI0 TPAHMII MILJHOCTI Matepiaiy.

B kopo6uacrtiii 6anii 3MiHHOT BUCOTH Ha JIISHII pa-
ZIiyCHOTO TTepexX0y 3’ ABISIOTHCS TOAATKOBI JOTHYHI 3a1IH-
IIKOBi HANIPY>KEHHS, SIKi KOMIIEHCYIOThCS 3HAYHUMHU JJOTH-
YHUMH Hapy>KCHHSIMH IIPOTHIICKHOTO 3HAKY B HIDKHBOMY
mosici Ta/abo Oe3mocepeTHRO B 3’€THAHHI, 3aJI€KHO BiJl pa-
niycy mepexony. 3MiHa HampsMy TPaeKTOpii BAIIMKY CIIpH-
YHHSE JBOHAIPABJICHICTh YCAIKOBOTO HABAHTAXEHHS CTi-
HKU HABOPOTH PaJliyCHOTO MEPEeXO.y, 0 B MOEIHAHHI 3
BHCOKOIO TOBIIMHOIO TIOSICY Ta KOPCTKICTIO KOHTYPY KO-
pobuacToi OanKu 3MiHHOT BUCOTH MPHU3BOJUTH IO BUHUK-
HEHHS  3HAYHUX  JIOTUYHUX  HAMNPYXKCHb  PIBHA
7= 150...300 MIlIa (BignoBigao 1 R = 100y...28y). lep-
M MaKCHMYM IIHMX HaNpYXXEHb CIIOCTEPIiraeThCs Ha Bif-
crani 0,4(R-+h;) Big mosicy, a npyruii, KOMIEHCYIOUNH, Ma-
KCHMYM IIPOTHJISKHOTO 3HAKY PO3TAIIOBaHMH Oe3mocepe-
JIHBO B 30H1 3’€THaHHs. BHACITIIOK IOTO PiBEHB TIACTHY-
HUX Aedopmariiii Ta eKBiBaJCHTHHX HANIPYKCHD € BHIINM,
HIDXK Ha MPSMOJIIHIMHUX AUISHKAX, 1 Ma€ OIIHIOBATHCS HE
TIJIBKU B 30HI TEPMIYHOTO BILTUBY 3 €IHAHHS, a i B CTIHII
OaiKM B3JOBX OICEKTPHUCH KyTa NEPEXOIY.

JlocikeHO BILTUB Ha MiCIsI3BAPHUI HAIPYKEHO-/IC-
(dbopMoBaHUil cTaH KOpoOYaCTHX OAJOK MOCTOBHX KpPaHIiB
KOHCTPYKTUBHHX INapamerpiB (puc. 2) Ta TEXHOJOTIYHUX
(baxTOpiB: MIBUAKOCTI 3BapIOBaHHS V3B, TEMIIEPATYPH J10-
3BapHOTO minirpisy T0, pexxuMy micIsI3BapHOTO MiAITPiBY,
KUTBPKOCTI HaIIaBJIeHOTo MeTairy. [IpoBeeHo paHKyBaHHS
piBHIB 3HAUMMOCTI (PaKTOPiB ONMTHMI3alii 3a piBHA 3HAUY-
mocTi o = 0,05, ansg HafOiLIpII BAarOMUX 3 HAX OTPHMAaHO
EMIIpUYHI 3aJIeKHOCTI TapaMeTpiB HAMPYKeHO-IePopMo-
BaHOTO CTaHy 30HU TEPMIYHOTO BIUIMBY MOSICHUX 3’ €THAHD
KopoOuacTux Oanok Bij ix 3Ha4eHb (puc. 3).

BcranoBieHo, 110 /1 MOSICHOTO 3’ €THAHHS KOpoOJa-
cToi 6anKy, BAKOHAHOTO OJJHOCTOPOHHIM IIIBOM, TOBIIMHA
MOSICY O, TOBIIMHA CTIHKH OC Ta IIBUJIKICTh 3BApIOBAHHS B
Jiana3oHi Vs = 5...12 MM/c Mallo BIUIMBAIOTh Ha HaIpy-
JKeHo-feGopMoBaHui cTaH (puc. 2a, 6). Ile no3Bose mo-
IIMPUTH TIPEICTABICHY MOIENb IMICISI3BapHOTO CTaHy Ta
BCTaHOBJICHI 3aKOHOMIpHOCTI Ha Oy[b-sIKi THIIOBI KOPOO-
gacTi OaJIKN MOCTOBUX KPaHiB.

s mosicHuX 3’€THAHBb KOpoOdacTuxX OaIoK, BHKOHA-
HUX OJHOCTOPOHHIM IIIBOM, BUSIBJIICHO, IO 3BapHi BAIHKH
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xapaktepu3ytotscs Ha 20...35 % miBUIIEHOIO 32 OCHOB-
HHUH MeTaJl FPaHHULEI0 TEKYYOCTi Gy, HIXKYUM, HIXK B 30HI
TEPMIYHOTO BIUIMBY, DPIBHEM 3aJIMIIKOBHX HAalpYXeHb,
BIZICYTHICTIO TUIACTUYHUX aAedopmaiiii micis ¢a3oBoro

NIEPETBOPEHHS Ta MEHIIOI0 KOHIIEHTPALIEI0 MapTEHCUTHOT
CTPYKTYPH, LI0 3 TO3ULIi 3aJHIIKOBOTO CTaHy J03BOJISIE
BBA)XaTH IX MEHII CXWJIBHUMHM JI0 PYHHYBaHHS, HIXX 30HY
TEPMIYHOTO BIUIMBY MOSICHUX 3’€IHAHB.

Tmax,°C C, Cu
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Pucynox 2. Emtopu micis3BapHoro crany nosicioro 3’eananst Kb: makcumanbi Temneparypu Tmax (@), KOHLEHTpaLis T04aTKOBOT
crpykrypu merany CO (6), konuentparis mapreHcuty CM (8); piBeHb mIacTH4HUX Aedopmalliii (), piBeHb IIACTUYHKX AehopMa-
uiit a—¢asu crani (0), nuToma eHepris neopmyBaHHs (€), HOPMaIbHI 3ATHIIKOBI HANpYKeHHs (¢, 3, 1), MEPIL TOJIOBHI HAIPY-
eHHs (K), eKBiBaJIEHTHI 32 Mi3ecoM HaTpy>eHHS (1), TPAHHIIA TEKYUOCTI TicIIs 3MilTHEHHS (M)
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Pucynok 3. ExciepumenransHa Bepudikariis TepMiqHo1 icTopii
7(t) (@) Ta MOB3IOBXKHIX 3ITHIIKOBUX HANPYKEHb oY(X) (6) B
3BapHOMY 3’ €IHaHHI

AHaiti3 0co0MHMBOCTEH MOSICHUX 3’€JHAHb KOpoOJac-
TUX 0aJ0K, BUKOHAHUX JBOCTOPOHHIM IIIBOM, TIOKa3aB, 110
Makpojaedopmariii (rmepemimeHHs) 3’€IHaHHS 3aJekaTh
JIMIIE BiJl TeoMeTpii kopoOuacToi Oanmku, a He Bij MOJO-
JKCHHS BAJIMKY, II0 HAKJIAJA€ThCs (30BHIMIHIN YN BHYTPI-
mrHii). Haii0inpmmii BIDIMB Ha TiCIsA3BapHAN HAIIPYKEHO-
neopMOBaHUA CTaH Ma€ KOHCTPYKTUBHHUN (GaKTOp BiTHO-
IICHHS TOBIIXH MOsc/cTiHKa k = dr/d¢ (puc. 2a1c), a TAaKOK
TEXHOJIOTI4HI (haKTOPH, TakKi sIK MOCTIJOBHICTh Ta 3aTpH-
MKa 4acy MK HaKJIaJaHHSIM BaJIMKIB. Brijius nux daxropis
HaWOUIBII BUPaKEHHH 32 MaJIMX IBUIKOCTEH 3BapIOBaHHS
(V3B = 2 MM/C), TIPH IKKUX HAKJIAJAHHSI OCTAHHIM BHYTPIIII-
HBOT'O BAJIMKY MOSICHOTO 3’ €IHAHHS 3HU)KYE 3aJIMIIKOBI Ha-
npyxkenns Ha 20..30 %, a mmactnuHi gedopmanii — B
2...2,3 pa3u. MiHiMi3aIlis 3aTPIMKH MiXK HaKJTaJaHHSIM Ba-
JIMKIB JI0IATKOBO 3HWKYE 3aIHIIKOBI HAMPYKCHHS [0
30 %, a mmactuuHi gedopmariii — 10 2 pasis.

JocmiokeHHsT BIUIMBY HasBHOCTI miagparm abo
KPOHIITEHHIB Ha MiCIS3BApHUN HANpy)KeHO-1ehopMOBa-
HUI CTaH MOSCHUX 3’€HaHb M0KAa3aJlo, 10 KAPTUHY 3aJIH-
LIKOBOT'O CTaHy FOJIOBHUM YHHOM ()OPMYE TEXHOJIOTisI Ha-
KJIaJaHHsI OCTAaHHBOTO 3 IIBIB, SKAM BHCTYIA€ MOSICHHUN

I0B 200 MIOB KpoHIITeiHa. HasBHICTh mpuBapeHoi miad-
parmMu TpH HakJaJaHHi TTOSICHOTO MIBY 3aBXKAM BHKIIHKAE
30UIBIICHHS 3AJIMIIKOBUX HANPYKEHb Ta MUIACTUYHUX JIe-
(dopmariii CTIHKH, PiBHI IKUX MOXYTh caratu 1,76, 1a 5%
BiJITIOBIJTHO, 1 CYTTEBO 3alieXKaTh BiJ BEIWMYHHH 3a30py H
(puc. 26).

IIpuBaproBaHHsI KPOHINTEHHIB IO CTIHKH KOpoOUac-
T01 Oanku Ha BixcTaHi < 40 MM Bi TOSACHOTO IIBY 3MiHIOE
TEPMIYHY ICTOpifO TOSICHOTO 3’€AHAaHHA Ta (GOopMye B
HbOMY KapTHHY 3aJIMIIKOBHUX HAIIPY>KEHb, XapaKTEPHY UL
KIHIIEBOI AIJSTHKH JOBTOTO IIBY. Takuid CTaH XapaKTepu3y-
€THCS TOPIBHSIHO HU3bKUMHU TTOB3/I0BKHIMU I10SICY 3aJIMIII-
KOBUMH HanpyxkeHHsIMH (< 0,56;), ane nyxe BUCOKHUMHU
IUTACTHYHUMHE Jeopmantismu (1o 8%). Minimizarris nepi-
OJly 3aTPMMKH MK HakKJIaIaHHSIM PO3IJSIHYTHX IIBIB abo
NoTiepeIHIi MiIrpiB CTIHKM B 30HaX pO3MilleHHs Jiad-
parm Ta KpoHIITEHHIB 10 1,7 pa3iB 3HMKYE 3INIIKOBI Ha-
Mpy’KeHHs, 10 2,5 pa3iB 3HWXKYE IDIACTUYHI Iedopmarii
HeOe3MmeYHo1 OUITHKN CTiHKM Ta 3a0e3ledye BiICyTHICTBH
KPHUXKHUX CTPYKTYP.

OO0’ €XTHBHICTH pE3yNBTATIB MOJICIIOBAHHS IIEPEBi-
PEHO IIISIXOM EKCIIEPUMEHTAIBHOTO BU3HAYCHHS 3aJIHIII-
KOBUX HAINPYXEHb y PI3HHX THIAX KOpoOUYacTUX OajoK.
Jlist Bepudikanii Mozeni MOsICHOTO 3’€HAHHS, BUKOHA-
HOT'O OJJHOCTOPOHHIM IIBOM, BU3HAYJIUCh 3aJMIIKOBI Ha-
MPY>KEHHS CTIHKA KOp0oO4acTol OajKku pamMu Bi3Ka MOCTO-
BOTO KpaHy BaHTaxxomigioMHicTio 50/16 T. TouHicTh MO-
Jieni TOSICHOTO 3°€[HaHHSA, BMKOHAHOTO JBOCTOPOHHIM
IIBOM, MiJTBEPHKEHO BU3HAYEHHSIM CTPYKTYPH Ta 3aJIHII-
KOBHX Halpy>XeHb ()parMeHTy 3’ €JHAHHS B JTa0OPATOPHUX
yMmoBax. {1 KpHBONiIHIKHOTO 3’€THAHHSA BepHU]IKaIliio
NIPOBEJICHO 3a pe3ylbTaTaMH EKCIEePUMEHTIB mpod.
A.B. BepmmHCEKOT0. Y BCIX BHMAaIKax po30DKHOCTI Mik
PO3paxyHKOBUMH Ta €KCHIEPUMEHTAILHIMH PE3yJIbTaTaMU
HE MePEBHIIYBAIIN JOMYCTUMUX MEX.

[IpoBeneHi AocCHiKEHHST MOKAa3aiH, MO >KOJIHUMH
KOHCTPYKTHBHHMH Ta TEXHOJOTTYHUMH 3aX0JIaMH 3 IOMIXK
PO3MIISTHYTHX HEMOXKJIMBO 3a0€3MeUNTH 3HW)KEHHS IiCIsi-
3BAPHUX 3QJIUIIKOBUX HANPYXEHb 0 PIBHA Cews < (Or —
150 MIIa). Tomy B HIKHIX HOSICHUX 3’ €IHAHHSX KOpoOya-
cTUX 0aJlOK MOCTOBHX KpaHiB MpPH TEPIINX IHUKIAX €KC-
IUTyaTalifHOTO HABAaHTAXKEHHSI IPAKTUYHO 3aBXKAN OyAyTh
BHHUKATH TJIACTHYHI aedopmariii.

Jlnst OLIHKY BIUIMBY €KCIUTyaTalifHUX HaBaHTa)KEHb
Ha TiCIIA3BapHUN CTaH MOSICHUX 3’ €JHAHB JOCIHKEHO PO3-
TIOJTLT HAIIPYKEHB Ta IDIACTUYHUX JAedopMarliif y BepXHiX
1 HIOKHIX TOSICHUX 3’€IHAHHSIX KOpoOYacTHX Oalok mpu
MepIIMX UKJIaX HaBaHTa)KEeHHS (puc. 4).

BcraHnoBineHo, 1110 penakcallis piBHs 3aJIMIIKOBUX Ha-
NpPY>XKeHb B 30HI TEPMIYHOTO BIUIMBY HIDKHIX ITOSICHUX
3’€/IHaHb HABITh NPU EKCIUTyaTaliiHOMY HaBaHTa)XXKEHHI,
ONMM3BKOMY MO0 TPaHMII TEKy4OCTI OCHOBHOTO MeETaly
(0:°M), cramoBuTE Menme 65 %, TpPH HABaHTaKEHHI
peremt = 0,776,°M mOB3MOBXKHI 3aIMIIKOBI HAIPYKEHHS
3MEHIIYIOThCS MEHII Hix Ha 45 % (puc. 4), a 3a THIIOBOTO
HaBaHTa)eHHA P = 0,56,°M penaxcawis csrae numre
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25 %. 1le noBOAMTH, IO HEXTYBAaHHS 3AIMIIKOBHMH Ha-
NPY>KEHHSIMH T1iJ] IPUBOJIOM TX penakcaii npu ekcruryara-
il € HAYKOBO HEOOIPYHTOBAHHM.

MosHe 3xaTTA PO

L

MicnAa BUroTOBAEHHA

Mpu Pekenn = 0,77 g,OM

‘epranna  Bepxne noAcHe s'egHanta

HuHeE NnoAcHe 3

Pucynok 4 — Emopy ekBiBaJICHTHHX HalPYXKEHb Gexs IEPEPizy

HIDKHBOTO Ta BEPXHBOTO MOSICHOTO 3’ €THaHb KOPoOUacToi Oanku
MOCTOBOTO KpaHy B XapaKTepHi MOMEHTH €KCILTyaTallii

AHani3 IMKIorpaM Halpys>KeHb I10Ka3aB, 10 KOXKHA
TOYKa MOSICHOTO 3BAapHOTO 3’€IHAHHS KOpoOuacToi Oanku
NPAIfo€ 32 BJIACHOI0 LUKJIOTPAaMOI0 HampykeHb. CHijib-
HUM JUIS HUX € aMIUTITy/]a MUKJIIB, TOJ SIK CepeIHi HApYy-
KCHHS OUKIY pi3HAThCA. OCTaHHI JHINHO 3aJekaTh Bif
PpiBHS 3MiIHEHHS (TPAHUII TEKYJOCTi) JUITHKA 3’ € THAHHS,
10 OCTATOYHO (POPMYETHCS JIHIIIE TICIS i MAaKCUMAaTbHUX
eKCIUTyaTallifHIX HaBaHTa)XCHb. BCTaHOBIEGHO, IO IIif
gac eKcIUTyaTamii IpoJOTHOI KOPOOIACTOI OalkKi MOCTO-
BOTO KpaHy MaKCHMaJIbHI JiiiCHI cepeHi Hanpy>KeHHsI U~
KJIy B 30HI TEPMIYHOTO BIUTUBY MOSICHUX 3’€/IHAHB CIIOCTE-
piraroTbecsi Ha JUISTHKaX MaKCHMaJIbHUX 3aJIMIIKOBUX Ha-
NPY>KEHb PO3TATY.

BusiBiieHO 1iKaBy OCOOJIUMBICTH POOOTH BEPXHBOTO
NosICYy KopoOuacToi Oalku: 30Ha 3IMIIKOBUX HANPYKEHb
CTHCKY TIPH 3HAYHIN aMILTITy[i eKCILTYaTaliifHOTO IHKITY
HaBaHTAKCHHS TAKOXK 3a3HAE IUIACTHYHMX JAehOopMarlii,
IO TPHU3BOAWTH JI0 3HWDKCHHS 3aIMIIKOBHX HAIPYKEHb
30HHM PO3TATY BEPXHBOTO IOSICHOTO 3’€AHaHHA (pHC. 4).
[Ipote y Oynp-sKOMY BHITAIKy BEPXHI MOSCHHUNA IIOB Ta
HOTrOo 30Ha TEPMIYHOTO BIUIMBY IPaNIOIOTh 32 IUKJIOTpa-
MO0 3 Cepe/IHIMH HANPYXEHHSIMHU PO3TATY, B MpoTHdasi
JI0 IIMKJIOrPaMHU HU)KHBOTO TOACY.

Ha ocHOBi oTpuMaHUX pe3yJIbTaTiB po3pobIeHO Xa-
PaKTEPUCTHUKHU AINCHUX LIMKIIB HANPYKeHb 30H MakcuMa-
JILHOTO CTHCKY Ta PO3TATY HUXKHBOTO 1 BEPXHBOTO MOSIC-
HUX 3’€IHaHb KOpoOYacTUX OAJOK 3 ypaxyBaHHSM Tepe-
PO3MOUTY MICHSA3BapHUX 3aJUIIKOBUX HANpPYXEHb IpH
NepIInX NuKIax exciuryaramii. Li xapakrepucTuku 103B0-
JISIFOTH TIPOBOJMTH PO3PAaXyHKH KOPOOYacTHX 0ajlok MOC-
TOBUX KpaHIiB 3a mepernoBumu Metommkamu K.II. MaH-
xymu, B.M. FOmkeBnua, M.O. KnukoBa, siki KOMIUIEKCHO
BPAaXOBYIOTh BIUIMB MICIIA3BAPHOTO CTaHy 3 €JHAHHS Ha
HOTO BUTPUBAIIICTb.

JoTpuMyroYCh METO/LY PO3paxyHKY TPaHUIIl BUTPH-
BaJIOCTiI €JEMEHTIB METaJIOKOHCTPYKIIiH, 3aIpOIIOHOBAHO
KpHUTEpiil ONTHMi3amii micIsI3BapHOTO CTaHy MOSICHUX 3’ €11~
HaHb KOpoOJacTUX 0alOK MOCTOBHUX KPaHIB y BHTIIAII:

2ot - (1-p)oper’]

@L-R,Jap, +@+R B o, )

ne ®max = f (Geys, Or, EIIO, ' MX ) — MAKCHMAIBHI €KCILIY-
aTauiiiHi HanpyXeHHs po3Tary nosicioro 3’exnanHs Kb,
110 OCTATOYHO (POPMYIOTHCSI ITICJIs IIACTHYHUX Jedopma-
il mepmuX MUKITIB eKCIDTyaTalii Ta 3ajiekaTh Bill piBHA
eKCIUTyaTaIlifHOTO HaBaHTa)xeHHS 1 micis3BapHoro HJIC,
OCTaHHI e BHU3HAYAETHCS CIIOIYYCHHSIM KOHCTPYKTHB-

Ok — max

.3,
HUX Ta TexHosorivanx napametpiB Kb BIIM (puc. 7); ol
— TPaHUI BUTPHUBAJIOCTI 3pa3KiB 3 METAIY PO3paxyHKOBOT
30uM pu Ro = -1; Bp.3. = 0,8 — TaHreHC KyTa HaXHI1y Bep-
XHBOI TPaHUYHOI JIiHIi AiarpaMu IpaHUYHUX HANPYKEHb
JUI METaly po3paxyHKOBOI 30HH; o = 1,2 — TeopeTudHuit
Koe(ilieHT KOHLEHTpalil HOPMAJIBHUX HAINpPYKeHb IMpU
po3Ts13i mosicHoro 3’enHanHs KbB; @. Ta om = a-1 — koedi-
LIEHTH €KBIBAICHTHOCTI aMILIITYIHUX 1 Cepe/lHIX Hampy-
XKEHb LUKy IPU PO3TA31 — CTUCKY.

3a pe3yiapTaTaMH ONTHMI3aIlii KOHCTPYKTUBHUX 1 Te-
XHOJIOTIYHHX MTapaMeTpiB KopoOUacTHx Oanok y Aiama3oHi
iX 3HaYeHb, XaPAKTEPHHUX TSI MOCTOBHX KpaHiB, po3po0-
JICHO peKOMEHJalii o0 MPU3HAYEHHSI KOHCTPYKTHBHUX
napamMeTpiB KOpoOYacTHUX 0ajoK, IO TO3BOJSIOTH ITiJIBU-
LIATH TPAHULII0 BUTPUBAIOCTI 10: 5 % — 11 OJJTHOCTOPOH-
HIX MOSICHUX 3’€JHaHb mojam Bin miadparm; 11% — mis
MOSICHUX 3’€JJHaHb MOOJIM3y JAiadparM abo KPOHIITEHHIB;
23 % — 115t TOSICHUX 3’€/IHaHb, BAKOHAHKUX JIBOCTOPOHHIM
LIIBOM.

Po3pobnieHo TakoX peKOMEHHAIil MOoJ0 TeXHOIOTil
BUTOTOBJICHHSI KOpPOOUacTHX OaJlOK MOCTOBHX KpaHiB, L0
JTO3BOJISAIOTH ITiIBUIIUTH TPAHUII0 BUTpHUBAJIOCTI Ha 13 %
3a paXyHOK 3aCTOCYBaHHS palliOHaJIbHUX PEXUMIB 3Bapro-
BaHHS Ta MOMEPEAHBOTO MITIrPiBy 3’ €THAHB.

30Kkpema, Ui OTHOCTOPOHHIX MOSICHUX IIBiB KOPOO-
4acTHX OaloOK MOCTOBHUX KpaHiB PEKOMEHIYEThCS Hakja-
JIaTH IIBY 31 MBUAKICTIO Vs = 12...20 MM/C Ta migirpiBoM
10 TO = 200 °C abo BunepepKalouuM CYMyTHIM HiJirpi-
BOM. Y BUINAJKy JBOCTOPOHHBOIO LIBA MEPIINM BAIUKOM
HEeoOXi/THO HaKJIalaTH 30BHILIHIH, BAKOHYIOUH HOTO 3 BH-
COKOI0 MIBHJIKICTIO (Vs = 15...20 MM/c), a apyruii Bajuk —
MOBUIBHIIIE (Vs & 6 MM/C) i3 TIIMOOKUM MPOILIABICHHIM B
MeTaJl NepIIoro BaJIUKY.

BaxniBo MakcHMalbHO CKOPOTHUTH 3aTPUMKY MiX
HaKJIIAHHSM BaJIMKIB BOCTOPOHHBOTO MOSICHOTO HIBY JI0
t3 = 0,5 xB pu V3B > 5 MM/c, a00 t3 = 1...2 XB TIPHU Vs =
4...2 MmM/c BigmoBinHo. HakiiagaT BepXHi MOSICHI IIBH KO-
pobuacTux 6ajJoK PeKOMEHIYETHCS OCTAHHIMU (TICIIS HU-
xHix). [Ipu HasBHOCTI miadparm ix cuix y mepmry depry
MIPUBAPIOBATH J0 BEPXHBOTO TOSCY, a TIOTIM JI0 CTiHOK.

Jis XpUBOITIHIHHOTO 1IBa KOPOOUYacToi Oanku 3MiH-
HOI BHCOTH ONTHUMAJIbHUM € BUKOHAHHS WOTO MEPIINM, 3
HaNpsIMKOM BiJI BEPXHBOTO TOSICY J0 HIKHBOTO 1 3 BHCO-
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koro mBuKicTio. [Ipu 3a3opax H < 4,58¢ nouinbHO BUKO-
HYBaTH MICLEBUH CYNMYTHIH HiJIrpiB JUISHOK IPHBApIO-
BaHHs Jiadparm Ha Binctanb 100 MM B 00uaBa OOKHU Bij
niadparmu.

Po3poGiieHo MeTONMKY BH3HAYEHHS ONTHMATbHHX
PEKHMMIB CYIMYTHBOTO MiAIrPiBY HOSICHOTO 3’€THAHHS CHH-
XPOHHHM PYXOMHM [DKEPEJIOM Ha 3pa3Kax-aHaJlorax, Lo
JIO3BOJISIE 10 2-X pa3iB 3HU3HUTH IUTACTHYHI Aedopmariii Ta
3aJIMIIKOBI HANPY>KCHHS 3’€JHAHHSA, HE BUKIMKAIOUH IIe-
perpiBy. 3alpONOHOBAHO TAKOX PEKOMEHAALT 00 TeX-
HOJIOTI] TiCNIA3BapHOI TePMIiYHOT 0OpOOKH MOSICHUX 3’ €1-
HaHb KOpOOYacTUX 0aJoK, IO TO3BOJSIE YHUKHYTH yTBO-
pennst MmapTeHcuty Ta Ha 20-30 % 3HU3UTH piBEHB IUIAC-
TUYHUX JepopMaltii.

Pe3ynpTat MpoOBEACHUX JOCHTIHKEHb CBIIYaTh MPO
HEOOXIHICTh KOMITICKCHOTO MiJXOLy 0 ONTHMI3allii mic-
JISI3BAPHOTO HAIPYKeHO-7e(hOPMOBAHOTO CTaHy MOSICHUX
3’€THAHb KOPOOYACTHX OaIOK MOCTOBHX KpaHiB. PartioHa-
JTBHUH BUOIp KOHCTPYKTUBHUX ITAPaMETPiB Ta TEXHOJIOT14-
HUX PEKHMIB BUTOTOBJICHHS JO3BOJISIE CHOPMYBATH CIIPH-
STINBUH HIiCISI3BapHUN CTaH 3’€IHAaHb, IO XapaKTepH3y-
€THCS 3HIKEHUM PiBHEM 3aJIMIIKOBHX HAIPYXXCHb Ta IIIa-
CTHYHUX AedopMarlii, BiICYTHICTIO KpUXKHX CTPYKTYp Ta
IT/IBUILIEHOIO IPAaHUIICI0 BUTPUBAJIOCTI.

IIpakTuanHa peamizallis po3poOIEHUX peKOMEH Al
Ha BUPOOHHUITBI miaTBepAMia iX epeKTUBHICTh. Brposa-
JUKEHHSI pe3yJbTaTiB JIOCHIPKEHb Y KOHCTPYKTOPCBHKY
MIPaKTUKy Ta y BUPOOHMIITBO 3a0e3MEUMIIO pallioHami3a-
LIiI0 MiCIIA3BaPHOTO CTaHy MOSICHUX 3 €JHaHb KOPOOYaCTHX
0aJI0K MOCTOBHX KpaHiB 3a OITOPOM 0araTOLUKIIOBIH BTOMI
Ta KPUXKOMY PyHHYBAHHIO, @ TAKOK IIIBUILEHHS iX SKOCTI
Ta 3arajJbHOTO TEXHIYHOT'O PiBHS.

OtpuMaHi pe3yibTaTH J03BOJSIOTH CHOPMYIIIOBATH
TEOPETHYHI OCHOBHU JIJI NMPOEKTYBAaHHS Ta BUTOTOBIICHHS
KopoOJacTux 6ajJ0K MOCTOBUX KpaHiB 3 ONTUMAIbHHUM ITi-
CIII3BapHUM HANpyKEHO-Ie(OPMOBAHUM CTaHOM. Po3zpo-
OlleHa MOJENb MICIA3BAPHOTO CTaHY IOSICHUX 3’ €THAHD
KopobuacTux 0anok 3 ypaxyBaHHAM (ha30BHUX i CTPYKTYp-
HUX TIEPETBOPEHb y 30HAX TEPMIUYHOTO BIUIUBY A€ MOXK-
JUBICTH IPOTHO3YBATH PO3MOILT HATIPYKEHB, Ae(opmartiit
Ta CTPYKTYPHHMX CKJIQJOBHX y 3’€JIHAHHSAX LIe Ha erari
MIPOEKTYBaHHS.

AHani3 nepeposnojiy HamnpyxkeHb 1 aedopmariii
NpU MepIInX HUKIaX eKCIUTyaTaliiHOI0 HaBaHTa)KCHHS
crpusie OUIbII TOYHOMY MPOTHO3YBaHHIO JOBrOBIYHOCTI
MOSICHHX 3’€HaHb. BcTaHOBIICH! 3aKOHOMIPHOCTI BILUTUBY
KOHCTPYKTUBHUX 1 TEXHOJIOTIYHUX TapaMeTpiB Ha Iicis-
3BapHUI CTaH 103BOJIAIOTH JIECTIPIMOBAHO KepyBaTH (o-
PMYBaHHSM 3aJIMIIKOBOTO HAIPYXEHO-Ae(hOPMOBAHOTO
CTaHy 3’€IHaHb ISl JOCATHEHHS ONTHUMAJIbHUX PE3ylIbTa-
TiB.

BaxMBHUM acleKTOM € TaK0X PO3BUTOK EKCIIepUMe-
HTaJBHUX METOJAMK BH3HAUCHHS 3JIMIIKOBUX HANPYKEHb
y 30HaX TEpMi4HOTO BIIMBY 3BapHUX 3 €1HaHb. CTBOpEHa
eKCIepUMEHTaIbHA YCTAHOBKA JIJIsl BU3HAUEHHS 3AJIUIIKO-
BUX HaIpyX€Hb METOJIOM CBEPJICHHS [NIyX0ro OTBOPY Ta
po3po0IieHi peKoMeHallii o0 TMiABHIEHHS TOYHOCTI

BUMIpIOBaHb y 30HaX 3 BHCOKHMMH Tpaji€eHTaMH Hampy-
JKEHb MAIOTh CAMOCTIHHY HAYKOBY Ta MPAKTUYHY LIHHICTb.

PesynbraTi mOCHIIKEHb CTBOPIOIOTH IEPEAYMOBH
JUIsl TIOJANbIIOTO BJOCKOHAJICHHS METOJAMK PO3PaxyHKY
KopoOyacTux 0aJlOK MOCTOBHX KPaHIB Ha JOBIOBIYHICTS 3
ypaxyBaHHSIM MICIIS3BApHOTO CTaHy iX MOSICHUX 3’ €JHAHb.
Lle mo3Bossie MiABUINUTH TOYHICTH MPOTHO3YBAaHHS pecy-
PCYy METaJIOKOHCTPYKIIH BaHTaXOIITHOMHHX KpaHiB Ta
0OTpYHTOBaHO MPHU3HAYATH MIXKPEMOHTHI TEPMIHH iX eKc-
TuTyaTarii.

[opmampmi qoCHiKEHHS MOXYTh OYTH CHpSMOBaHi
Ha PO3LIMPEHHS po3po0iieHOT MOAeNi Ui IHIIUX THIIB
3BapHUX 3’€JJHAaHb METAIOKOHCTPYKIIH BaHTaXKOIiJHOM-
HHUX KpaHiB, a TAKOK Ha BJOCKOHAJICHHS! METOJIUK pO3pa-
XYHKY IX JOBIOBIYHOCTI 3 YpaxyBaHHSM IiCJII3BapHOTO
crany. [lepcrieKTUBHUM HanpsIMOM € TaKOX po3poOKa aB-
TOMAaTH30BaHUX CHUCTEM IIPOEKTYBaHHS KopoOuacTux Oa-
JIOK MOCTOBHX KPaHIB 3 ONTHMAJIbHUM MICIIA3BapHUM CTa-
HOM TOSICHUX 3’ €JHaHb.

ExcniepuMeHTaIbHa NEpeBipKa pO3pOOICHUX Teope-
THYHUX IOJIOKEHb NMPOBOIMIIACH Ha PealbHUX KOHCTPYK-
IiTX MOCTOBHX KpaHIB pPi3HOI BaHTa)KOIIiTHOMHOCTI, IO
EKCIUTyaTYIOThCS Ha TIPOMHUCIIOBHX MiANPUEMCTBAX YKpa-
iHu. B X0/i excrnepuMeHTaIbHUX JOCIIKEHb BUMIpIOBa-
JIMCh 3aJMUIKOBI HaNPYXEHHS B MOSCHUX 3’ €JHAHHAX KO-
pobuacTux 6amoK METOJOM CBEPAJICHHSI TIIyXOro OTBOPY 3
BUKOPHCTAHHSIM PO3POOJICHOT YCTAaHOBKH, a TAKOXK BU3HA-
YalUCh CTPYKTYPHI CKJIaJ0BI METaIy B 30HaX TEPMIUYHOTO
BIUIMBY IIIJIIXOM BHT'OTOBIICHHSI MiKponuti(iB Ta ix mocii-
JOKCHHST METOJIaMH METaorpadivHoro aHami3y.

Juis ominku eeKTUBHOCTI 3allpPONOHOBAHUX KOHC-
TPYKTHUBHHUX 1 TEXHOJIOTTYHUX PEKOMEHIALiil MPOBEICHO
MOPIBHSUIBHUM aHAIIi3 MiCIA3BAPHOTO CTAHy MOSICHUX 3’ €11~
HaHb KOpoOYacTHX 6aJo0K, BATOTOBICHUX 32 TPAJULIHHOIO
TEXHOJIOTIEI0 Ta 3 YpaxyBaHHIM PO3pOOJIEHUX peKOMEH/Ia-
1iid. Pe3ynbraTn NOPiBHAHHSA [10KA3aJIH, 1[0 BUKOPUCTAHHS
ONITHMAJIbHUX PEXKUMIB 3BapIOBaHHA Ta IONEPEIHBOTO ITi-
NrpiBY JO3BOJISIE 3HU3WTH PIiBEHBb 3aJHUIIKOBHX HArmpy-
JKCHb PO3TATY B 30HaX TEPMIYHOro BILIMBY Ha 25...30 %
Ta 3MEHIINTH PIBEHb IUIACTHYHUX aedopmamniid y 1,5...2
pasu. IIpu IbOMY BiZICYyTHICTh KPUXKHX CTPYKTYp Y 30HaX
TEPMIYHOTO BIUIMBY HiITBEp/KEHa MeTanorpadiqyHuMu
JIOCIIKEHHSIMH.

JloBroTpuBai crioctepexeHHs 3a CTAaHOM KopoOyac-
TUX OaJIOK MOCTOBHUX KpaHiB, BUTOTOBJICHHX 3 ypaxyBaH-
HSM pO3pOOJICHHX PEKOMEHJalil, OKa3aJx BiJACYTHICTh
TPIIIUH y MOSICHUX 3’€IHAHHAX MICIS TPUBAIOI eKCILTya-
Tarii, Mo MmATBEpIKYe €PEKTHBHICTh 3alpPOIIOHOBAHHUX
3axOJIiB MO0 MiABHUIICHHS X TPaHHIIl BUTPHUBAJIOCTI.

3anponoHOBaHUH KOMIUIEKCHHH ITiIXi/T JO ONTHMi3a-
if micIA3BapHOTO HANPY)KEHO-1e(OPMOBAHOTO CTaHY I10-
SCHUX 3’€JHaHb KOpoOuyacTUX OaloK MOCTOBHMX KpaHIB
MoOKe OyTH MOLIMPEHHUH Ha IHIII TUIIH 3BAPHUX METAJIOKO-
HCTPYKIIH, 1110 MPAIIOIOTh B yMOBaX LHUKIIYHAX HAaBaHTa-
xeHb. Lle BiIKpUBae MepCHeKTUBYU JUIsl MOJAIIBIIONO PO3-
BUTKY Ta BJIOCKOHAJIEHHS METO/IIB IPOCKTYBAHHSI Ta BUTO-
TOBJICHHS BiJIIIOBIIaIbHUX 3BAPHUX KOHCTPYKIIIN 3 i BH-
[IEHOI0 HAMIMHICTIO Ta JOBrOBIYHICTIO.
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BucHoBku

Ha ocHOBI KOMIIJIEKCHOTO JOCIIKEHHS! Micis3Bap-
HOTO HarpyXeHO-1e(OpMOBaHOTO CTaHy MOSCHHUX 3’€l-
HaHb KOpoOYacTUX OaJIOK MOCTOBUX KpPaHiB OTPUMAHO TaKi
pe3ynbTaTy:

Po3pobiieHo i Bepu(ikoBaHO MOJICIb MiCISI3BAPHOTO
CTaHy TMOSICHUX 3’€IHaHb KOpoO9YacTHX OasoK MOCTOBUX
KpaHiB, 1[0 BPaxoBYe (a30Bi Ta CTPYKTYPHi EPETBOPEHHS
B 30HaX TEPMIYHOrO BIUIMBY. BcraHoBIEHO, IO mOINO-
KEHHsI eKCTPEMYMIB 3aIMIIKOBHX HANPY>KEHb Ta ITACTHY-
HUX AehopMarliif 3a1eKUTh IepeBaXHO BiJf MAKCHMaITbHOL
TEMIIEpaTypH, JOCSITHYTOI PU 3BapIOBaHHI: MaKCHMallbHe
CTPYKTYpHE 3MIIHCHHS CIIOCTEpIraeThes npu
Tmax = 1100 °C, MakcuManbHHi piBeHb 3aJMIIKOBUX Ha-
npyxenb — npu Tmax ~ 867 °C, a MakCUMaNbHUH pIBEHb
IUIACTUYHUX NedopMariii — npu Tmax =~ 727 °C.

BusiBiieHo, 1m0 BEMTMYMHUA MAaKCUMAaJbHUX 3aJIUIIKO-
BUX Halpy>XeHb Ta IIACTUYHUX AedopMalliif 3as1exaTh Bil
PEKHMIB HarpiBy i OXOJIOMKECHHS Ta MapaMeTpiB reoMeT-
pii HOsICHOTO 3’€HAHHS, a He Bij rabapuTiB KOpoOUacToi
Oanku. JloBeneHo, 1mo it 00’ €KTUBHOTO MOJICIIOBAHHS
MICIISI3BAPHOTO CTaHY JIOCTaTHBO PO3MIISIATH (parMeHt
KopoOuacTtoi 6anku po3mipom He Merme 300300 M.

BcranoBieHo, 1m0 U1 MOSACHUX 3’€IHaHb KopoOdac-
THX 0aJOK, BAKOHAHWUX TBOCTOPOHHIM IITBOM, HAHOIITBIINI
BIUIMB Ha ITiCII3BApHUN HaNpyKeHO-1e(OPMOBAHUH CTaH
Ma€ KOHCTPYKTHBHUI ()akTOp BiHOIICHHS TOBIIUH TOSICY
JIO CTIHKH Ta TE€XHOJIOT14HI ()aKTOpH: MOCTIAOBHICTG 1 3a-
TPUMKa 4acy MiX HakKJIAQJaHHSAM BaiWKiB. J[oBemeHo, 1mo
HaKJIQJIAHHS OCTaHHIM BHYTPIIIHHOTO BaJIMKa 3HUKYE 3a-
nuikoBi HanpyxeHHs Ha 20...30 %, a rulactuuHi gedop-
Marii — B 2...2,3 pa3u.

Jl1st kpuBOMHIMHMX 3’€qHAHB KOpoOYacTHX Oajok
3MIHHOT BUCOTH BHSIBJICHO (POPMYBAHHS JOAATKOBUX JOTH-
YHUX  3IMIIKOBUX  HANpyXeHb, SKI  JOCSTraroTh
150...300 MI1a 3anexxHO BiJ pauiycy mepexomay, o Heoo-
XiJTHO BpPaxOBYBAaTH IIPU MPOEKTYBaHHI.

BuzHaueHo, 110 TIpH NMepHIMX HUKJIAX eKCIUTyaTariii-
HOTO HaBaHTAXXEHHsI peJlaKcallisl 3aJIMIIKOBUX HAIPYKECHb
y 30HaX TEPMIYHOTO BIUIMBY HIKHIX TOSICHUX 3’ €IHAHBb
CTaHOBUTH HE Oinbme 65 % HaBiTH NMpPU HABAaHTA)KEHHI,
OMM3BKOMY 10 TPAHUII TEKYy4OCTi OCHOBHOTO MeTany. [Ipu
THUIIOBOMY DiBHI eKCIUTyaTamiiiHoro HaBaHTakeHHS (50%
BiJl M1 TEKYJOCTi) penakcaris csarae jgume 25%, o mif-
TBEPKYE HEOOXIHICTh BpaxyBaHHS IiCJII3BAPHOTO CTaHy
IIPY pO3paxyHKax Ha JIOBIOBIYHICTB.

3anpornoHoBaHO KpUTEpid onTumizauii micis3Bap-
HOTO CTaHy NOSICHUX 3’€JHaHb — KiHIIEBY TPAHUIIIO TEKY-
YOCTi JUISTHKM MaKCUMaJbHUX 3aJIMIIKOBUX HAIPYKEHb
micis Al MaKCHMAaJbHOTO EKCILIyaTaliiHOTO HaBaHTa-
JKEHHSI, 110 KOMIUIEKCHO BPaxOBY€E BIUIMB CTaHy 3BapHUX
3’€THaHb Ha 1X TPAHMII0 BUTPUBAJIOCTI.

Po3pobnieHo pekoMmeHzamii 1010 KOHCTPYKTHBHHUX
mapamMeTpiB KopoOYacTuxX 6aIOK MOCTOBUX KPaHiB Ta TEX-
HOJIOT'I1 IX BUTOTOBIICHHSI, IO TO3BOJISFOTH 10 1,23 pa3 mif-
BUILUTH I'PAHULIIO BUTPUBAJIOCTI MOSICHUX 3’ €THaHb. [Ipak-

THYHE 3aCTOCYBaHHS LIMX PEKOMEHALii 3abe3meuye pari-
OHaJi3alil0 MCII3BAPHOTO CTaHy MOSCHUX 3’€JHAHb 3a
OMOpOM 0araTOIMKIIOBI BTOMI Ta KpPUXKOMY pYHHY-
BAHHIO.

KomrutekcHuii XapakTep NpOBEJIEHUX JIOCHIPKEHb Ta
OTpPHMaHUX Pe3yJbTaTiB CTBOPIOE MIEPETyMOBH ISl 1TOJa-
JBLIOTO YAOCKOHAJICHHS METOJMK IPOEKTYBAaHHS Ta BUI'O-
TOBJICHHS KOPOOYAaCTUX KPAHOBHUX OAJIOK 3 ONTHMAaJIbHIM
PiBHEM 3aTMITKOBUX HANPYKESHb Ta ITiIBUIIICHOIO JIOBI'OBi-
JHICTIO.

Crnmcok Jgiteparypu

1. Fatigue strength of laser-welded thin-plate ship struc-
tures based on nominal and structural hot-spot stress ap-
proach / W. Fricke, H. Remes, O. Feltz and etc. // Ships
and Offshore Structures. — 2015. — Vol. 10 (1). — P. 39-44.
https://doi.org/10.1080/17445302.2013.850208.

2. Review on fracture and crack propagation in weld-
ments — A fracture mechanics perspective / U. Zerbst,
R.A. Ainsworth, H.T. Beier and others // Engineering Frac-
ture Mechanics. — 2014. — Vol. 132. - P. 200-276.
https://doi.org/10.1016/j.engfracmech.2014.05.012.

3. Barsoum Z. Fatigue of high strength steel joints
welded with low temperature transformation consumables
/ Z. Barsoum, M. Gustafsson // Engineering Failure Anal-
ysis. — 2009. — Vol. 16, Ne 7. — P. 2186-2194.
https://doi.org/10.1016/j.engfailanal.2009.02.013.

4. Zhu X.K. Effects of temperature-dependent material
properties on welding simulation / X.K. Zhu, Y.J. Chao //
Computers & Structures. — 2002. — Vol. 80 (11). — P. 967-
976. https://doi.org/10.1016/S0045-7949(02)00040-8.

5. Deng D. Numerical simulation of welding distortion in
large structures / D. Deng, H. Murakawa, W. Liang // Com-
puter Methods in Applied Mechanics and Engineering. —
2007. - Vol. 196 (45-48). - P. 4613-4627.
https://doi.org/10.1016/j.cma.2007.05.023.

6. Balasubramanian V. Effect of welding processes on
toe cracking behaviour of pressure vessel grade steel /
V. Balasubramanian, B. Guha // Engineering Failure Anal-
ysis. — 2004. - Vol. 11 (4). - P. 575-587.
https://doi.org/10.1016/j.engfailanal.2003.09.005.

7. The effect of heat input on residual stress distribution
of steel welds measured by neutron diffraction / A.M. Par-
adowska, J.W.H. Price, R. Ibrahim and others // Journal of
Achievements in Materials and Manufacturing Engineer-
ing. — 2006. — Vol. 17 (1-2). — P. 385-388.

8. Effect of welding sequence on residual stress and dis-
tortion in flat-bar stiffened plates / L. Gannon, Y. Liu,
N. Pegg and others // Marine Structures. — 2010. -
Vol. 23 (3). - P. 385-404.
https://doi.org/10.1016/j.marstruc.2010.05.002.

9. Pei G. Prediction system for overhead cranes based on
digital twin technology / G. Pei, W. Zongyan, Z. Yuting,
L. Menglong // Applied Sciences. — 2023. — Vol. 13. — P.
4696. https://doi.org/10.3390/app13084696.

10. Crpenb6inpkuii B. B. JlociikeHHS BILTUBY MEXaHi-
3My INEpecyBaHHS Ha PECypc METaIOKOHCTPYKLII MOCTO-

© Muxaitno Cumopenko, Bacuis JIstypunsckuii, Poman ®@posos, 2025

DOI 10.15588/1607-6885-2025-6


https://doi.org/10.1080/17445302.2013.850208
https://doi.org/10.1016/j.engfracmech.2014.05.012
https://doi.org/10.1016/j.engfailanal.2009.02.013
https://doi.org/10.1016/S0045-7949(02)00040-8
https://doi.org/10.1016/j.cma.2007.05.023
https://doi.org/10.1016/j.engfailanal.2003.09.005
https://doi.org/10.1016/j.marstruc.2010.05.002

p-ISSN 1607-6885 Hogi marepianu i TEXHOJOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2025/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/2

BHUX KpaHiB Mopcbkux noptis / B. B. Ctpenpbiubkuii // Bi-
CHUK XMeJIbHHUIILKOTO HalllOHAJIBHOTO YHiBepcuTeTy. Tex-
HiuHi Hayku. — 2022, - Ne3. - C. 249-253.
https://www.doi.org/10.31891/2307-5732-2022-309-3-
249-253.

11. Svirgun O. Stress-deformed state research of the
main girder in the single-girder crane and selection of a ra-
tional section / O. Svirgun, G. Gnatenko, V. Svirgu, V.
Svirgun // Ukrainian Journal of Applied Economics. —
2021. — P. 273-279. https://doi.org/10.36887/2415-8453-
2021-4-33.

12. Crpensbiupkuit B. B. Exkcnepumenranbae 10-
CIIIJDKEHHS BIUIMBY HalpalfOBaHHS Ha TPIIUHOCTIHKICTH
craneit moctoBux kpaHie / B. B. Ctpens6itpkuii // Bicauk
XMeNbHUIIBKOTO HalliOHaIBHOTO YHiBepcuTeTy. TexHiuHi

13. Duong T. Reasonable design method of box crane
girder by Taguchi method / T. Duong // Journal of Applied
Engineering Science. - 2024. - Vol. 22. -
P. 100-112. https://doi.org/10.5937/jaes0-45536.

14. Kiviluoto S. Modelling and control of vertical oscil-
lation in overhead cranes / S. Kiviluoto, L. Eriksson, H.
Koivo // Proceedings of the American Control Conference.
01-03 July 2015. - 2015. - P. 1290-1295.
https://doi.org/10.1109/ACC.2015.7170911.

15. Abid M. Design optimization of box type girder of an
overhead crane / M. Abid, H. Akmal, H. Wajid // Iranian
Journal of Science and Technology: Transactions of Me-
chanical Engineering. — 2015. — Vol. 39. - P. 101-112.

Ooeporcano 14.05.2025

Hayku. — 2020. — Ne 4. — C. 138-142.

OPTIMIZATION OF STRESS-STRAIN STATE IN CHORD JOINTS OF BOX
GIRDERS IN BRIDGE CRANES

Candidate of Technical Sciences, Associate Professor of the Department of Machine
Elements and Hoisting and Transport Mechanisms, National University Zaporizhzhia
Polytechnic, Zaporizhzhia, Ukraine, e-mail: sidorenko.mik@gmail.com, ORCID: 0000-
0002-9097-9739

Mykhailo Sydorenko

Candidate of Technical Sciences, Chief ingeneer, “Lifting machines plant” LLC, e-mail:

Vasyl Liaturynskyi
vasilyliat@gmail.com, ORCID: 0000-0002-7487-0696

Candidate of Technical Sciences, Senior Lecturer of the Department of Machine Ele-
ments and Hoisting and Transport Mechanisms, National University Zaporizhzhia
Polytechnic, Zaporizhzhia, Ukraine, ORCID: 0009-0001-8769-8848

Roman Frolov

Purpose. To enhance the fatigue limit and plasticity of chord joints in bridge crane box girders by optimizing their
post-welding stress-strain state through rational combination of structural and technological parameters.

Research methods. The mechanical method of determining actual stresses by drilling blind holes was used to ana-
lyze residual stresses in heat-affected zones of welded joints. The finite element numerical method was employed for
modeling the technological state of welded joints. Methods of mathematical experiment planning and statistical pro-
cessing of experimental data were utilized. Metallographic methods were applied to investigate the structure of the heat-
affected zone in welded joints.

Results A theoretical model of the post-welding stress-strain state of chord joints in box crane girders was devel-
oped, taking into account phase and structural transformations in heat-affected zones. Empirical dependencies on the
influence of technological manufacturing parameters and structural parameters of girders on the post-welding state of
their chord joints were established. Patterns of redistribution of residual stresses and plastic deformations during the
first loading cycles were determined. A criterion for optimizing the post-welding state was proposed — the final yield
strength of the area of maximum residual stresses after maximum operational loading. Scientifically-based structural and
technological recommendations were developed, allowing up to 1.23 times increase in the fatigue limit of chord joints in
box girders of bridge cranes.

Scientific novelty The study proposes a theoretical model of the post-welding stress-strain state of chord joints that
accounts for phase and structural transformations in heat-affected zones. Empirical dependencies and patterns of the
influence of manufacturing technology parameters and design on the post-welding state were established. Patterns of
redistribution of residual stresses and plastic deformations during the first loading cycles of cranes were determined.

Practical value. Structural and technological recommendations were developed to increase the fatigue limit of chord
joints in box girders. Characteristics of actual stress cycles were obtained, which take into account the level of residual
stresses and plastic deformations of the first operational cycles. Recommendations for determining stresses and modeling
the post-welding state of metal structures were developed.

Key words: box girder, bridge crane, welding, residual stresses, plastic deformations, heat-affected zone, fatigue
limit, post-welding state, crack resistance.
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VJIK 539.3
Hina AHTOHEHKO kaH. (i3.-MarT. HayK, JDOIEHT, AOUEHT Kadeapu MaTeMaTHKy HaiioHanbHOTO YHIBEpCH-
TETy «3amnopi3bka TOJTITEXHIKa, M. 3amopinoks, VkpaiHa,

e-mail: antonenkonina.ua@gmail.com, ORCID: 0000-0002-0427-6499
Ipuna TkadyeHkO KaHI. (i3.-MaT. HayK, JOIEHT, TOIEHT Kadeapu GpyHIaMeHTaIbHOI Ta PUKIAIHOT MaTe-

MaTUKH 3amopi3bKOro HaIliOHATLHOTO YHIBEPCUTETY, M. 3amopixoksd, YKpaiHa,
e-mail: tig.phd81@gmail.com, ORCID: 0000-0002-4232-2484

JIBOBUMIPHA 3AJIAYA TEPMOIPYXKHOCTI JIJIS1 BATATOILIAPOBOI
OCHOBU 3 I'VIAAKUM KOHTAKTOM MI'’K ITAPAMUA

Mema pooomu. Ompumamu opmynu 01 BUSHAUEHHA MEPMO-HANPYHCEHO-0epOPMOBAHO20 CIMAHY WAPY8aAmMoi

HAUMU 3 2NIAOKUM KOHMAKMOM MIJIC WAPAMU, WO JEHCUMb HA AOCOTIOMHO JHCOPCMKIU NIGNIOWUHI, Ma NPOLTIOCMPYSamu
BNIUB MENTOBUX HABAHIMAICEHb HA POZNOOLT HANPYICEHDb 8 iT MOUKAX.

Memoou docnidxcenns. [[is po3e si3anns 3a0a4i GUKOPUCIAHO IHmMezpanvHe nepemeopenns Qyp '€ ma memood ¢y-
HKYIU ROOAMAUBOCII.

Ompumani peyromamu. llpedcmaeneno ananimudnull po3e 130Kk 08608UMIPHOT 3a0a4i MePMONPYICHOCI Ol OK-
PemMo20 0OHOPIOHO20 Wapy, MediCI K020 GilbHI 8i0 OOMUYHUX HABAHMAICeHb. P036 5130k n06Y006aH0 3 6UKOPUCAHHAM
inmezpanvno2o  nepemeopenns Dyp’e, wo 00360AUNO  NOHUUMU NOPAOOK 3a0aui ma 6i0 pIiGHAHb 6
YACMUHHUX ROXIOHUX nepetimu 00 36U4atiHUX OupepenyianvHux pieHans. Komnonenmu mepmo-nanpysiceno-oedopmosa-
HO20 CIamy wapy npedcmasieno y ueiaoi KOMOIHAYiti OONOMINCHUX (QYHKYIN.: HOPMATLHUX HANPYICEHb, BEPMUKATLHUX
nepemiujerb, memnepamypu ma menyiogoco NOMoKy Ha eepxHiu medxci wapy. Ompumano pexypeHmHi cniggioHOwen s
MIdHC OONOMICHUMU PYHKYIAMU CYCIOHIX Wapie 6azamouiapogoi mepmMonpyscHol 0CHO8U, wo poserioacmvcs. Bemano-
611€HO, WO OONOMINCHI DYHKYIT OKpeMOo2o wapy Nnos a3aHi Midc coO0w MIHIIHUMU 3ANeHCHOCTIAMY, KOepiyieHmu AKUX
Hazugaromvca Qyuxyiamu nooamausocmi. Ha ocHosi nodyoosanux pexypeHmHux cniegioHouieHb Ompumano Qyuxyii no-
damausocmi 07151 6a2amouiapo8oi OCHO8U 3d YMOBU 21A0K020 KOHMAKMY Mixc wapamu. K npukiad npakmuyHozo 3d-
CMOCYBAHHSA 3ANPONOHOBAHO20 MmOy PO32IAHYMO 080ULAPOB)Y OCHOBY, WO CKIAOAEMbCA 3 OEMOHHO20 MA CMAIe8020
wapis, sIKi 1excams Ha aOCONOMHO HCOPCMKIU nienaowuni. /s yiei mooeni 6U3HAUeHO po3noOiIU HOPMATLHUX HANPY-
JHcenb Y 8EPXHLOMY WAPi, @ MAKOAC OOCTIOHNCEHO BNIUE MENTI0B020 HABANMANCEHHS HA IXHIO 3MIHY. AHANI3 pe3ynbmamie
HOKA3a8, WO 8PAXYBANHS MEPMONPYICHUX 61ACMUBOCTNEN MANEPIANIE MAE CYMMEBUL 6NIUE HA (DOPMYBAHHS HANPYICEHD
¥y wapax ochosu. Ompumani pe3yismamu MOXCYmsb Oymu 6UKOPUCMAHT NPU NPOEKMYBAHHI 6A2amMouaposux KOHCMpyK-
yitl, 30Kkpema 0CHO8 MPAHCHOPMHUX CROPYO ma 6y0igenb, AKi 3a3HAI0Mb Oii 3MIHHUX MeMNnepamypHux nois.

Haykoea nosuszna. Memoo ¢ynxyiii no0amaugocmi nowupero Ha 0808UMIPHY 3a0a1y MePMONPYICHOCMI 01 wa-
Py8amoi 0CHo8U 3 2NA0KUM KOHMAKIMOM MIdC WAPAMU.

Ilpakmuuna yinnicms. Ompumani Gopmyau ModACymsb OYmu 3acCmocosani 08 po3paxyHKy Ha MiyHicms yynoame-
HMi8 cnopyo, niodnoe 3a600CLKUX YeXi8, aepoOPOMHUX MA OOPOINCHIX NOKPUMMIB, SKI eKCHIYAmMYI0mbCsl Ni0 GNAUBOM BU-
coxkux memnepamyp. Pesynomamu modxcyms Oymu 8UKOPUCMAHUMU MAKONXC 8 AKOCI MeCmosux npu po3e sA3auHi noc-
maeieHoi 3a0aui IHWUMU MemoOamil.

Knrouoei cnosa: bacamowaposa ocHosa, memnepamypa, HANPYJceHHs, inmezpaivhe nepemeoperisi Qyp’e, hynk-
yii nooamaugocmi.

Beryn Ta anani3 gocaimkens i myosaikamii ®yp’e-beccens ta Gynkuii I'pina aBropu [1] mocmimxy-
BaJIM TEPMONPYXKHUI CTaH MIAPYBaTUX CUMETPUYHUX TiJL.
B po6orax Ilpomtoka b. B. 3 BukopucTaHHSM (QyHKIIN
I'pina 3HaiiIeHo PO3B’SI3KM TPUBUMIPHUX CTATUYHKX | KBa-
31CTaTUYHUX 3a7a4 TEPMONPY>KHOCTI JUIS MIapyBaTHX MPO-
CTOpY, HiBOpOCTOpY Ta mapy [2], po3B’s3aHO CTaTHYHI
TePMOTIPY>KHI 3a7adi 11 OaraTomapoBUX Tijd KaHOHIYHOT
¢dopmu [3]. 1y BU3HAUSHHS CTATHYHOTO TEPMOTIPY>KHOTO
CTaHy IUIOCKHX 0araTomapoBHX TEPMOUYTIMBHX CTPYyK-
Typ, 30KpeMa IapyBaTHX IUIUT, aBTopaMu [4] po3pobieHo
AHATIITUKO-YUCIIOBUI METOJ, 10 0a3yeThCsl Ha 3aCTOCY-
BaHHI y3arajJbHeHHX (DYHKLIH, anpoKCUMAIll 3aJe)KHOC-
Teil (hi3MKO-MEXaHIYHUX XapaKTePUCTHK BiJl TEMIIEPATypH

JocmimkeHHsT  TepMO-HaNpyKeHO-1e(hOpMOBAHOTO
CTaHy 0OararomapoBHX OCHOB Ta IUTUT Ma€ BEIUKE 3Ha-
YEeHHS JUIA CY4acHOro OYJiBHHIITBA, MAIIUHOOYAYyBaHHS,
aBiaIliitHoi Ta KOCMiYHOT TeXHiKH. Lle moB’A3aHO 3 THUM, 110
TaKi KOHCTPYKIIi1 ITPOKO 3aCTOCOBYIOTHCS Y BHCOKOHABA-
HTa)KEHHUX CHCTEMAX, Jie¢ HEOOXIIHO 3a0€31E€YUTH ONTHMA-
JIbHE TTOE€THAHHS MIITHOCTI Ta TEPMOCTIUKOCTI. AHaITi3 Ha-
Mpy’XeHO-Ie(OPMOBAHOTO CTaHy [O3BOJSIE BpaxyBaTH
0COOJIMBOCTI B3a€MOIIi MIapiB 1 CIPOTHO3YBATH iXHIO TO-
BEJIHKY B CKCIUTyaTaIlifHAX YMOBaX.

Pi3Hi migxoau 10 po3B’s3aHHS 33a7a4 TEPMOIPYKHO-
CTi ISl IAPyBATUX TUT PO3MIIAIAIUCS Y YUCICHHUX TIpa-
IAX. 3 BHUKOPUCTAHHSAM IHTETPaJIbHOTO IEPETBOPCHHS
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KyCKOBO-CTJINMH (DYHKIIISIMU Ta BBEACHHI y PO3IJIsL] aHa-
noriB ¢yHnkuii Kipxroda. ACUMITOTHYHHMH METOJaMHU
PO3B’SI3KH 33/1a4 TEPMOIIPY>KHOCTI JUIs IapYyBaTUX KOMIIO-
3HTIB OTPUMAHO B [5, 6]. ABTOpamu [7] 3 BUKOPUCTAHHIM
neperBopenHsi  Jlamnmaca  OoTpUMaHO — aHANITUYHHNA
PO3B’SI30K 3aj1a4i TEPMOIPYKHOCTI JUIsl TPaHCBEPCAIbHO-
130TPOITHOTO MIAPYBATOTO MiBIIPOCTOPY. METOIOM CKiHYe-
HUX €JIEMEHTIB 3a/1a4i TePMOMPY>KHOCTI IS TiJ, IO Ma-
I0Th [IAPYBaTy CTPYKTYpY, po3B’s3yBamuch y [8-11]. ¥V
npamsx [12, 13] 3anpormoHOBaHO Pi3HI TEPMOTPYKHI MO-
JlelTi BpaXyBaHHS HEiEIbHOTO KOHTAKTY IIapiB. AHATITH-
YHUI pO3B’SA30K 33141 TPO TEPMO-HANPYKEHHI CTaH KOM-
MO3UTHUX IUIACTHH 13 1/IeaJIbHUM Ta TJIAJKUM MEXaHiu-
HUMHU KOHTaKTaMH MIX ILIapaMu rnpejcrasiieHo B [14] Ha
OCHOBI TPUBHUMIPHOI T€OPiT IIPY>KHOCTI.

OnHuM 13 eeKTHBHUX METOJIB PO3B’sA3aHHS 3a/1a4
Teopii MPY>KHOCTI Ta TEPMOIIPYKHOCTI € MeToJ (PpyHKIIN
MOJIATITUBOCTI, 3anpornoHoBanmid [IpuBapaukoBuM A K. Y
crartsx [15, 16] muM MeTo0M pO3B’s3aHO 3a/1adi TePMO-
NIPY>KHOCTI /151 6araTonrapoBoi OCHOBH 3 1/IeaJIbHUM Ta He-
ieaTbHIMH TETJIOBUMH KOHTaKTaMH MiX [IapaMH 3a ITOB-
HOTO MEXaHIYHOI'0 KOHTAKTy MiX miapamu. MetoJ ¢yHK-
i MOAAaTIMBOCTI MOIIMPIOEThCA HA 3a/ady NpPO BU3HA-
YeHHSI TePMO-HANPYKeHO-1e(OopMOBaHOTO CTaHy OaraTo-
IIApOBOT OCHOBHM 3 TJIAJAKUM KOHTaKTOM MiX Imapamu. Pa-
Hillle, 3 BUKOPUCTAHHSM Iii€i MeToaukH, [IpuBapHHKOBUM
A.K. oTpuMaHO po3B’sI30K OCECUMETPHIHOT 3a1a4i Jy1st Oara-
TOIIAPOBOI OCHOBH 3 TJIAJIKUM KOHTAaKTOM MiX IIapamu 0e3
BpaxyBaHHs BIUTUBY TeMIIEpaTypHHX TIOJIiB.

ITocTanoBka 3agaui

PosrisHemMo maker, o CKJIaJAeThest 3 N OAHOPIn-
HHUX, HEBarOMHUX Ta i30TPOIHUX LIAPIB, IIO0 JISKUTH Ha ab-
COJIFOTHO XOPCTKi# miBrutonyHi. KokeH map xapakrepu-
3y€Thest TOBIUHOKW N, koedinientamu Jlame A Ta W, KO-

edinienrom temtonposigrocti Ky ta npuseneHnm xoedi-

IiEHTOM TEILUIOBOTO PO3IINpPEHHS

o =y (3 +2u)/(A+2u), ne a7 — koedinient Tero-
BOTO PO3IIMPEHHS MaTepiaxy. Ha moBepxHi 0CHOBH Bimomi
HaTpy>KeHHsI Ta TemmepaTypa. Ha HIDKHIN Mexi makery
MATPIMYETHCS HyJIbOBa Temrieparypa. Ha ctukax mapis
BUKOHYIOTHCSI YMOBH TJiajikoro koHtakty. lllapu He Binc-
TalOTh OJIUH BiJl 0JjHOTO. TeMmneparypa Ha CIIIJIBHUX MEXax
mapiB 3MiHIOETbCsl HenepepBHO. OCHOBa 3HaXOJUTHCS B
yMoBax Iutockoi nedopmanii. HeoOxisHO BU3HAYUTH KOM-
MIOHEHTH TEePMO-HAIPYKEHO-Ae()OPMOBAHOTO CTaHy ISl
yCiX TOYOK OCHOBH.

Hywmepamiro mapiB 0yaeMo IpOBOJUTH 3BEPXY BHH3,
NOYMHAIOYM 3 oAuHMLi. [liBmjommHa MaTHME HOMeEp
N+1. Yci BennunHy, AKi BIAHOCATHCS IO LIapy 3 HOMe-
poM |, OyJeMO Mo3HAYaTH BiNOBIAHUM iHAEKCOM. Y KO-

JKHOMY IIapi BBEIEMO JIOKAIBHY JIEKAPTOBY CHCTEMY KO-
opmunar O i Xz j TaK, sK MOKa3aHo Ha puc. 1.
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O X

%\\\\ \\\BEX
LI ITITTS

ol A
uimuw

Pucynok 1. bararomapoBa ocHoBa

Gz, ©

3amava 3BOJUTHCS 10 PO3B’I3aHHS TAKO1 CHCTEMH 1~
(bepeHLIHNX PIBHSIHB AJISI KOXKHOTO 3 [IapiB:

o%u o*w - ol oT
—2+OJ +m—2:aT—,
OX oXoz 0z OX
ow, ou ~ow_ T O
az2 oxoz oxt ot
0T o0°T
o Y &

ne u(x, Z), W(X, Z) — (yHKIIi, 0 OMUCYIOTh TOPU30HTA-
JbHI Ta BEPTUKAJIBHI MEPEMIIEHHs] TOYOK IIapy Bifro-

BigHO, T (X, Z) — TeMIIepaTypa, = % ,0=1-0.
YMOBH Ha CITITBHUX MEXaX IIapiB:
Wi (x,0)=w;(x.h;). ®)
sz+1(x’0):sz(X’hj)’ (4)

szj+1(x’0)=szj(X'hj):0' (%)
Ta(x,0)=T,(x.h;),
oT., oT;
Ky H&—‘Zl(x,o)z - a—z'(x, h;).
YMOBM Ha MeXi N -To mapy Ta abCOJIFOTHO KOPCTKOT MiB-
IUIOIINHH:

Wn+1(x’0) =0, Tn+l(x’0) =0. (6)

YMOBH Ha BEpXHill MEXi OCHOBH:
Gzl(X,O) = G(X) ' ‘Ele(X,O) =0 ! (7)
T,(x0)=f(x). ®)

3akoH [Jroamens-Helimana, sikuif moB’si3ye Mixk co-
0010 HampyKeHHs, aedopMarllii Ta TeMIeparypy, y BUIa-
JIKY TJIOCKOT iepopMaltii Mae BUTIIS:

Ox = (7“ + 2“’)8X +Mg, _(37“ + 2M)aT T, Ty =H ¥y
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o, =(A+2u)e, +1e, — (BN +2u)a, T .
Mertoa po3B’a3aHHS

3aga4ya po3B’sI3yETHCS 32 JIOTIOMOTOIO TIEPETBOPEHHS
®Dyp’e 3a 3MIHHOIO X !

7(e)- [vixex.

—o0

0= [TleR"de.

Crodatky oTpuMaeMo (GopMyH, sIKi TO3BOJSIFOTh 3a
BiJOMHM 3aKOHOM PO3IIOJiTY HOPMAJIFHIX HANPy>KE€Hb Ta
TEMIIEPATYPOIO TOUOK BEPXHbOT MEXKI Il1apy BU3HAYUTHU Ha-
MpY’KEHHS Ta MEPeMIlIeHHs B OyIb-AKid TO4Ili Imapy 3a
YMOB, 1[0 JOTUYHI HAMIPY)KEHHS Ha MEXKax Iapy JOPiBHIO-
I0Th HYJIIO.

TpanchopmaHTy  TemmepaTypd B
TOYII MIapy MOYKHA 3HalTH 3a popmyroro [15]:

©)

(10)

OyIb-sKiii

T(g,2)=nchpz +eshpz,

e p=&], n= n(é), €= 8(5;) — nonoMibkHi (yHKIii
mapy, sKi 3a7af0ThCSl TAKAMH PiBHOCTSIMHU
— dT

n(E)=T(€0). pe(e)="-(0). @y

3actocyBaBuin 10 cucremu (1) meperBopenns (9),
OTPUMAEMO CUCTEMY 3BMYANHUX udepeHIiaIbHuX piB-
HSHB, SIKY I10JIaMO Y BHIJISIIL:

o ~d?U dw

PU -0 g P =P T,
1w

a dw - 4T

P T L™

ne U(g,2)=—igt(g z), W(g, z)= pW(E, 2).

3aranpHUIA po3B’A30K cucTemu (12) Mae BUTIIA;

U(& z)=(A + Az)ch pz + (A, + A,z)sh pz +

+2 [~ npzsh pz +ea(sh pz - pzeh pz)],  (13)
()]

W(gz)= [(Z_T(DAZ— PA - pzA4]ch pz+

4jsh pz}r

+21 [n(pzchpz —shpz)+ e pzshpz] .
()]

onan?

(14)
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Kopuctyrounce 3akon [roamens-Heiimana ta ¢op-

. ou ow ou ow
mynamu Komi g, =—, g, =—, y,=—+—,
OX 0z 0z oOx
MPECTaBUMO HANPYyKeHHs yepe3 (QyHKIIT mepeMimieHs U

, W i pynkuiro Temneparypu T :

ow ou  o.p
= (v 2n) -
Oy A+ (h+2u) -

o, =2 M 4 (14 20) W "‘T“T
OX 0z

VY npocropi TpaH(hpOPMaHT HaNpy>KeHHS MalOTh BU-
LIS

_ 1 AdW  arp
3 ::U - T T =
5,(62) =0+ 11 aW _arpp

op dz @

£ ey [L0Y
_Frxz(éiz)_“{pdz Wj

PosrisinemMo kpaiioBy 3aauy Juist OKpEMOTO 11apy, Ha
BEPXHiH Ta HIKHIH MeKax SKOTo BIJICYTHI JOTUYHI HANpy-
xenHs. Kpaiiosi ymoBu:

o, (x,0)=0(x), w(x,0)=w(x),

1,(x0)=0, 1,(x,h)=0,

ne QyHKIT G(X) Ta W(X) BBa)Ka€MO BIIIOMHUMHU.

(15)

3acTocyemo /10 kKpaiioBHX yMOB (15) iHTerpasibHe mne-
perBopenHs @yp’e (9), orpumaemo:

5,(6.0)=5(¢), W(&,0)=w(¢),

Ty (ED’O) =0, Ty ((‘.",, h) =0 (16)

Beenemo nomomixHi QyHKIIT O = (x(é’;) Ta = B(E;)

a=5(8), B=2u0pw(g). (17)
YmoBu (16) HaOyBalOTh BUTIISY:
5,(60)=a, 2uoW(50)=B,
_%TXZ(EJ’O)Z 0, - I&J xz(& h) 0. (18)

IlimcTaBuBIIHN B JIiBi YacTHHY piBHOCTEH (18) BUpazu
TUTSt Ez(ﬁ,z), W(&,Z), fxz(i,z) npu Z=0 Ta fxz(i,z)
npu Z =h, orpumaeMo cucreMy, 3 AKOi 3HalieMo npen-
craaenns A, A,, Ay, A, uepes a, B, n, €. Iliacra-
BHBIIM Bupasu mis1 A, A,, A;, A, y Bupasu mis TpaH-
(hopMaHT IepeMillieHb Ta HAIIPYKEHb, OTPUMAEMO:
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2uoF -U (&, Z)= [(_ opC+ (T)S)Ch pz + ®pzSsh pZ]OL + 3acrocysasuu ¢opmyinu (17) 10 MiBHX Y4aCTHH OCTAHHIX

+[(wppzC +(w pz—-p)S)ch pz+

+(@pC +(®@-wppz))sh pz]p +

+a; (S +PpC)ch pzn+

+ o p[(-0ppzC+(p-wpz)S)ch pz +
+o(PC+(1+ppz)S)sh pzle,  (19)

2u0F W(Ez)=[-opzSchpz+(S+wopC)sh pzlo+
+[(S+PC+wp pzS)chpz +
+(~®ppzC —(wpz+®p)S)sh pz]p+
+aru(PC+S)sh pzn+
+oru[-o P pzSchpz +
+(wp pzC +(w pz+®p)S)sh pz]e, (20)

F.7,(cz)=[(pC +S)ch pz - pzSsh pz]a +
+[(~ ppzC - pzS)ch pz+
+(pC+(@+ppz)S)sh pz]p +
+arpu[(p pzC + pzS)ch pz -
—(@+ ppz)s + pC)sh pzle,

F .L_i_sfxz(g, z)): [pzSch pz—pCsh pz]a+

+[(B pzC +(pz - p)S)sh pz -
—ppzSchpz|p+o; u[ppzSchpz+
+(-ppzC+(p-pz)S)sh pz]e, (22)

(21)

OTxe, 3HAI04M JONOMDXKHI QyHKILIT 1apy, MOXKHA BH-
3HAYUTH KOMIIOHEHTH TePMO-HaIPYXeHO-1e(hOPMOBAHOTO
CTaHy wLiapy.

[ToOymyeMo peKypeHTHi CIiBBiAHOMIECHHS MiX JIOTIO-
MDKHAMH (YHKIOIIMU CycimHix mapis. ¥Y [15] noBeneHo,
110

N =(C;—1S ;. (23)
r.C.+AS.
jzu, rnzcthpn’ (25)
—ph., S. =shp:,C. =ch A—k”
Ae Pj = PNy, o5 =8Py, Ly =chp;, T
j+

3actocyeMo 710 yMOB (3) Ta (4) iHTeTpaibHE TIePETBO-
perns @yp’e (9), Toai B mpocTtopi Tpanc-hopmant Dyp’e
BOHH NMPUAMAIOTh BHUTIISIL
62 j+1(E_nO): 8z j (&! hj )v
2“j+10*)j+1wj+1(‘:10) =21,05,,W, (E,., h; )
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criBBigHOIIEHD, a popMymu (20) Ta (21) mpu z = h j Ao ix

MIpaBUX YaCTHH, OTPUMAEMO PEKYPEHTHI CITiBBiTHOIIECHHS
MIDXK JTOTIOMIKHUMHU (QYHKITISIMA CYCITHIX IIapiB:
2F, ., = (2p, +sh2p; o, + ch2p, ~1-2p2)p, -
—og 1 T (2pf—ch2pj+l)nj, (26)
2F; B, =d; ((ch2pj —1)0LJ- +(sh2pj +2pj)Bi +
+orym(pyshap; +(L-pyrJlen2p; ~1);). @)

_ uj+lmj+l
j=——=
Mo

Hokaxemo mo QyHkui o, BJ— Ta 1 € 3aIeK-

ze d  Fj=S;+p,Cy.

HumH. OCKUIBKH map 3 HomepoM N+1 € abComoTHO KO-
perkoro miBmiomuHoo, To f3,,, =0 . 3 piBHocti (27) npu
J =N otpumaemo:
(Ch 2 Pn _1)(1n + (Sh 2 Pn + 2 pn)Bn +
+ (X'Trl Hn(pn Sh an + (1_ pnrn )(Cthn _1))nn = 0’

B, Z_M%_
sh2p, +2p,

_ arp o(PaSh2p, +(-pyry)(ch 2p, ~1)
sh2p, +2p,

Ny (28)

IMoknasum y popmynax (23), (26) Ta (27) j=n-1, orpu-
MaeMO MPEACTAaBICHHS AL O, , B, Ta M, 4epe3 O, 4,
anl Ta M,_;. IliacTaBuBun oTpuMaHi BUpasu B (28), Mo-
KHAa BUpasHTH [3,_; Yepe3 O, ; Ta M,_;. BUKopHCTOBY-
toun popmynn (23), (26), (27) npu j =N—2 Ta npexcra-
BICHHS 3, ; 4epe3 O, ; Ta T,_;, MOXKHA [IOKAa3aTH, 11O
B,_, € nminiliHoro koMOiHaliel0 O, , Ta M,_,. Jdioun
AHAJIOTTYHO, MOXKHA TIPECTABUTH [3 j Y BUIIIS JTHIAHOT
KoMOiHaLii O Ta M. OTKe, A Wapy 3 HOMEPOM ] ma-
I0Th MICII€ CIIiBBiJJHOIIICHHS:

Bj=—Ajo;—Bjn;.

j (29)

Oynxuii AJ— ta B j HA3MBaTUMEMO (QYHKUIAMH 110~

JIATIIMBOCTI TEPMOTIPY>KHOI OCHOBH 3 TJIAIKUM KOHTaKTOM
MiXK 1rapamu. [ToknaBmm B OCTaHHBOMY CITiBBiTHOIIEHHI
] =N Ta nopiBHABIIN 3 piBHICTIO (28), OTpUMaEMO:

_ ¢ch2p,-1
A ~sh2p,+2p,
_ oo (Py sh2p, + (1 pory )(ch 2p, -1))
sh2p,+2p,

B

. (30)

n
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Iobymyemo dpopmynu as oouucieHHs GpyHKIi mo-
JAaTIUBOCTI IIapiB, IO JEXKaTh BUIIE N-ro. 3amumemMo
criBeigHonenns (29) as mapy 3 Homepom j +1:

Bj+1 = _Aj+1aj+l - Bj+1nj+1'

3actocoByroun Gopmynu (23) ta (26) mo monepen-
HBOT PiBHOCTi, MATUMEMO:

A'+
Bia=——1t(2p; +sh2p; -

%

~(ch2p, -1-2p?)A Jor, +
A

{Zgj (ch2p,-1-2p2)B, +

+ o Hy T (ijz —ch2p, +1))-

~B.(C; 1S n;- (31)

3 iHmoro 60Ky, BUKoprcTOBY0UH Gopmyin (27) ta (29),
0JEPKUMO:

Bia =d; ((cthj —1-A (Sh 2p; + ij»aj +

d
J
+ —(sh2pj+2pj)Bj+ochpj(pjsh2pj+
+

- p;r;)ch2p; -1)n;). (32)

pupiBHsiBIIM KOCDIMIEHTH IPH OL; Ta T B PIBHOCTAX
(31) ta (32) Ta Bupasusu A; uepes A;,;, a B; uepes

B

j+1> OTPUMAEMO:

__djleh2p; ~1)+(sh2p; +2p;)A;,
! dj(sthj +2pj)+(ch2pj —1—2pf)A

, (33)

j+1

B - 9TiH d;(p;sh2p; +(t-p;r;)lch2p; -1))
' djlsh2p;+2p;)+[ch2p; ~1-2p])A
Orj kL Aj+1rj (ZD?—Cthj +1)
d;(sh2p; +2p;)+(ch2p; -1-2p?)A
2F;B,.1(C; -1;S))
+
d; (sh2p; +2p; )+ (ch2p; ~1-2p} JA

j+1

j+1

. (34)
j+1

3a3HaunMMoO, OI0 TPH BIACYTHOCTI TEIJIOBHUX IIOJIB
oTpuMaHi (HOPMYJIH 3 TOYHICTIO IO NMO3HAYCHb CIIiBIaJa-
10Th 3 (opMmynamMu MeToxy (QyHKLIH MOAATIMBOCTI JUIst
MPYKHUX 0araToIIapOBUX OCHOB, IO 3HAXOJSTHCS JIMIIEC
i 1i€10 MEXAHIYHUX HaBAHTAXKEHb.
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Pe3yabsTaTn gociaigKeHs

YucenbHi pe3yJbTaTH MPOBEACHO IS ABOLIAPOBOT
Ty, | X[£1m,

ocHoBu. Kpaiioi  ymoBu: Tl(X,O):{O x[>1
C I x>1m,

To =470K, 6,4(x0)=0, 1,,4(x,0)=0, T,(x,h,)=0,
szz(x’ h2)= 0. Ha puc. 2 ta puc. 3 306paxeHo rpadiku
posnofinis HOPMaJIbHUX HaITpyXeHb
6u(%2)=0,(x2)/mor Ty mpn z=h /2 1a z=h

JUIsl IBOILIAPOBUX OCHOB, IIApH SIKMX BHUTOTOBJIEHI 31 cTaui
Ta OeToHy, npu (ikcoBaHill TOBLIMHI CTaJIEBOTO LIapy

0,2 m. E, =30-10° Ma,
v;=0,2, k;; =12 Br/mwK, dpy =12-107° K7 xapak-
E,=200-10° Tla, v, =0,3,
kr, =50 Br/mK, d; =13-107° KL, Ha puc. 4 306pa-

XKeHO TpadikM pO3MOALTIB HOPMAJIBHUX HANPYKEHb
C, (X, hl/Z) Ta czl(x, h1) B TOYKAX JBOILAPOBOI OCHOBH,

XapaKkTepuCTHKH  OETOHY:

TEPUCTHKU  CTalli:

sKa CKIAJA€ThCs 3 JIBOX LUAPiB OETOHY TOBLIMHOK IO
0,5 M. A Ha puc. 5 306paxero posnomimi G,y (X, h, /4) ta

G (X, hy /2) s Gerornoro mapy ToBmEEH 1 M, 1m0 Je-

KHUTD Ha a0COTIOTHO
JKOPCTKIH MiBIUTOTIHHI, 3a KpaloBUX YMOB
To, [ X|€1Mm,
T,(x,0)= T,=470K, o0,(x,0)=0,
ko) | E Ax0)

szl(xvo) =0, Tl(x' h1)= 0, szl(xv h1)= 0.

0.05

x

I\
N
&

-0.05

-0.10

Pucynok 2. Po3nozinyn HopMaJlbHAX HAIPYKEHb B IBOIIAPOBIii
OCHOBi GETOH-CTab!

1- 6z1(xa|"1/2), hy=1wm h, =02 um;
2- 621()(’ hl)’ hy=1wm h,=02wm;
3-G,(x,h/2), h,=05m h, =02 w;
4-G,(x, ), b =05 m h,=0,2 m

63
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0.15
Oa

0.10

0.05

-0.05

-0.10

-0.15

Pucynox 3. Po3noziny HopMaJIbHUX HAIPY)KEHb B IBOIIAPOBIi
OCHOBI cTab-0eTOH:

1-5,(x,h/2), b =02 m h, =1 w;
2-G,(6h) b =02 h, =1
3-G,(x.h/2), h =02 m h, =05
4-G,(xh) h=02wmh,=05wu

0.02
SF

0.01

/
-0.01 A\

-0.02

Pucynox 4. Po3znozinn HopMaJIbHAX HAalpyKeHb B JIBOIIAPOBIit
OCHOBI O€TOH-OETOH:

1-G,(x,h/2), h, =05 m, h, =05 u;
2-G,(x,h), h,=05wm h,=0,5

\

\
o\
O.OINK\

\

o k //74 X
-0.02 \ /
.

Pucynox 5. Poznozinyn HOpMaJIbHAX HalPYKEHb B TOUKAX OJ-
HOILIAPOBOI OCHOBH:

1-G,(x,h/4), h=1m2-5,(x,h/2), h=1u
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-0.03

Oo6roBopeHHst

Jn1st po3rIIsTHYTHX THITIB OCHOB CIIOCTEPIra€Thes 3po-
CTaHHs HOPMAJIBHUX HaIpy>KeHb 3 pocToM Z . [ljist komrio-
3UTy OETOH-CTaJIb 3MEHILIEHHS TOBLIMHKU BEPXHBOTO LIaPY
NPU3BOJUTH JI0 3MEHIICHHS HOPMAJILHUX HaIPy>KEeHb B TO-
YKax, 110 3HAXOJAThCS I1iJ] 00J1aCTIO Mii TEMI0BOro HaBaH-
Ta)KCHHS, TIPH BiIJaICHHI BiJl IIX TOYOK CIIOCTEPIraeThCs
3BOPOTHS KapTWHA. AHANI3YIOUH PHC. 3, TPUXOINMO [0
BHCHOBKY, III0 3MiHa TOBIIMHH HIDKHBOTO MIApPY, IO BUTO-
TOBJICHHUH 3 OETOHY, Maif)ke He BIUIMBAE Ha PO3IIOALT Ha-
IPY’KEHb B TOYKaX BEPXHBOTO mmapy. [TopiBHAHHS po3mo-
JIJTiB HOPMAJIBHUX HaIpy>KeHb, 10 300paxkeH] Ha puc. 4 Ta
puc. 5, 103BoJIsIE 3pOOUTH TaKUil BUCHOBOK: 3aMiHa JIBO-
[IAPOBOT OCHOBH, IIIAPH SIKOT BUTOTOBJICHI 3 O/THAKOBHX Ma-
TepianiB (0€TOH), 3 TIaAKKMM KOHTAKTOM MiX IIapaMH Ha
OJTHOILIAPOBY OCHOBY, BUTOTOBJIEHY 3 TAKOI'0 % Marepiaiy,
CYTTEBO BIUIMBAE Ha PO3MOJUIN HOPMAIbHUX HAIPY>KEHb,
30KpeMa Taka 3aMiHa MPU3BOJUTH O 3HAYHOTO 301Jb-
IIEHHS HOPMAJIbHUX HalpPYyXEHb.

I3 amamizy oTpUMaHWX PO3MOALUIIB BHIHO, IO TpPHU
BiJIaJICHHI BiJl 30HU Jii TEIUTOBOTO HABaHTa)KEHHS HATIPY-
JKEHHS IParHyTh A0 HyJs, IO y3TO/DKYETHCS 3 (Hi3UUHIM
CCHCOM.

BucnoBkn

3arpornoHOBaHO AHANITUYHUN MiJXiJ pPO3B’s3aHHS
JIBOBHMIPHOI 3371241 TEPMOTIPY>KHOCTI JJIs1 OAHOPITHOT Oa-
raToNIapoBOi OCHOBH 3 IJIAJIKUM KOHTAKTOM MIX IIapaMH.
AHaNITHYHAN PO3B’A30K 3a7a4i OTPUMAHO Y BUIJIAI 1HTE-
rpaiiB Oyp’e.

Tepmo-HanpyxeHo-eopMOBaHUI CTaH IIapy II0-
JIaHO Yepe3 CUCTeMY JOMOMIKHUX (DyHKIIiH, 1m0 3a6e3me-
4yye epeKTHBHY MaTeMaTHYHY MOJIeITb JJIsl HOAANIBILINX J10-
cimikens. [ToOynoBaHO peKypeHTHI CITiBBiTHOIIEHHS MiX
3a3HaYCHUMH JOMOMDKHUMH (YHKIISIMHU CYCITHIX IIapis,
10 JIaJI0 3MOTY y3arajlbHUTH aJITOPUTM Ha icTOTHO Oara-
TOIIAPOBi OCHOBH. BcTaHOBNEHO, 110 MOTIOMIXHI (DyHKITIT
OJIHOTO MIApy HE € HEe3aJCKHUMHU, a TIOB’sI3aHi JIiHIAHUMH
3aJIEKHOCTSIMH, KOe(ilieHTH sIKMX — QyHKUIi mogaTianBo-
cti. OTpUMaHO PEKYpEHTHI CHiBBIJHOIICHHS MDK LUMHU
(GYHKIISIMU Y BUIIAJIKY TJIaJIKOTO KOHTAKTY MIX IapaMH.

PobGora Meromy mnposeMOHCTpOBaHA Ha NPUKIAAIL
JIBOIIAPOBOi KOHCTPYKIIT 31 CTaJeBUM Ta OSTOHHUM Ia-
pamm, sKa JEeKUTH Ha aOCOIIOTHO JKOPCTKIiH MiBILUTOIIUHI.
BuzHaueHO po3MOAiNM HOPMAJIbHUX HANPYXKEHb y BEPX-
HbOMY IIIapi Ta OI[IHEHO BILIMB TEIIIOBOTO HABAaHTA)KCHHS.
YuncenpHi MPUKIAIH MATBEPIIIIH, IO BPaXyBaHHS TEPMO-
NPYKHUX BJIACTUBOCTEH MarepialliB CyTTEBO BIUIMBA€E Ha
Xapakrep pOpMyBaHHS HAIIPYKEHb Yy IIapax KOHCTPYKIII.
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TWO-DIMENSIONAL THERMOELASTIC PROBLEM
FOR A MULTILAYERED FOUNDATION WITH SMOOTH CONTACT
BETWEEN LAYERS
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Purpose. To obtain analytical expressions describing the thermo-stress-strain state of a layered plate with smooth
interlayer contact, resting on a perfectly rigid half-plane, and to illustrate the influence of thermal loads on the stress

distribution at its points.

Research methods. The Fourier integral transform and the compliance function method are used to solve the problem.

Results. An analytical solution is presented for the two-dimensional thermoelastic problem of a single homogeneous
layer with boundaries free of shear stresses. The solution is constructed using the Fourier integral transform, which
reduces the order of the problem and converts the governing partial differential equations into ordinary differential
equations. The components of the thermo-stress-strain state of the layer are represented as combinations of auxiliary
functions: normal stresses, vertical displacements, temperature, and heat flux at the upper boundary of the layer. Recur-
rent relations are obtained between the auxiliary functions of adjacent layers in a multilayered thermoelastic foundation.
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It is shown that the auxiliary functions of an individual layer are related to each other by linear dependencies, the coef-
ficients of which are referred to as compliance functions. Based on the derived recurrence relations, compliance functions
are obtained for the multilayered foundation under the assumption of smooth contact between the layers. As an example
of practical application of the proposed method, a two-layer foundation consisting of concrete and steel layers resting on
a perfectly rigid half-plane is considered. For this model, the distributions of normal stresses in the upper layer are
determined, and the influence of thermal loading on their variation is analyzed. The results demonstrate that accounting
for the thermoelastic properties of materials significantly affects the stress formation within the layers of the foundation.
The obtained findings may be used in the design of multilayer structures, particularly the foundations of transport infra-
structure and buildings subjected to variable thermal fields.

Scientific novelty. The compliance function method is extended to the two-dimensional thermoelastic problem of a

layered foundation with smooth contact between layers.

Practical value. The derived formulas can be used for the strength analysis of building foundations, industrial floor
slabs, as well as airfield and pavement structures subjected to high-temperature conditions. The results may also serve
as benchmark solutions for validating the proposed problem when solved using alternative methods.

Key words: multilayer foundation, temperature, stress, Fourier integral transform, compliance functions.

References

1. Blazhevs'kyj, S. G., & Lenjuk, M. P. (2000).
Termopruzhnyj stan bagatosharovyh symetrychnyh til.
Kyiv: In-t matematyky NAN Ukrai'ny.

2. Procjuk, B. V. (2003). Tryvymirni statychni ta
kvazistatychni zadachi termopruzhnosti dlja sharuvatyh til
z ploskoparalel'nymy granycjamy. Matematychni metody
ta fizyko-mehanichni polja, 46(2), 96-106.

3. Procjuk, B. V. (2021). Vyznachennja statychnogo
termopruzhnogo stanu sharuvatyh termochutlyvyh plyty,
cylindra i kuli. Matematychni metody ta fizyko-
mehanichni polja, 64(1), 87-106.
https://doi.org/10.15407/mmpmf2021.64.1.87-106

4, Kushnir, R. M., Mahorkin, I. M., & Mahorkin, M.
l. (2019). Analitychno-chyslove  vyznachennja
statychnogo termopruzhnogo stanu ploskyh
bagatosharovyh termochutlyvyh struktur. Matematychni
metody ta fizyko-mehanichni polja, 62(4), 131-140.

5. Abdoun, F., & Azrar, L. (2021). Nonlinear thermal
analysis of multilayered composite and FGM plates with
temperature-dependent properties based on an asymptotic
numerical method. Archive of Applied Mechanics, 91,
4361-4387. https://doi.org/10.1007/s00419-021-01999-x

6. Lee, J., Kim, J. S., & Cho, M. (2020). An
asymptotic method-based composite plate  model
considering imperfect interfaces. International Journal of
Solids and Structures, 190, 258-270.
https://doi.org/10.1016/j.ijsolstr.2019.11.012

7. Pan, E. (1990). Thermoelastic deformation of a
transversely isotropic and layered half-space by surface
loads and internal sources. Physics of the Earth and
Planetary Interiors, 60(1-4), 254-264.
https://doi.org/10.1016/0031-9201(90)90266-Z

8. Gajdajchuk, V. V., Gustjeljev, O. O., Radkevych,
A. V., Shevchuk, L. V., & Shljun’, N. V. (2019).
Termopruzhne deformuvannja sharuvatogo pokryttja na
vgnutij diljanci dorogy. Opir materialiv i teorija sporud,
102, 180-190.

© Hina Anrtonenko, Ipuna Tkauenko, 2025
DOI 10.15588/1607-6885-2025-2-7

9.Kozub, G. 0., & Kozub, Ju. G. (2020).
Modeljuvannja teplovyh procesiv u sharuvatyh tilah.
Geotehnichna mehanika, (151), 234-244,
https://doi.org/10.15407/geotm2020.151.234

10. Liu, X., Ji, J., Liu, L., Wang, Q., Zhou, Y., & Guo,
L. (2021). Finite element analysis of composite laminated
plate subjected to mechanical-thermal loadings using
refined high-order theory. Chinese Quarterly of
Mechanics, 42(1), 27-36.

11. Guo, S., Gao, S., & Wang, Y. (2023). Thermal-
elastic analysis of laminated plates based on the
incompatible generalized partial mixed method. Heliyon,
9(4), e14882.
https://doi.org/10.1016/j.heliyon.2023.e14882

12. Feng, X., Zhang, L., Zhang, H., & Gao, Y. (2023).
Semi-analytical solution for mixed supported and
multilayered two-dimensional thermo-elastic quasicrystal
plates with interfacial imperfections. Journal of Thermal
Stresses, 46(2), 91-116.
https://doi.org/10.1080/01495739.2022.2149645

13. Shaat, M., Gao, X. L., Battentier, A., & Massué,
N. (2024). New analytical model for multi-layered
composite plates with imperfect interfaces under
thermomechanical loading. Acta Mechanica, 35, 7083—
7120. https://doi.org/10.1007/s00707-024-04028-4

14. Marchuk, A. V., & Putvinskayte, Y. K. (2019).
Analytical solution of the problem on the thermally
stressed state of composite plates with rigid and sliding
contacts between layers based on the 3D elasticity theory.
Mechanics of Composite Materials, 55, 155-170.
https://doi.org/10.1007/s11029-019-09801-4

15. Velychko, I. G., & Tkachenko, I. G. (2004).
Ploska termopruzhna deformacija bagatosharovoi’ osnovy.
Visnyk Dnipropetrovs'kogo universytetu. Mehanika, 8(1),
154-161.

16. Antonenko, N., & Tkachenko, I. (2019). Plane
thermoelastic deformation of a multilayer foundation with
non-ideal thermal contact between its layers. Materials
Science Forum, 968, 486-495.
https://doi.org/10.4028/www.scientific.net/MSF.968.4861



p-ISSN 1607-6885 Hogi marepianu i TEXHOJOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2025/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/2

VJK 621.87

Muxaitino CugopeHko

KaHJ. TeXH. HayK, IONEHT, TOIEHT KadeapH AeTanell MaIlvH i MiaioMHO-TPAaHCTIOPTHIX

MexaHi3MiB HamioHanbHOTO yHiBEpCHTETY «3amopi3bka MOJIITEXHIKa», M. 3amopixoKs,

Vkpaina, e-mail: sidorenko.mik@gmail.com, ORCID: 0000-0002-9097-9739

Biraniit Kononos

KaHJ. TeXH. HAyK, IOLEHT, TOIEHT KadeapH AeTanell MaIlvH i MiaioMHO-TPaHCTIOPTHIX

MeXxaHi3MiB HamioHanbHOTO yHIBEpCHTETY «3amopi3bka MOJITEXHIKA», M. 3amopixkoKs,

VYxpaina, ORCID: 0000-0002-0479-1386

€Bren KpaBuenko

acmipaHT Kadeapu JeTayieii MallvH 1 MiAAOMHO-TPAHCIOPTHUX MexXaHi3MiB HarioHnans-

HOTO YHIBEpCHUTETY «3aropi3pka nomirtexHika», M. 3anopixxks, Ykpaina, ORCID: 0009-

0006-2218-7621

KOHCTPYKTHUBHI CIOCOBU MIABUIIEHHS HECYYOI 3JATHOCTI
BY3JIIB 3’€IHAHHS I'OJIOBHUX I KIHIHEBUX BAJIOK MOCTOBHX
KPAHIB

Mema pooomu. ITiosuwumu Hecyuy 30amuicms Y318 3’ COHAHHS 2008HUX | KiHYe8UX OANOK MOCMOBUX KPAHI8
WAXOM B0OCKOHAEHHS MEMOOUK IXHbO20 0iA2HOCMYBAHHA A PO3POOIEHHS KOHCMPYKMUBHUX CNOC00I8 NiOCUNeHHS NPpU
pemoHmi.

Memoou oocnidxcennn. Hanpyscenuii cman 8y3i6 3’ €OHAHHs 00CNI0HCY8AIU MEMOOOM KiHYeBUX eleMeHmi8 3 aod-
nmayieto memody hot spot stress 0o nputinamux 8 Ykpaini Hopm. Pospaxynox nanpyiceno-oegpopmosanoeo cmamy noge-
PX080I KOHCMPYKYIT nPo8oounu 3 suKopucmaniam niomooeneu. Koepiyicnmu inmencusHocmi Hanpysicenb 6U3HAYAIU
MemoOdom nepemiujets.

Ompumani pesyromamu. Ha ocnosi ananizy cmamucmuyHux 0aHux po3poobieHo 102im-mooeib UMOGIPHOCME RO~

KOOJICEHHS 8Y311i6 3’ COMAHHSL 3ATIEAHCHO BI0 NApaAMempie MOCMosUx Kpanie. Bcmanosneno, wo 0ist cmukogoi KOHCmpyKyii
HAUOINbW 3HAYYWUMU PAKMOPAMYU € THMEHCUBHICb eKCHLyamayii ma cmpok ekchiyamayii, mooi sk 0 N08epxoeoi

KOHCMPYKYIL OOMIHYIOUUM € IHMEeHCUsHICmb excniyamayii. Po3pobneno moodeni nanpyscenozo cmawy 6y3iie npu Oii ge-
PMUKANLHO20 U NONepeyHo020 Hasanmajcenv. Buseneno, wo 30inbuienns kamemy KOCUHYA He MAE OYIKYBAHO20 GHAUBY
HA GENUYUHY HANPYICEHb Yepe3 Nepepo3nodin HABAHMANCEHb MIdC eleMeHmamu Kinyesoi banku. Bcmanoesneno, wo nio-
CUNEHHS CMIHOK KIHYeBUX 0aOK 00360A€ 3MEHWUMU HANPYICEHHS Y 8epXHbOMY noAci 6 1,8 pasa. 3anpononosano komc-
MPYKMUGHI CNOCOOU NIOBULEHHS HeCy4Ooi 30amHOCmi 8Y371i8 3’ €OHAHHA CMUKO080i ma noeepxoeoi koncmpykyit. Excne-
PUMEHMATLHO NIOMBEPONCEHO, WO NPU BUKOPUCIIAHHI KOMIIEKCHO20 NIOX00Y (KOCUHeyb, HAKIAOKA ma 8upi3) 0 nose-
PX080I KOHCMPYKYII MAKCUMATbHI eDeKMUBHI HANPYICeHHs 8 30HI 8upizy cmanosiams 60 Mlla.

Haykoea nosuzna. Ompumano Hogi 0ai Wooo 3aKOHOMIPHOCMEN BNIUEY KOHCMPYKMUBHUX RAPAMEMPIE 8Y31i6 3’ €0-
HAHH35 207I08HUX | KIHYesUx OAI0K MOCMOBUX KPAHIB HA IXHIO Hecyuy 30amuicms. Bcmanosneno s3anesicnocmi mise 0082icu-
HOI0 MPiWUHY Ma napamempamy mpiyuHOCMIIKOCMI, Wo 00360JA€ NPOZHO3YBAMU 3ATUUKOBULL PECYPC 8V3T1i6 3’ EOHAHHA.

Ilpakxmuuna yinnicms. Po3pobneni KOHCMPYKMUGHI cnocoou nioSUWeHHs Hecy4oi 30amHocmi 8y37i6 3’ €OHAHHS
0036071710Mb 3a0e3neyumu 00CMAamHill 3anac MiYyHOCMI 3a ONOPoOM 6a2amoYUKIO8Il 8MoMi ma NiOguUWUmMuU Oe3neKy exc-
niyamayii MoOCmoeux Kpamis.

Kniouosi cnoea: mocmogi kpanu, 8y3nu 3’ €OHAHHS, HANPYAHCEHUU CINAH, KOHCMPYKMUBHT CNOCOOU NIOGUUEHHS He-
cyuoi 30amuocmi, Memoo Kinyesux enemenmia, Koepiyichmu iHmeHCUBHOCE HANPYIHCEHb, MPIWYUHOCMIUKICID.

Beryn Bi . .

LIBIIICTh MOCTOBHX KPaHiB, IO EKCIUTYaTyIOThCS Ha

MiAMpUEMCTBAaX Y KpaiHU, MarOTh BY3JH 3’ €IHAHHS TOJIOB-
HUX 1 KiHIIEBUX OAJIOK CTHKOBOi i MOBEPXOBOi KOHCTPYK-

[Ipotec mpUpoIHOTo CTapiHHS MapKy MOCTOBUX Kpa-
HIB CIIPUYMHSIE HEOOXiJHICTh POOOTH METATIOKOHCTPYKIIiN

B YMOBaX, OJIN3bKUX IO TPAHUYHOTO cTaHy. OHUM i3 BY3-
JIiB, SIKi JIIMITYIOTh HECY4y 3JaTHICTh METATOKOHCTPYKILiit
MOCTOBUX KpaHiB, € By30JI 3’ € JHAHHS F'OJIOBHHX 1 KIHIIEBUX
Oanok. AHalli3 pe3yabTaTiB 00CTEIKECHHS KPaHiB, sIKi BifI-
panioBaJli HOPMATHBHHUII CTPOK eKcIUTyarallii, MoKasye,
1110 OUIBIIICTD MOMIKO/KEHb BY3JIiB 3 €THAHHSI Ma€ XapaK-
Tep BTOMH. TOMY Mi/IBUILEHHS HECY4Ol 3/IaTHOCTI BY3IiB
3’€THAHHS € BYKIIMBOIO Ta aKTyaJIbHOIO MPOOIEMOTO.

1ii. BizcyTHICTP HAyKOBO-OOTPYHTOBAHOI METOJHUKH PO3-
paxyHKy BY3JiB 3’€HAHHS Hal4acTille 3yMOBIIIOE MPUIi-
HATTS TaKMX PIlICHb, HACHIAKAMU SIKMX € 3HV)KEHHS 3ara-
CiB MIIHOCTI 32 O1IOpOM OaraTouukIIoBii BroMi. Lle, mopsin
3 BUCOKHM HaBAaHTAXKCHHSIM BY3JIiB BEPTHKAJIbHUMH 1 TO-
PH30HTAIEHUMU TIOTIEPEYHUMH (JaJli MOTIEPEYHUMHU) CH-
JIaMH, IPU3BOAUTE JI0 IXHBOTO pyiiHyBaHH:. HasBHI MeTo-
JMKH OLIHIOBAaHHS CTaHY Ta 3aJMIIKOBOIO pecypcy MeTa
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JIOKOHCTPYKIIIH HE O3BOJISIOTh 00 €KTUBHO OILIHUTH HE-
Cydy 3/1aTHICTb BY3JIiB ITiCJISl HANIPAIFOBAHHSI, & TAKOXK BH-
3HAYUTH iX 3aIMIIKOBY JOBroBiuHicTh. KpiMm Toro, BiAcy-
THE TaKOX OOIPYHTYBaHHS CIIOCOOIB MiZIBUILIEHHS HECY4Oi
3MaTHOCTI BY3J1iB 3’€/HAHHS, TOMYy PEMOHT HPOBOIUTHCS
Ha ITiJICTaB1 JIMIIE SKICHOTO OI[IHFOBAaHHS, 1110 HEP1IKO IPH-
3BOJHTDH 10 MOBTOPHOI MOSBH TPILIHH.

OTxe po3pOoONICHHST CYy9acHOTO, HAyKOBO-OOTPYHTO-
BAHOI'0 MiAXO0AY JO KOMILIEKCHOTrO 3a0e3reueHHs Hecydol
3IATHOCTI BY3JiB 3’€THAHHS TOJOBHHX 1 KIiHIIEBHX 0aJlOK
Ha eTalnax JIiarHOCTYBaHHS Ta PEMOHTY € BOXJIMBOIO Hay-
KOBO-TEXHIUHOIO 3a/1au€elo.

AHaJi3 10ciaxKeHb Ta Myoaikauii

AHani3 JOoCHiKEHb 3 TUTaHb ITOIIKO/PKEHHS BY3JIiB
METAJIOKOHCTPYKIIIH MOCTOBUX KpaHiB [1—6] BHSBHB iX
CYTTEBHI HEJIOJIK — BIICYTHICTh TU(EPEHIIIOBAHOTO Mif-
Xoly 1m0 kmacudikauii kpaui. VIMoBipmicTh momIKO-
JOKCHHST PO3TIBINAETBCS y3aralbHEHO, 0e3 BpaxyBaHHS
KOHCTPYKTUBHUX OCOOJHMBOCTEH BY3IIiB 3’€THAHHS Ta pe-
JKUMIB eKCIUTyaTalii oOnagHaHHS. [cHyroui 3a1eKHOCTI
HMOBIPHOCTI TTONITKOKEHHS BiJl 4aCy eKCIUTyaTallii MaroTh
MPOTHPIYYS Ta 3HA4YHI PO30iKHOCTI B pe3ynmbTarax. Lle
YHEMOJKJIMBITIOE 1X BUKOPUCTAHHS [UIS IPOTHO3YBaHHS Te-
XHIYHOTO CTaHy METAJIOKOHCTPYKITiil.

Tak, B po6oTi [7] aHami3y€eThCS BIIMB Pi3HUX KOH(DI-
rypauiif 3BapHuX 3’ €IHAHb Ta EKCIUTyaTallifHNX HaBaHTa-
YKEHb Ha BTOMHY MII[HICTh CTaJIeBUX KOHCTPYKIIil, IPOTIO-
HYIOYH WMOBIPHICHI MOJIENI JUIS OLIHKH IX JOBIOBIYHOCTI.
B poOorti [8] aBTOpH HOCHIIKYIOTH BIUTUB BHIAJIKOBUX
TPaHCIOPTHUX HABaHTAXKCHb HA HAMIHHICTh CTAICBHX MO-
CTiB, 3 aKIICHTOM Ha YaCOBI 3aJIS)KHOCTI Ta IIPOrHO3YBaHHS
TEXHIYHOTO CcTaHy. KOMIUICKCHHMIA MiIXil IO MPOTHO3Y-
BaHHS BTOMHHX IOIIKO/KCHD y CTAJICBUX KOHCTPYKIIISX,
BPaxOBYIOUH 3MIHHY aMIDTITYly HABAHTa)KCHHS Ta KOHC-
TPYKTHUBHI JIETaJIi, 10 BIUTMBAIOTH HA TOYHICTH OLIHKH TIO-
IIKOJKEHB PO3TILIHYTO B podoTi [9].

Ormsan niTepaTypH CBIAYUTH MPO 3HAYHY BapiaTHB-
HICTP MiAXOMIB 10 OIIHKH HMOBIPHOCTI ITOIIKO)KCHD BaH-
TaXOMIAIHMaIFHUX KpaHIB 3aJIeKHO BiJl PEKUMY iX eKc-
ryaratii. Y nocinimkerHi Bomsaroka Ta ['opbaTroka [10]
PO3IIISIAETHCST KOMIUIEKCHUH METOJI pO3paxyHKy MeXaHi-
3MiB BaHT@)KO-MiJiIMaNbHIX MAIlUH, 1110 BPaXOBY€E BIUIUB
JIUHAMIYHUX HABAaHTAXXCHD HA BY3JIM KOHCTPYKIIil. ABTOPH
aKIEHTYIOTh YBary Ha TOMY, IO MiXiJ 10 OI[IHKH JIOBrO-
BIYHOCTI KpaHiB IMOBHHEH 0a3yBaTHCs HE JIMIIE HA EMITIpH-
YHUX 3aJIOKHOCTSX, ajle i Ha YMCEIbHUX METOJIax aHaji3y.
VY nocmimxenni Lsexa 0. B. [11] Bka3yeTbes Ha 3HAUHY
PO30IKHICTE Y TPOTHO33aX MOIIKOKYBAHOCTI MOCTOBHX
KpaHiB 3aJIe)KHO BiJl 32CTOCOBAHOI MATEMATHIHOT MOJIEITI.
ABTOp miJKpecToe HEOOXITHICTh BpaXyBaHHS peaTbHUX
YMOB eKCIDTyaTallii, BKIFOYAl0UH IUKJIIYHI HaBaHTaKCHHS
Ta KOHCTPYKTHBHI 0COOJHBOCTI 3’€IHAHb.

AHaJli3 Cy4acHHX JOCITIKeHb y Tajy3i MPOrHO3Y-
BaHHS TOIIKOPKYBAHOCTI MOCTOBUX KpaHIB CBIAYUTH MPO
Ba)XJIMBICTh KOMILJIEKCHOTO MiJIXO.y, 11O BPaXOBYE SIK M-
KJIiUHI HaBaHTa)KEHH:, TaK 1 KOHCTPYKTHUBHI 0COOINBOCTI
3’enmHaHb. ABTOpH pobOotu [12] akueHTyrOTh yBary Ha

BIUIMBI 3MIHHUX aMIUTITyJHAX HaBaHTaKeHb Ha BTOMHY
MIIHICTD 3BapHUX KOHCTPYKIIH, MiAKPECIIOI0UN HE00Xia-
HICTh MOJIEITIOBaHHS PEabHIX YMOB €KCILTyaTallil JuIsl TO-
YHOTO TIPOTrHO3YyBaHHS noBrosiuHocti. H. Guo, X. Tong
[13] po3pobunu Mozens JOBrOBIYHOCTI IiJKpaHOBUX Oa-
JIOK i3 BpaxyBaHHSIM yMOB eKcCIUTyaTanii. Bonn Bcrano-
BUWJIH, III0 TEMIIEpATYpHHUH (pakTop Ta epeBaHTaKEHHS Ha-
BiTh B 10 % CyTTEBO BITMBAIOTH Ha PO3BHUTOK BTOMHHX
TpimuH y 6ankax miaxkpaHoBux IULixiB. Bo WU i3 criBas-
Topamu [14] 3acTOCOBYIOTh IMOBIpHICHY MEXaHIKY pyHHY-
BaHHS JJIS OIIHKHM HAIIHHOCTI KOHCTPYKLIN M ITHKIiY-
HUMU HaBaHTa)XXEHHSIMHU, 110 JI03BOJISE BPaXyBaTH CTaTUC-
THUYHI XapaKTePUCTUKH HAaBaHTa)KEHb Ta BIIACTUBOCTEH Ma-
Tepiay. 3aranoM, Ii JOCITIKEHHS MiIKPECIIOITh HE00-
XiJHICTb 1HTErparii IeTaNbHOr0 aHali3y KOHCTPYKTHBHUX
0CcOOIMBOCTEW Ta pealbHUX EKCIUTyaTaliiHUX YMOB JUIsi
II/IBUILEHHS] TOYHOCT] MPOTHO3YBaHHSI MOIIKO/KYBaHOCTI
Ta 3a0e3MeYeH s HaJifHOCTI MOCTOBHUX KPaHIB.

VY3araipHIOIOUH aHAJ3 3a3HAYEHUX JDKEPEN, MOXKHA
3pOOHTH BHCHOBOK TIPO T, IO JUIS aJeKBaTHOTO MPOTHO-
3yBaHHS TEXHIYHOTO CTaHy KpaHiB HEOOXITHO MOEIHYBATH
CTaTUCTHYHI MOZETI 3 (PI3UIHUMH XapaKTePUCTHKAMH Ma-
Tepiayly Ta yMOBaMH EKCIUTyaTallil, [0 {O3BOJIUTH ITiBH-
IIATH TOYHICTh OLIHKH iX 3aJIMIIKOBOTO pecypcy. Takum
YHHOM, MMpoOJieMa 3a0e3MeueHHs] Hecydol 3aTHOCTI BY3-
JIIB 3’ €THAHHS TOJIOBHHX 1 KIHIIEBUX 00K MOCTOBHX Kpa-
HIB 3aJIMIIAETHCS] HEBUPILICHOIO, III0 00YMOBIIIOE HEOOXi-
HICTh PO3POOKM HOBUX MiIXOJIB A0 IX JiarHOCTYBaHHS Ta
MM CWICHHS.

Meta pobotu

MerToro po6oTH OyII0 i IBUIICHHS HECYYO01 3JaTHOCTI
BY3JIiB 3’€HAHHS TOJIOBHHX 1 KiHIIEBUX 0alOK MOCTOBHX
KPaHiB MUIIXOM BIOCKOHAJICHHS METOIUK TXHBOTO JiarHO-
CTYBaHHS Ta PO3POOJICHHSI KOHCTPYKTUBHHX CITOCOOIB Ti-
JICHJICHHS TIPH PEMOHTI, IO J03BOJINTH 301IBIIUTH 3amac
MIITHOCTI 32 OTIOPOM 0araTOIUKIIOBii BTOMI Ta MiABUIIUTH
0e3MeKy eKcIuTyaTallii BaHTaXoIiJHOMHOTO 00JIaTHaHHSI.
JIist MOCSITHEHHST METH BUPIIIEHO TaKi 3aBJIaHHS: BCTAHOB-
JIEHO BILTUB ITApaMeTPiB MOCTOBHX KpaHiB HA HMOBIPHICTh
MOIIKO/KSHHS BY3JIiB 3’ €THAHHS; JOCTIKEHO HAMpYyKe-
HUH CTaH IIPU Pi3HUX HAaBaHTa)KCHHAX 1 CTBOPEHO HOTO MO-
JIeJTi; BUBYCHO BIUTMB KOHCTPYKTHBHUX MapaMeTPiB HA HE-
Cy4y 3/IaTHICTb 3’ €JJHAHB; POAHAII30BAHO 3aJICHKHICTh Ma-
paMeTpiB TPIIMHOCTIHKOCTI BiJl XapaKTEePUCTUK TPILIUH;
PO3p00IICHO CIIOCOOH MMiIBUILICHHSI MIITHOCTI BY3J1iB CTHKO-
BUX 1 TOBEPXOBUX KOHCTPYKIIil; EKCIIEPUMEHTAIILHO HIepe-
BipEHO 3aIPOITIOHOBaHI KOHCTPYKTHBHI PillICHHS.

OO0’ exTOM JOCHTiKeHHS OYIH BY3JIH 3’ € THAHHS TOJIO-
BHUX 1 KiHIIEBUX 0aJIOK MOCTOBHX KpaHiB CTHKOBOI Ta IT0-
BEPXOBOI KOHCTPYKIIii, TPOIECH 3apPOKEHHS Ta PO3BUTKY
TPIIIUH TiJ i€I0 NUKIIYHNX HABaHTaKEHb 1 IIPYXKHI AHHA-
MIYHI MOJIsA, IKi BOHU CIPUYHHSIOTH MIPU IILOMY B Jie(op-
MiBHOMY TBepioMy Tini. [Ipeamerom mociiukeHHsS Oynn
3aKOHOMIPHOCTI BILTMBY KOHCTPYKTHBHHX IapaMeTpiB BY-
311iB 3’ €IHAHHS TOJIOBHUX 1 KIHIIEBHX 0aJI0K MOCTOBHX Kpa-
HIB Ha TXHIO HECYUY 37aTHICTb.

© Muxaitno Cumopenko, Birtaniit Kononos, €sren Kpasuenko, 2025

DOI 10.15588/1607-6885-2025-2-8



p-ISSN 1607-6885 Hogi marepianu i TEXHOJOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2025/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/2

Marepian i MeToauKA T0CTiTKEHD

Jnst po3paxyHKy By3JIiB Ha OIip BTOMi 3 KyTOBUMH
IIBaMH METOJIOM KIHIIEBHUX €JIeMEHTiB OyB aganToBaHHN
Mmerton hot spot stress 10 npuitHsTHX Ha Y Kpaini HopM. Pe-
3yJIBTaTOM PO3PaXyHKIB € MAaKCUMaJbHI e)EeKTUBHI HANpy-
JKEHHSI, sIKI MO>KHA ITOJIATH SIK JOOYTOK Ail0YHX HANPY>KEHb
0; Ha e(peKTHBHUN KOEQII[iEHT KOHICHTpAIlii HANPYKEHb
K. Ilpu cuMeTprIHHX IUKIIAX KOe(illi€HT 3armacy MillHOCTI

n=24 _ %1 (1)

K-oi  omax

JIe Omax— €PEKTUBHI HANPY>KeHHS, G.1 — TPAHUIIS BUTPUBA-
JIOCTI.

Po3paxyHok HanpyxeHO-1e(OpMOBAHOrO CTaHy I0-
BEpXOBOi KOHCTPYKII] IPOBOAMIIN 3 BUKOPUCTaHHIM ITij-
Mozeneit. KoegirieHTn iHTEHCHBHOCTI HaINlpy)kKeHb BU3HA-
YaJu, BUKOPHCTOBYIOUH METO]] IEPEMILLICHb.

Jnsi BUKOHAaHHS €KCIIEPUMEHTANILHOT YacTHHU Oyiia
po3pobieHa cucTemMa 30MpaHHS aHAIOTOBOI iH(OpMAIIil
BiJl BOCBMH PI3HUX JDKEPE, IO J03BOJISE 3aIHCYBaTH i
00poOIIATH JaHi Ha IEPCOHAIBHOMY KOMII IOTEPI.

Jnist MoJientoBaHHS yMOB HaBaHTA)KEHHS METAJIOKOH-
CTPYKLIM 3acTOCOBaHI CTaHIAPTHI METOJWKH BHIIPOOY-
BaHb HA BTOMY 1 TPIIIMHOCTIHKICTh. J{JI1 BU3HAYCHHS I10-
YaTKy MakpOpyWHYBaHHS IIPH €KCIUTyaTallifHOMy HaBaH-
TakeHHI BHUKopuctaHo meton AE, 3a kpurepit oOpaHa
CyMa aMIUTITYZ CUTHAIB.

MateMaTtiaHe 00pOOICHHS Pe3yIbTaTIB eKCIIepUMe-
HTIB 31MCHIOBAIM 3 BUKOPUCTAHHSM CTAaHIAPTHHUX MaTe-
MaTHYHUX METOMIB 1 CyYaCHHX IIaKeTIB MaTeMaTH4YHUX
porpam.

Pe3yabTaTn nociigxeHb

PyiiHyBaHHS By3IiB 3’€IHaHHSA B €KCIUIyaTalii Mae
XapakTep BTOMH 1 BiIOYBa€ThCS BHACHIIOK HETOCTATHHOTO
3amacy MIITHOCTI MaTepiaixy 3a OMOpoM OaraTOIMKIIOBIH
BTOMI.

3a pesysibTaTaMy CKJIAJAHHS PO3IOJIUIB IOIIKO-
JUKEHb BCTAHOBJIEHO, 11O iX po3rJIsty 0e3 po3/ieHHs B Of-
Hilf CyKyITHOCTI J1a€ Jinie y3arajJibHeHy ouiHKy. KinbkicTs
TOIIKO/KEHb IHTEHCUBHO IPALIOI0YMX KPaHIB 3HAYHO Te-
peBUIIye y3araibHEeHy OIiHKY. J[is1 HIMOBIPHOCTI TOIIKO-
JOKEHHS 3aIIPONIOHOBAaHO BUKOPUCTOBYBATH JIOTIT-MOJIEIIB!

yo et @

1+eh

i (S A:bo +b1-X1+b2~X2 +b3'X3+b4'X4;

X1= (Q-5)/45 — BanTaxomigiiomuicTe; X»= (L-16)/32 —
npoiit, Xz= (INT-1)/3 — iHTeHCHBHICTb eKCILTyaTawii;
X4= (T-12)/36 — cTpoK ekcrutyaTaiii Ha MOMEHT 00cCTe-
JKEHHsI B KOJIOBAaHOMY MacIuTaOi.

OOpoOJIeHHs JaHUX MACHUBHOTO EKCICPUMEHTY JI0-
3BOJIMJIO BCTAHOBHTHU 3aKOHOMIPHOCTI BIUIMBY CTaTHCTH-
YHO 3HAYYIIMX ITapaMeTPiB MOCTOBHX KpaHIB Ha HMOBIp-
HICTbh MTOIIKOJKCHHS. PIBHSIHHS MOJIHOMA Ma€ BUIJISL;

- U CTUKOBOI KOHCTPYKIIIT

A=-457-0,855-X1+4-X3+2,05- X4;

- U1 IOBEPXOBOi KOHCTPYKIIii

A=-3,25+6,12-Xa.

[Ticns mpoBemeHHS MiATBEPHKYBaJIHLHOTO EKCIIEPH-
MeHTy OyJ10 OTPUMAaHO 3HAYEHHs KpuTepito R: js cTuko-
Boi kKoHcTpykuii R? = 0,92; 1 nosepxosoi — R? = 0,90.

Po3paxyHok HampyxeHO-1e(OpPMOBAaHOTO CTaHY BY-
371a CTHKOBOI KOHCTPYKIIT IPH Jii ONEPEYHOr0 HaBaHTa-
JKCHHS TIITBEPIUB HASBHICTh TPHOX MAKCHMYMIB HAIpY-
eHb (puc. 1): Ha HYKHIN Kpailli NOsCYy KiHIIEBOT OaJIKu —
pO3paxyHKOBa 30Ha 1, BepxHiil kpaiimi — 3 1 B MicCIli 3aKiH-
YeHHs 1Ba — 2. MakcuMyMU HanpykeHsb 1 Ta 3 po3paxyH-
KOBUX 30H (01 1 03) 3B’ s13aHi CIIiBBITHOIIEHHAM o3 ~ 0,90,

, TOMY JlaJTi pO3TIISAaEMO pO3paxyHKOBi 30HH 1 1 2.

Pucynox 1. [30iiHi{ eKBiBaJICHTHUX HAIpPYXEHb
(0exs, MI1a) mipu aii Ha By30J1 3’ €IHAHHS TIOIIEPEYHOTO HABAHTA-
xeHHst N=60 xH: 1, 2, 3 — po3paxyHKOBi 30HH

JIyist BCTaHOBJICHHS BIUIMBY KOHCTPYKTHBHHUX Iapa-
METpiB Ha Hecydy 3JaTHICTh By3Ja 3’€JHAHHS CTHKOBOI
KOHCTPYKIii po3po0iieHa MOJIEb HAPYKEHOTO CTaHy, L0
BPaxOoBYE JIi0 MONIEPEYHOI0 HaBaHTaXEeHHs. MaKkcuMaibHi
e(eKTUBHI HaNPyKEHHS:

omax i = Kj-¢-0j, (3)

ne Kj=aj+0" -¢; — xoedinient BBy cymapHux Ha-
MPYKeHb PO3TATAHHSI-CTUCKAHHS i MiCLIEBOTO 3THHAHHS B
i-il po3paxyHKOBiii 30Hi;

0, 0" (nmpuitmaemo 0 = @;" ) — TeopeTHuHi Koediri-
€HTH KOHIIEHTpAIlii Hapy>KeHb y PO3paxyHKOBIi 30Hi mpH
PO3TATaHHI i MiCIIEBOMY 3THHI;

¢i — Koe(iIieHT MiCIIEBOTO 3THHY €JIEMEHTA;

¢ = Q5 * Q1 ° @2 — KOeIIiEHT PO3MOAIIEHHS CHIIOBUX
(haKkTopiB MiX eJeMeHTaMH OaJIKH; Pp — YaCTUHA HaBaHTa-
JKCHHS, 1110 IPUTIAJIA€ Ha BEPXHil Mosic 0e3 BpaxyBaHHs KO-
CHHIIS, (1 — Koe(illieHT, IKUU 3aJIC)KUTH BiJl KATETa KOCH-
HIIS; (02 — KOCQIIIEHT, SIKUH 3aJIeXKUTh BiJl TOBIIMHU CTIHKH
KiHIIeBOT OaJyiky (32 HASBHOCTI MMiJICHIICHHS);

Gi — HAaINpYXEHHS, SKIi OTPUMAHO NPU PO3B’s3aHHI
I0cKoi 3a1a4i mpo Airo cuau Nz = @p-N Ha kirH abo nps-
MOKYTHY IUIaCTHHY;

N — momepeduHe HaBaHTAXECHHS, IO Ji€ Ha pedopIy Xo-
JIOBOTO KoJjeca.
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Pesynbrati po3paxyHKy By3Jia METOJOM KiHIIEBUX
eneMeHTiB s KpaHa Q = 10 ToH Bka3yroTh (Tabdin. 1), mo
KaTeT KOCHHIISI HE Ma€ OYiKyBaHOTO BIUIMBY Ha BEIUYHUHY
HATPYKCHb.

Tabauusa 1 — Pe3ynpraTu po3paxyHKiB IapameTpiB
MOJIeTIl By3Jia 3’€IHAHHS CTUKOBOT KOHCTPYKLIT

KareT xocuHIs, MM 300 430 600
C1 0,38 0,45 0,46
01 1,17 1,31 1,66
o1 1,28
Ki- 1 2,03 2,43 3,1
K2 7.8 8 8,6

L1e nosICHIOETHCS TIEPEPO3IIOIIIOM HABAaHTAXKEHb MK
eJeMEHTaMHU KiHIeBoi Oanku. BupimanbHuili BIUIMB Mae
HAsBHICTB y 30Hi Jil MAKCUMAJILHUX HANPYKEHb KyTOBOTO
IIIBa HAITyCKHOTO 3’ €qHaHHSA. [1iACHIeHHS CTIHOK KiHIIEBUX
0aJIoK JI03BOJISIE 3MEHILIUTH HATIPYKEHHSI Y BEPXHBOMY IO~
sici B 1,8 pasa (Ipm miICHICHHI CTIHKH TOBIIMHOIO 6 MM
JuctoM 14 Mm).

2
@, :0,056-(5LCJ —0,43~5Y—°+1,37,
] o

(4)
e 9, dyc— TOBIIMHA CTIHKH A0 Ta MICIIS MiICUICHHS Bia-
MIOBITHO.

AZIeKBaTHICTH MOJIETi TIepeBipeHa MpH TEH30METPY-
BaHHI kpana (Q = 10 1, L = 32 M, pexxum poOOTH — BaIKKHIA)
Ha BAT «3anopi3pkuii abpasuBHUN KOMOiHATY.

Po3paxyHok moBepxoBoi KOHCTpyKLii (puc. 2) BH-
SIBUB HASBHICTh BEJMKUX HAMPYXKCHB BiJl JIii OMIEPEIYHOTO
naBantaxxeHHs (N = 81 kH) Ha novarky miBa, 1m0 3’eiHy€
CTIHKY TOJIOBHOT OaJIKH 3 MOSICOM KiHIIEBOI (pO3paxyHKOBa
3oHa P3-1) (puc. 4): 6 a1 = 31/ 0, MIla; i B 30Hi paxiyc-

noro nepexomy (P3-2): opmayy =284/ 5% MIla. Bin nii

BepTHKaIbHOTO HaBaHTaxeHHS (P=270 xH) HampykeHHS
JUTSI 3a3HAYCHHX 30H CKJIATH BiATIOBITHO:

Omax3 = 634/ 50,813 | Omaxd = 426/ 50,085, )

e O — TOBIIMHA CTIHKH, M.
i

— 0,

Tra 1 i :
o B
mpiwuHa 1 [
J Y~ mpwwHa 24 ™~
N >y, 300 -
Y | 20 S _
I S
| - T
| ":I 0 2 #
\ ! kb
N 50 a—
8 12 1 0 b
a o

Pucynok 2. Mozens Hapy»kKeHOTO CTaHy IIOBEpXOBOi KOHCTPY-
KIIii: @ — pO3paxyHKOBI 30HH; 6 — 3AJIC)KHICTh MAKCUMAITbHIX
e(eKTHBHUX HaNpY>KeHb BiJ] TOBIINHN CTIHKH T'OJOBHOI OanKu
npu 1ii nonepewyHoro HaBaHTakeHHs (1, 2 mst P3-1 ta P3-2 Bin-
TIOBIZTHO) Ta BEPTHKAIBLHOTO HaBaHTakeHH (3, 4 mst P3-1 ta
P3-2 BianosiaHO)

Oo6roBopeHHst

3a pe3ynbTaTaMd MOJCTIOBAHHS BCTAHOBJICHO, IO
JUTS CTHKOBOT KOHCTPYKIIIT Koe(ili€eHTH iIHTEHCUBHOCTI Ha-
MPYXeHb HE € TMOCTIHHMMHU 3a TOBIIMHOK TMOSCY, IO
OB’ SI3aHO 3 MiCIIEBUM 3THHOM. [HTEepec CTaHOBUThH MaKCH-
MaJibHEe 3HAUCHHS €KBIBAJICHTHOTO KOe(iI[ieHTa IHTCHCHUB-
HOCTI HampyxeHb Koy (1, 2 puc. 3), TOMY 110 BOHO BU3HA-
Yae MOMEHT IOYaTKy PO3BHUTKY TPIIIMHH, & TAKOX 3Ha-
YeHHsI, 10 BIJMOBiAa€ CepemHill IMBHIKOCTI 3pOCTaHHS

tpimmun K (3, 4 puc. 3), mio Tak caMmo BiINOBigae miiic-
HOMY 00’ €My 30HHM IUTACTHIHOTO 1e(h)OpMyBaHHS.

Kaa. K.
MMa-m*
10

S N " AT = =]

0 5 10 15 20 LM

PucyHok 3. 3anexHicTh €KBIBAJICHTHHX 1 cepeaHix KoedirieH-

TiB IHTEHCHBHOCTI HaIPY>KEHb BiJ{ TOBXXUHH TPI-IMUHNU NIPH Jil

MOTIEPEYHOr0 HaBaHTAXEHH:: 1, 3 — po3paxyHKoBa 30Ha 3; 2,
4 — po3paxyHKoBa 30Ha 1

3anponoHOBAaHO KOHCTPYKTHBHI CITIOCOOM TIiBH-
IICHHS HECY4O01 3JaTHOCTI BY3JIiB 3’ €THAaHHA CTHKOBOI KOH-
cTpykuii (puc. 3).

Pucynok 3. 3anporioHoBaHa KOHCTPYKIis By3Jia 3’ €JHAHHS IO-
JIOBHMX 1 KiHIIEBHMX 0asok: 1, 2 — KocHHIIi; 3 — oOnuaiika

3anpomnoHoBaHi KOHCTPYKTHBHI CIIOCOOW  TiJBH-
IIEHHS HECydJOol 3AaTHOCTI, SIKi BKIIIOUAIOTh HACTYITHI BH-
MOTH. KyTOBi IIIBH 3’€JHAHHS KOCHHIA 3 TIOSICAMH 3aMi-
HHUTH CTHUKOBHMH, CIPSDKEHHS KOCHHIIB 3 MOSCAMU BUKO-
HATH 10 pajiycy Ta 30UIBIIATH KaTeT KOCHHI. J{JIs 1Iboro
netani 1 u 2 TpUBApIOIOTH IO TOACIB 0alOK CTHKOBUMU
IIBAMH, a MOTIM MiX CO0OK HamyCKHUMU. [Ipu 1iboMy He
moTpiOHA MiITOHKA JIO MOSICIB, 1 HE BUHUKAIOTH 3HAYHI Ha-
NIPY>KEHHS BiJl yCaJKi B CTUKOBHX IIBax. BcTaHOBJIEHO,
II0 MaKCUMaJbHI HaNpy>KeHHs 3 ypaxyBaHHSIM KOHIIEHT-
pauii CKIaarTh: Ui BUIIAIKY HEMIAKPIIUIEHOTO0 KOCHHIIS
— 65 Mlla; xocHHI, MiIKPIIUIEHOTO OOWYaiKOW —
80 MITa.
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Jyis oBepX0BO1 KOHCTPYKIIi BCTAHOBJICHO, IO 30i-
JIBIICHHS] TOBUIMHHU CTIHKU HE 3aBXK/IU JIO3BOJISIE 3HU3UTU
Harpy>XeHHS J10 PiBHS IpaHulll BUTpUBaiocTi. OTpHMaHO
3aJIeXKHICTh HAMPYXEHb Ha MOYATKy TABPOBOIO INBA, IO
3’€IHy€ KOMIICHCATOPHY HAKJIAJIKy 31 CTIHKOI KiHIICBOL
OasKu, Bif JOBKHHU TPIIUHA
(I, mM) mpum gil  TOHEpPEYHOTO — HABAaHTAKCHHS:
Omaxs =1,28-1+180. IlosBa TpilKH y MIBi KOMIIEHCATO-

PHOI HaKJIAIAKH CIIOCTEepirajgacs MpH HECBOEYACHOMY pe-
MOHTI By3Jia Ha 06araTbOx KpaHax.

Po3spaxynkn  mokasyoTh, M0 B  Jiama3oHi
0,002<1<0,045 m: K| Maio 3ajexuTh BiJ IOBXHHH Tpi-
ITUHW; MOHOTOHHO 3pocTae Tutbku K| mpy il BepTHKaIIb-
HOT'O HaBaHTA)KCHHS; 1HII KOe(II[iEHTH IHTCHCUBHOCTI Ha-
MPY’KEHb, OCATAIOYU MAKCUMYMY, B KiHIII Iialla30HY CIa-

K. KI."K|

Mla-u"
8

naroTh (puc. 5). Takuii Xxapakrep 3aJ1€XHOCTI MOXKHA T0sIC-
HHUTHU TUM, IO TPH HAsIBHOCTI BUCOKOTO I'pa/li€HTa HaNpy-
’KE€Hb 30Ha BIUIUBY KOHIIEHTpaTopa Oy/e HEBEINKOIO.

Taxum ynHOM, Ha TiJCTaBi aHaNi3y OYJI0 3aIPOIOHO-
BaHO KOHCTPYKTHBHI CIIOCOOHM MiABUIIEHHS HECydoi 3/1aT-
HOCTI BY3JIiB 3’ €IHAHHSI MOBEPXOBOI KOHCTPYKIIii (puc. 6).
[osicn Gamokx HEOOXiTHO 3’€AHATH KOCHHIIEM Y POpMi Tpa-
TeTIii, BCTAHOBIICHHS HOBOi KOMIIEHCATOPHOI HAKJIAIKH,
110 IPUBAPEHa JI0 TOSCiB FOJIOBHOI OANKH, BHKOHATH BHPI3
Y MICIIX IEPETHHY TOSICY KiHIIEBOi TOJIOBHOT OANIKH 31 CTi-
HKOIO.

BcTaHoBi€HO, 1110 TIPH BUKOPUCTAHHI KOCHHIL, Ha-
KJIaJK{ Ta BHPi3y pa3oM MaKCHMaJlbHI e)eKTUBHI Hampy-
JKEHHsI B 30H1 BUPI3y CTAHOBIIATH Gmax = 60 MIla (puc. 7).
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Pucynok 5. 3anexxHocTi KoeillieHTiB IHTEHCHBHOCTI HAIIPY>KEHb BiJl TOBXKUHM TPIMIUHY (ITyHKTHPOM IT0OKa3aHO 3HAYEHHS IIPH BiJ-
pHBi miadparMu BiJ] CTIHKH): ¢, 6 — IOIepeYHe HABAHTaKCHHsI, TPIMMHHY | 1 2 BIiANOBIIHO; 8, 2 — BEPTHKAIbHE HABAHTAXEHHS, TPi-
ey 1 1 2 BignoBigHO

Pucynok 6. KoHCTpyKTHBHI CIIOCOOHM MiJBUIIEHHS HECY4Oi 31aTHOCTI By3J1a 3’ €IHAHHS TOJOBHUX 1 KIHI[EBUX OallOK IOBEPXOBOI
KOHCTPYKIIi: 1 — KOCHHellb; 2 — HOBa KOMIIEHCATOPHA HAKJIaAKa; 3 — BUPI3
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Pucynox 7. [30uiHii eKBiBaIeHTHUX HANPyXeHb (oexs, MI1a) ipu 1ii Ha By301 3’ equanns nonepeanoro N=81 xH:(q, 6, 2) Ta BepTn-
kaipHOro P=210 KH (B) HaBaHTaXXCHB: @ — MIJICUIICHHS] KOCHHEIb; 6 — BHPI3; B, 2 — KOCHHEIIb, HAKJIAJKA Ta BUPIi3

[Ipu nii BepTUKATBEHOTO HABAaHTAKEHHS BUPI3 103BO-
JIsi€ CYTTEBO 3HU3WUTHU HampykeHHs. KpiM Toro, mMakcu-
MyMH HalpY>KCHb Y [IbOMY BHIIAJKy MPH i1 MOIEPEIHOTO
Ta BEPTHKAJIHHOTO HABAHTAKCHD 3HAXOATHCS B PI3HUX Mi-
cipix (puc. 76, 2).

BucHoBku

Ha mincraBi aHai3y CTAaTHCTHYHUX JaHUX MIOJO MO-
IIKOKEHHS BY3ITiB 3’ € JTHAHHS TOJIOBHUX 1 KIHIIEBUX 0aJIOK
MOCTOBHX KpaHiB pOo3poOJICHO JIOTIT-MOAETh HMOBIPHOCTI
TTOIITKOKCHHS 3aJIeKHO BiJ] BaHTaXOIAHOMHOCTI, TIPO-
JBOTY, IHTEHCUBHOCTI Ta CTPOKY eKcIuTyaTalii. BcraHos-
JICHO, TI0 JIsI CTHKOBOI KOHCTPYKIIii HaiOLIbImI 3HAUY-
mMH (PaKTOpaMU € IHTEHCUBHICTB eKCIDTyaTalii Ta CTPOK
eKCIUTyaTalil, TOJl K JJIsl HOBEPXOBOI KOHCTPYKLIT AOMi-
HYIOUHM € JIUIIE IHTCHCUBHICTb.

Po3pobnieHo MOfei HAmpy»XEHOTo CTaHy BY3IIB
3’€THaHHS TOJIOBHHX 1 KIHLIEBMX OAJIOK CTUKOBOI Ta IOBe-
PXOBOT KOHCTPYKIii Npu Aii BEpTHUKAJIBHOTO i Iomepey-
HOTO HaBaHTAXXCHb. BUSBICHO HASBHICTH TPHOX PO3paxy-
HKOBHX 30H Y CTHKOBIH KOHCTPYKIIi 3 MakCHMalbHUMHU
3HAUEHHSAMH €(PEKTUBHHUX HaIpy>keHb. JloBeIeHO, 110 Ka-
TET KOCHHIIS HE Ma€ O4iKyBaHOTO BIUIMBY HA BEJIMYNHY Ha-
Npy-KeHb Yepe3 Mepepo3NOIii HaBaHTAKEHb MK eJIeMEeH-
TaMH KiHIIEBOT OaJIKH.

BcTranosieHo, 110 MiACHICHHS CTIHOK KiHIEBHX Oa-
JIOK JIO3BOJISIE 3MEHILIUTH HAPYKEHHsI y BEpXHBOMY TOsIC
B 1,8 pa3sa, npu mijcuineHHi CTIHKY TOBIIMHOIO 6 MM JIHC-
ToM 14 MM. OTprMaHO MaTEMAaTHYHY 3aJI€KHICTD Koedili-
€HTA TIJACUIICHHS (2 BiJl TOBIIUHU CTIHKU JIO Ta MIiCHIs Ti-
CHJICHHS, 1110 IO3BOJISIE ONTHUMI3yBaTH KOHCTPYKTHBHI Ia-
paMeTpH BY3JIiB 3’€THaHHS.

JlocutimpKeHO BIUIUB IOBKHHU U MOJ0KEHHS TPILIMHU
Ha HapaMeTpH TPIIIMHOCTIHKOCTI Ta HaNpyXeHHWH CTaH
KOHCTpYKIii. BusBneHo, 1m0 koedilieHTH 1HTEHCHUBHOCTI
Harpy>XeHb He € IIOCTIHHUMH 32 TOBLIMHOIO I10SICY BHACIi-
JIOK MicIIeBOTO 3TMHY. BCTaHOBIIEHO, 110 B [iama30Hi JOB-
xkuH TpimuH 0,002...0,045 M koedillieHT iHTEHCHBHOCTI

HanpykeHb K| Mano 3anexuTh BiJ HOBXHHHU TPIIIMHHU, &
MOHOTOHHO 3pocTae Jymine K npu 1ii BepTHKaibHOrO Ha-
BaHTa)KEHHI.

Po3pobiieHo Ta 0OTPYHTOBaHO KOHCTPYKTHBHI CIIO-
coOM MiABHIIEHHS Hecydoi 3/aTHOCTI BY3JIB 3’€JHaHHS
TOJIOBHUX 1 KiHI[EBUX 0AJIOK MOCTOBUX KpaHiB. /s cTHKO-
BOI KOHCTPYKLII 3alpOIOHOBAHO 3aMiHUTH KYTOBI IIBH
3’€IHAHHS KOCHHIIS 3 TIOSICAaMH Ha CTUKOBI, IJIS TOBEPXO-
BO1 KOHCTPYKIIii — BUKOPHCTaHHI KOCHHIIA Y (hopMi Tparie-
1ii, BCTAHOBJIICHHS HOBOI KOMIIGHCATOPHOI HAKJIAAKH Ta
BUKOHAHHS BHUPI3Y B MICIIIX MEPETUHY MOSCY KiHIEBOT 3i
CTIHKOIO TOJIOBHOI OaJKu.

ExcniepMeHTaIbHO MATBEPAKEHO eheKTHBHICTD 3a-
MPOIIOHOBAHUX KOHCTPYKTUBHHX pilleHb. [Ipu BUKOpHC-
TaHHI KOMILIEKCHOT'O MiIX01y (KOCHHEIb, HaKJIa/IKa Ta BH-
pi3) AJ1 MOBEPXOBOI KOHCTPYKIIT MakcuMalibHi eheKTHBHI
Harnpy>XeHH B 30H1 BUpi3y ctaHoBiATh 60 MIla, 1o 3a6e3-
nevye J0CTaTHIN 3arac MillHOCTI 32 OITIOPOM 0araToLUKIIO-
Bil BTOMi. Kpim Toro, MakcuMyMmu Harpy»eHb IpH i1 1Mo-
NEPEYHOTO Ta BEPTUKAJIBHOIO HABAHTa)KCHb 3HAXOAATHCS
B PI3HUX MICIIIX, IO 3HMKYE HMOBIPHICTH OJHOYACHOTO
KPUTHYHOTO HABAaHTAXKCHHSI 000X 30H.

Cnucok airepatypu

1. Crpensbinpkuii B. B. ExcriepuMeHTanpHe qOCITi-
JUKEHHS BIUIMBY HaTpAIfOBaHHS HA TPIIIMHOCTIMKICTD cTa-
neir MmocroBux kpaniB / B. B. Crpens0iupkuii / Bicuk
XMeNpHUIBKOTO HAalliOHAJIFHOTO YHiBepcuTeTy. TexHiuHi
Hayku. — 2020. — Ne 4, T. 1. — C. 138-142.

2. Hemayk O. O. OcoOauBOCTi AiarHOCTYBaHHS TeX-
HIYHOTO CTaHy CTajJel MOPTOBOTO MEpEeBaHTAXKYBaJIbHOTO
obmannanns / O. O. Hemuyk // ®dizuko-XiMiuHa MeXaHiKa
Matepiainis. — 2017. — Ne 6, T. 53. - C. 116-118.

3. Prediction of Remaining Fatigue Life of In-Service
Bridge Cranes / Y. Li, A. Jin, Y. Dai and others // Applied
Sciences. - 2023. - Ne 13 (22): 12250.
https://doi.org/10.3390/app132212250.

© Muxaitno Cumopenko, Birtaniit Kononos, €sren Kpasuenko, 2025

DOI 10.15588/1607-6885-2025-2-8


https://doi.org/10.3390/app132212250

p-ISSN 1607-6885 Hogi marepianu i TEXHOJOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2025/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/2

4. Przybylek G. Method of assessing the tecImical
condition and failure of overhead cranes designed to work
in difficult conditions / G. Przybylek, J. Wieckowski //
Case Studies in Construction Materials. — 2022. — Vol. 16:
e00811. https://doi.org/10.1016/j.cscm.2021.e00811.

5. Failure probability analysis of overhead crane
bridge girders within uncertain design parameters /
T.V. Hai, N.H. Thu, H.D. Tuan and others // Journal of Sci-
ence and Technology in Civil Engineering. — 2020. —
Vol. 14 (3). - P. 125-135.
https://doi.org/10.31814/stce.nuce2020-14(3)-11.

6. Mei X. Bi-Probability Fatigue Life Prediction for
Bridge Crane Structures / X. Mei, D.S. Dong, Y.Y. Teng //
Advanced Materials Research. — 2012. — Vol. 482-484. —
P. 736-740.
https://doi.org/10.4028/www.scientific.net/ AMR.482-
484.736.

7. Kumar S. Probabilistic assessment of fatigue life in
welded steel structures considering joint configurations
and operational loads / S. Kumar, R. Singh // International
Journal of Structural Integrity. — 2022. — Vol. 13 (4). -
P. 567-583. DOI: 10.1108/1JS1-07-2022-0057.

8. Zhang M. Fatigue Reliability Assessment of
Bridges Under Heavy Traffic Loading Scenario /
M. Zhang, X. Wang, Y. Li // Infrastructures. — 2024. —
Vol. 9 (12): 238.
https://doi.org/10.3390/infrastructures9120238.

9. Fatigue life prediction under variable amplitude
loading using a microplasticity-based constitutive model /
F. Mozafari, P. Thamburaja, A. Srinivasa and others //

International Journal of Fatigue. — 2020. — Vol. 134 (7):
105477. http://dx.doi.org/10.1016/j.ijfatigue.2020.105477.

10. Bomsarok B.O. Po3paxyHOK MeXaHi3MIB BaHTa-
xomiginmanpHuX MammH / B.O. BomsHiok, €.B. T'opba-
TiIoK. — Knis: KHYBA, 2021. - 164 c.

11. IlBen A.JI. MinnicTh i KeOpMiBHICTH 3BapHOT
MPSIMOKYTHOT (hepMU IIpH JIii CHJIOBUX 1 TEMIEPATYPHUX
BIUIMBIB: JHC. ... BOKTOpa dinocodii: cnen. 131 — [Ipukina-
JHa MexaHika; TepHONUTEChKUI HAIIIOHALHUM TeXHIYHUIT

yHiBepcurer. — TepHomimb, 2024. - 177 c.
https://m.tntu.edu.ua/storage/pages/00001038/dissertation
_shved_y.pdf.

12. Overload and variable amplitude load effects on
the fatigue strength of welded joints / K. Gronlund,
A. Ahola, J. Riski and others // Welding in the World. —
2024. - Vol. 68. - P. 411-425.
http://dx.doi.org/10.1007/s40194-023-01642-z.

13. Guo H. Fatigue Prognosis Analysis on the
Cracked Steel Crane Runway Girders Under High
Temperature / H. Guo, X. Tong // International Journal of
Steel Structures. — 2021. — Vol. 21. — P. 1022-1031.
http://dx.doi.org/10.1007/s13296-021-00487-w.

14. A reliability assessment method for structural
metallic component with inherent flaws based on finite
element analysis and probabilistic fracture mechanics
model / B. Wu, A. Briickner-Foit, Q. Li and others //
International Journal of Fatigue.—2009. —Vol. 31(11-12). -
P. 1882-1888.
https://doi.org/10.1016/j.ijfatigue.2009.02.013.

Ooeporcano 19.05.2025

CONSTRUCTIVE METHODS FOR INCREASING THE LOAD-BEARING
CAPACITY OF CONNECTION JOINTS BETWEEN MAIN AND END GIRD-
ERS OF BRIDGE CRANES

Mykhailo Sydorenko

Candidate of Technical Sciences, Associate Professor of the Department of Machine

Elements and Hoisting and Transport Mechanisms, National University Zaporizhzhia
Polytechnic, Zaporizhzhia, Ukraine, e-mail: sidorenko.mik@gmail.com, ORCID: 0000-

0002-9097-9739
Vitaliy Kononov

Candidate of Technical Sciences, Associate Professor of the Department of Machine

Elements and Hoisting and Transport Mechanisms, National University Zaporizhzhia
Polytechnic, Zaporizhzhia, Ukraine, ORCID: 0000-0002-0479-1386

Evhen Kravchenko

Postgraduate student of the Department of Machine Elements and Hoisting and

Transport Mechanisms, National University Zaporizhzhia Polytechnic, Zaporizhzhia,
Ukraine, ORCID: 0009-0006-2218-7621

Purpose. To enhance the load-bearing capacity of the junction nodes between main and end beams of overhead
cranes by improving diagnostic methodologies and developing structural reinforcement techniques for repair applica-

tions.

Research methods. The stress state of junction nodes was investigated using the finite element method with adapta-
tion of the hot spot stress approach to Ukrainian standards. Stress-strain analysis of the overlapping structure was con-
ducted using sub-modeling techniques. Stress intensity factors were determined through the displacement method.

Results. Based on statistical data analysis, a logit model was developed to determine the probability of junction
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node damage depending on overhead crane parameters. It was established that for butt joint structures, the most signif-
icant factors are operation intensity (coefficient 4.0) and service life (coefficient 2.05), whereas for overlapping struc-
tures, operation intensity is the dominant factor (coefficient 6.12). Stress state models were developed for nodes under
vertical and transverse loads. It was discovered that increasing the gusset plate leg length does not have the expected
effect on stress magnitude due to load redistribution between end beam elements. It was determined that reinforcing end
beam webs can reduce stresses in the upper flange by a factor of 1.8. Structural methods for enhancing the load-bearing
capacity of butt joint and overlapping structures were proposed. Experimental verification confirmed that when using an
integrated approach (gusset plate, overlay, and cut-out) for overlapping structures, the maximum effective stresses in the
cut-out zone are 60 MPa.

Scientific novelty. New data were obtained regarding the influence patterns of structural parameters of junction
nodes between main and end beams of overhead cranes on their load-bearing capacity. Relationships between crack
length and fracture toughness parameters were established, enabling prediction of the residual service life of junction

nodes.

Practical value. The developed structural methods for enhancing the load-bearing capacity of junction nodes pro-
vide sufficient safety margins against high-cycle fatigue and improve the operational safety of overhead cranes.

Key words: overhead cranes, junction nodes, stress state, structural methods for load-bearing capacity enhance-
ment, finite element method, stress intensity factors, fracture toughness.
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RESEARCH OF NATURAL FREQUENCIES
OF THE CUTTER-OSCILLATOR DURING TURNING

Purpose. To investigate the main methods for determining the natural frequency of the cutter-oscillator X and to
analyze the influence of its geometric and inertial parameters on the dynamic characteristics during the study of the
physical foundations of cutting process dynamics in turning conditions.

Research methods. The experimental study was carried out using the impact hammer test, in which the additional
mass and the tool overhang were varied. During each test, oscillation oscillograms were recorded, allowing for the
determination of the corresponding natural frequencies. The analytical approach involved deriving formulas for estimat-
ing the natural frequency based on the geometric and mass-inertial characteristics of the structure. The SolidWorks
software system with the Simulation module was used for the numerical simulation of the spatial oscillations of the cutter-
oscillator X, which provides frequency analysis and model creation considering real geometric parameters.

Results. Comparison of the analytical, experimental, and numerical methods for determining the natural frequency
of the cutter-oscillator X showed high consistency of the results, confirming their reliability and practical applicability.
The influence of geometric and inertial parameters on the dynamic characteristics of the cutter-oscillator X was deter-
mined. In particular, when increasing the overhang from 60 mm to 140 mm, the natural frequency decreased by 3.6...4.1
times, and when increasing the mass of the concentrated load from 0.2 kg to 0.52 kg — by 1.4...1.6 times. Frequency
analysis in SolidWorks Simulation demonstrated sufficient accuracy (error of 2...3%), high efficiency, and cost-effective-
ness, especially when designing complex structures. Numerical simulation proved to be a convenient tool for optimizing
structures and reducing costs at the development stage.

Scientific novelty. For the first time, a comprehensive comparison of analytical, experimental, and numerical meth-
ods for determining the natural frequency of the cutter-oscillator X was carried out. The influence of geometric and
inertial parameters on its dynamic characteristics was analyzed. The effectiveness of using frequency analysis in CAD
systems for studying the dynamics of the turning process was demonstrated, which is relevant for optimizing complex
structures.

Practical value. The computer simulation method demonstrated high accuracy and repeatability of results in deter-
mining the natural frequency of the cutter-oscillator X, confirming its suitability for vibration analysis of lathe cutting
tools. Using frequency analysis in SolidWorks Simulation simplifies design, reduces costs, and is especially effective for
complex structures.

Key words: regenerative self-oscillations, cutter-oscillator, oscillogram, natural frequency, overhang, concentrated
mass.

Introduction

The cutting process is the main operational process
that exerts a force influence on the technological system
"machine-device-tool-workpiece" [1]. In studies of cutting
dynamics, the machine and devices are considered abso-
lutely rigid, and the influence of other processes is disre-
garded. To simplify the research, the workpiece must be
rigid, and the lathe cutting tool serves as an oscillator. The
oscillations of the cutting edge of the lathe cutting tool
within the cutting allowance volume are considered as the
result of elastic displacements of the oscillator under the
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action of all types of forces arising during the cutting pro-
Cess.

During turning, the lathe cutting tool has a decisive
influence on the efficiency of the process, which largely
depends on its static and dynamic characteristics [2]. Under
unfavorable machining parameters, vibrations may occur,
which deteriorate the accuracy, worsen the machining
quality and reduce the wear resistance of the tool [3, 4].
The most undesirable vibrations are regenerative self-os-
cillations, which are self-excited and arise due to variations
in the thickness of the cut allowance, caused by waves on
the cutting surface [5].
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Understanding the physical causes of regenerative
self-oscillations allows reducing its intensity. The most ef-
fective way to study such oscillations is to use a cutter-os-
cillator with a single degree of freedom [6, 7], the direction
of oscillation of which coincides with the direction of cut-
ting thickness variation (along the X-axis) —i.e., the cutter-
oscillator X.

Since regenerative self-oscillations occur in reso-
nance mode, when the natural frequency (NF) of the cutter-
oscillator X coincides with the self-oscillation frequency,
it is important to be able to accurately determine and pre-
dict changes in the NF depending on the geometric and in-
ertial parameters of the cutter-oscillator X.

Analysis of Research and Publications

Three main methods are used to study the dynamic
characteristics of oscillators: analytical [8], simulation [9],
and experimental [10]. For the analytical calculation of the
NF of oscillators, approximate methods are applied, such
as the Rayleigh-Ritz method, Grammel’s method,
Dunkerley’s formula, the method of successive approxima-
tions, and others.

The dynamic models of cutter-oscillators are usually
studied using Euler-Bernoulli beam theory [4] and verified
through finite element modeling (FEM). The frequency re-
sponse functions (FRF), obtained through the impact ham-
mer tests, are used to evaluate the modal parameters of cut-
ter-oscillators. These modal parameters are then used to
construct semi-analytical stability lobe diagrams (SLD),
which are employed to assess machining stability (absence
of vibrations) during turning. Additionally, the oscillations
of the cutter-oscillator can be simulated as a mass-spring-
damper system [11].

Computer simulation is the most efficient method for
evaluating the dynamic characteristics of oscillators [12].
For example, in study [9], a 3D model of a cutter-oscillator
with three degrees of freedom is used to simulate the turn-
ing process under both stable conditions and the presence
of vibrations. In work [13], a combination of FEM and ex-
perimental verification is used to analyze the machining
mechanisms of a copper workpiece, with a detailed study
of the vibrating tool behavior. Compared to experimental
results, computer simulation allows for more accurate esti-
mation of modal parameters and better prediction of vibra-
tions.

For experimental investigation of the NF of cutter-os-
cillator, the impact hammer method is often used, involv-
ing a special hammer equipped with a piezoelectric force
transducer [14, 15]. The resulting vibrations are then meas-
ured using displacement sensors [16, 5] or accelerometers
[17, 18, 19].

Each of the above-mentioned methods for studying
the NF of cutter-oscillators has its own advantages and lim-
itations, which justifies the combined use of these methods
to obtain the most reliable results.

Purpose of the Work

The purpose of the work is to investigate the main
methods for determining the NF of the cutter-oscillator X
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and to analyze the influence of its geometric and inertial
parameters on the dynamic characteristics during the study
of the physical foundations of cutting process dynamics in
turning conditions.

Research Material and Methodology

The research methodology includes both analytical,
numerical simulation, and experimental investigation.

The cutter-oscillator X (Fig. 1) consists of a rectangu-
lar cross-section holder and a head on which a cutting insert
is mounted, with the possibility of attaching additional
masses. The cutter-oscillator X has one degree of freedom
in the direction of cutting thickness variation [7]. To ensure
this, the holder was structurally designed to provide maxi-
mum stiffness relative to the z and y axes and minimum
stiffness relative to the x axis [6]. To eliminate torsional
vibrations, the cutting edge had a principal approach angle
of 90° and was positioned along the y-axis — the symmetry
axis of the holder.

hend

cutiing insert
-

b

Figure 1. Design of the cutter-oscillator X (a) and photo of the
cutter-oscillator X mounted in a device for installation
on a lathe (b)

For the experimental studies, the cutter-oscillator X
was manufactured from steel 65G (steel 66Mn4) (p = 7850
kg/m3), with holder dimensions of bxh =0.008 m x 0.06 m
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and the possibility to vary the overhang | during clamping
from 0.08 m to 0.14 m. To determine the mass of the head
(concentrated mass) of the cutter-oscillator X, the mass of
the holder was subtracted from the total weight. The holder
mass was calculated based on its geometric dimensions and
material density. The resulting head mass was ms; = 0.2 kg.
During the study, the mass of the head was varied from
0.2 kg to 0.52 kg by attaching additional weights of 0.1 kg
and 0.32 kg. These parameters were used for the analytical
determination of the NF and for computer simulation.

The analytical method for determining the NF of the
cutter-oscillator X, which is a cantilever beam with a con-
centrated mass at its free end, is based on the derivation of
calculation formulas.

For 3D computer simulation of the cutter-oscillator
X, the SolidWorks software with the Simulation module
was used.

Analytical Method for Determining the NF of Cutter-
Oscillator X

The following assumptions were made for the analyt-
ical calculation of the NF of the cutter-oscillator X:

1. The bending deformations of the holder during os-
cillations are small compared to its thickness, and elastic
deformations obey Hooke's law.

2. The cutter-oscillator X has a constant cross-sec-
tion of the holder.

3. The material of the cutter-oscillator X is homoge-
neous and isotropic.

To simplify the analytical calculation of the NF, the
cutter-oscillator X is replaced by an equivalent model of a
cantilever beam. In this model, the rectangular cross-sec-
tion holder of the cutter-oscillator X is considered as a
beam with uniformly distributed load of linear mass den-
sity mo, with one end rigidly fixed and the other end free.
The head of the cutter-oscillator X is modeled as a concen-
trated mass ms (see Fig. 2).

VI1177774
3
“a

i
|- -—

Figure 2. Diagram for determining the NF
of the cutter-oscillator X

The NF of the equivalent model of the cutter-oscilla-
tor X (Fig. 2) can be determined using the well-known for-

mula [20]:
,E]
fn =l£; ;,HZ,

where ¢ is the dimensionless frequency coefficient
(Fig. 3a);
m is the equivalent linear mass density, which accounts for
both the distributed and concentrated masses and is deter-
mined by the formula [20]:

(1)
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m=mg + 7 052, ksmg, "2, v
where ms is the concentrated mass, kg;
s is the index of the mass;
Sp is the total number of concentrated masses;
ks is the coefficient for converting the concentrated mass to
an equivalent uniformly distributed mass;
mo is the uniformly distributed linear mass density, calcu-
lated by the formula:

mo=p-b-ht, ®3)

where p is the density of the cutter-oscillator X holder ma-
terial, kg/ms3;
b is the width of the cutter-oscillator X holder, m;
h is the height of the cutter-oscillator X holder, m.

To determine the frequency coefficient ¢, according
to the graph in Fig. 3a, the mass ratio for each overhang
value of the cutter-oscillator X was calculated using the
formula:

n=-e (4)

For the manufactured cutter-oscillator X, the uni-

formly distributed linear mass density was:

m, = 7850 - 0,060,008 = 3,768 %g.

The values of the coefficient ks were determined from
the graph in Fig. 3b. The relative abscissa of the concen-
trated mass is defined by the formula [20]:

Xs
as = 7’ (5)
where x; is the distance from the clamping point to the cen-
ter of mass of the concentrated mass, m;
| is the overhang of the cutter-oscillator X, m.

Figure 3. Graphs for determining the coefficients ¢ (a)
and ks (b) [20]
The results of the analytical calculation of the coeffi-
cients ks, n, ¢, and the equivalent distributed linear mass
density m are presented in Table 1.
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Table 1 — Results of the calculation of coefficients ks, n, ¢, and the equivalent distributed linear mass density m

ms1=0,2 kg ms2=0,3 kg ms3=0,52 kg
hm m, n ) Ks m, n ) ks m, n ) ks
kg/m kg/m kg/m

0,06 7,546 0,442 0,471 1,13 9,434 0,530 0,430 1,13 13,590 0,638 0,392 1,13
0,07 7,823 0,365 0,518 1,42 9,850 0,435 0,475 1,42 14,310 0,519 0,434 1,42
0,08 | 7,927 0,315 0,557 1,66 | 10,007 | 0,375 0,511 1,66 14,582 0,446 0,469 | 1,66
0,09 | 7,931 0,280 0,591 1,87 | 10,012 | 0,333 0,542 1,87 14,591 0,396 0,497 | 1,87
0,1 7,875 0,254 0,621 2,05 9,928 0,302 0,569 2,05 14,445 0,360 0,522 | 2,05
0,11 | 7,785 0,234 0,648 2,21 9,794 0,278 0,593 2,21 14,213 0,333 0,543 | 2,21
0,12 | 7,677 0,217 0,672 2,35 9,632 0,260 0,614 2,35 13,932 0,311 0,561 | 2,35
0,13 | 7,561 0,203 0,694 2,47 9,457 0,244 0,634 2,47 13,629 0,293 0,578 | 2,47
0,14 | 7,441 0,192 0,714 2,57 9,278 0,231 0,651 2,57 13,318 0,279 0,593 2,57

Determination of the NF of the Cutter-Oscillator X by
Simulation

During the simulation in SolidWorks, solid models of
the cutter-oscillator X (Fig. 4) were created with parame-
ters corresponding to the real physical object. The materi-
als, boundary conditions (rigid fixation), depending on the
overhang length | of the cutter-oscillator X, and the load in
the form of a concentrated mass m;, at the free end were
specified.

A frequency analysis was performed using the Simu-
lation module in SolidWorks, which allows visualization
of NF and obtaining potential resonance modes.

Figure 4. 3D models of the cutter-oscillators X: a — without ad-
ditional mass (ms1= 0.2 kg); b — with additional mass 0.1 kg
(ms2= 0.3 kg); ¢ — with additional mass 0.32 kg (mss= 0.52 kg)

Experimental Method for Determining the NF of the
Cutter-Oscillator X

The experimental investigation of the NF of the cut-
ter-oscillator X was carried out using the impact hammer
test [21], with variation of the additional mass and the over-
hang length. The cutter-oscillator X 2 was installed in the
tool holder of the CNC lathe Zenitech WL 320 (Fig. 5). A
non-contact displacement sensor 4 of model Schneider
Electric XS4P12AB110 was connected via an analog-to-
digital converter 5 of model L-Card E14-140-M to a per-
sonal computer 6. A steel ball 1 suspended on a thin thread
3 was used to strike the tip of the cutter-oscillator X 2. The
vibration displacement of the lathe cutting tool was de-
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tected by the sensor 4 and recorded on the personal com-
puter 6 as oscillograms using the LGraph?2 software.

Figure 5. Experimental setup for investigating the NF of the
cutter-oscillator X

The obtained oscillograms (Fig. 6) were analyzed us-
ing the PowerGraph Demo software. The Fast Fourier
Transform (FFT) function was used to convert the data
from the time domain to the frequency domain. As a result
of the transformation, an amplitude spectrum graph was
generated: the X-axis represented frequency, and the Y-
axis represented amplitude. The peak of the spectrum cor-
responded to the dominant oscillation frequency.

Figure 6. Fragment of the oscillation oscillogram of the cutter-
oscillator X (overhang | = 100 mm, without additional mass)
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Research Results and Discussion

Table 2 presents the results of the analytical calcula-
tions and experimental measurements of the NF of the cut-
ter-oscillator X, as well as the simulation results obtained
using SolidWorks software.

During the simulation in SolidWorks, for each value
of the overhang of the cutter-oscillator X and different ad-
ditional masses, the visualization of the natural frequencies
was obtained (Fig. 7).

The results of the study showed that increasing the
overhang of the cutter-oscillator X from 60 mm to 140 mm
led to a decrease in the NF by 3.6...4.1 times. Increasing
the concentrated mass from 0.2 kg to 0.52 kg reduced the
NF by 1.4...1.6 times.

Based on the obtained results (Table 2), graphs were

Table 2 — Results of the NF study

constructed showing the dependence of the NF on the over-
hang length | of the cutter-oscillator X and the concentrated
mass ms (Fig. 8).

Table 2 shows that the results of analytical calcula-
tions of the NF of the cutter-oscillators X deviate from the
experimental data and the SolidWorks Simulation results
by no more than 2...3 %. This confirms the high accuracy
of frequency analysis in engineering CAD systems and
demonstrates their advantages over manual calculations
and experimental methods, which require expensive equip-
ment and prototype manufacturing. This is especially rele-
vant when analyzing complex structures. Using numerical
simulation at the design stage of new or during the optimi-
zation of existing oscillators allows for a significant reduc-
tion in development time and cost.

Im fn cale, HZ fn exp, HZ fn sim, Hz

Ms1 Ms2 Ms3 Ms1 Ms2 Ms3 Ms1 Ms2 Ms3
0,06 1117,2 912,2 692,9 1093,7 1003,7 789,1 1150,716 966,932 762,19
0,07 871 705 532 859,4 781,2 664 897,13 747,3 585,2
0,08 714 605 436 674,7 586,4 478,5 735,42 641,3 479,6
0,09 598 484 365 605,4 546,8 449,2 615,94 513,04 4015
0,1 492 413 312 468,7 419,9 3418 497,67 440,45 352,62
0,11 443 358 270 410,1 366,2 302,7 456,29 379,48 297
0,12 388 314 237 361,3 317,4 263,7 399,64 332,84 260,7
0,13 345 279 210 312,5 2734 2246 355,35 295,74 231
0,14 308 249 188 283,4 2441 200,2 317,24 263,94 206,8

c

Figure 7. Calculation of the NF of cutter-oscillator X in SolidWorks:
a — without additional mass (ms1= 0.2 kg); b — with additional mass 0.1 kg (ms2= 0.3 kg);
¢ — with additional mass 0.32 kg (mss= 0.52 kg)
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Figure 8. Dependence of the NF fn on the overhang | of the lathe
cutting tool for concentrated masses: ms1 = 0.2 kg (a), ms2=10.3
kg (b), and mss = 0.52 kg ()

Conclusions

The determination of the NF of cutter-oscillators
serves as a foundation for further calculations aimed at
studying the dynamic characteristics of the turning process.

The comparison of three approaches — analytical, ex-
perimental and numerical simulation — showed a high level
of consistency of the results. This confirms the reliability
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of each method and their applicability in engineering anal-
ysis practice.

The study examined the influence of geometric and
inertial parameters of oscillators on their dynamic behav-
ior, which is crucial for understanding the physical founda-
tions of the cutting process dynamics. The choice of a par-
ticular method may depend on the ease of its implementa-
tion and the availability of the necessary equipment.

The research results confirmed the effectiveness and
accuracy of the computer simulation method in determin-
ing the NF of cutter-oscillator X. The analysis of the ob-
tained data showed good repeatability of the results, mak-
ing this approach promising for practical applications in vi-
bration analysis of lathe cutting tools.

The use of frequency analysis within engineering
CAD systems such as SolidWorks Simulation significantly
simplifies and accelerates the design process while reduc-
ing costs compared to experimental methods and manual
calculations. This is especially important when dealing
with complex structures, where numerical simulation be-
comes an indispensable tool for optimization.
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Memoou docnidncennsn. Excnepumenmanvre 00Cniodcents 30iCHIO8ANIOC MEMOOOM YOAPHO20 30Y0NCEeHH s, NPU
SAKOMY 3MIHIO8ANU 000AMKO8Y Macy ma eunim pizys. 11i0 yac kodcHo2o sunpoOysants QiKcy8amucs ocyuiospamu Koiu-
8aHb, WO 003605110 GUSHAYUMU BIONOGIOHI YACMOMU BIACHUX KOIUBAHb. AHnanimuynull nioxio nepedbayas eusedeHHs
PO3PAXYHKOBUX (hOpMYA Ois OYIHKU YACMOMU BIACHUX KOIUBAHb HA OCHOBI 20MEMPULHUX | MACO-IHEPYITIHUX XapaKme-
pucmux KoHcmpyKkyii. [nsa uucenvbHo20 Mo0ent08aHHs npocmoposux KOIUsans pisysa-ocyuiamopa X 6UKOpUCmosy8aiacs
npoepamua cucmema SolidWorks 3 modynem Simulation, wo 3abe3neuye nposedeHHs. HacmomHo20 aHalizy ma no6yoo8y
MoOernell 3 Ypaxy8aHHAM PeanbHUX 2e0MempudHUX napamempis.

Ompumani pesynomamu. [1opigHAHHA aHATIMUYHO20, EKCHEPUMEHMATLHO20 Md YUCETbHO2O0 MemoOi8 USHAYEHHS
4aCMoOmu 61ACHUX KOAUBAHb PI3YA-0CYUIAMopa X noKasano 8UCOKY Y3200H4CEHICIb Pe3ya1bmamis, uo niOomeepoiCcye ixHio
HAOTUHICMb | NPAKMUYHY 3ACMOCO8HICMb. Bcmanosneno ennus ceomempuunux ma inepyilinux napamempis Ha OUHAMIYHI
xapaxkmepucmuku pizysa-ocyunamopa X. 3oxkpema, npu 36invuienni gunvomy 3 60 mm 0o 140 mm wacmoma 8nacHux Koau-
saub smeHwunacy y 3,6...4,1 pasu, a npu 36inbuwenni macu 3ocepedicenoco eanmaicy 3 0,2 ke 00 0,52ke —y 1,4...1,6
paszu. Yacmommnuil ananiz y cepedosuwi SolidWorks Simulation npodemoncmpyeag oocmamuiwo mouyHicme (noxubka
2...3%), sucoxy epexmusnicmo ma eKOHOMIUHY OOYLIbHICMb, 0COOIUBO NPU NPOEKMYBANHHI CKAAOHUX KOHCMPYKYIl. Qu-
cenbHe MOOEeN0BAHHA BUABUNIOCS 3PYUHUM THCIMPYMEHMOM O ONMUMI3AYii KOHCMPYKYIll Ma CKOPOYeHHs sumpam na
emani po3pooxu.

Haykosa nosusna. Bnepuie npogedeno KomniekcHe NOPIGHAHHS AHATIMUYHO20, eKCNEPUMEHMATbHO20 MA YUCEeNb-
H020 Memooi6 6UHAYUEHHS YACMOMU 1ACHUX KOIUBAHb pisys-ocyunamopa X. [Ipoananizosano enius ceomempuinux ma
iHepyitinux napamempis Ha 1020 OuHamiuni xapaxmepucmuru. Iloxazano egexmusHicms GUKOPUCIAHHS YACMOMHO20
ananizy ¢ CAIIP-cucmemax 0nsi 00CAiOHCeH s OUHAMIKU RPOYECY MOYIHHS, WO € AKMYANbHUM 0715t ONMUMIZAYL] CKIAOHUX
KOHCMPYKYIU.

Ilpaxmuuna yinnicmo. Memoo Komn 10mepHO20 MOOENOBAHHS NPOOEMOHCIPYBAE GUCOKY MOYHICb | NOBMOPIO-
8aHICMb Pe3yIbMAamie Npu GUIHAYEHHI YACMOMU BACHUX KOAUBAHD PI3ys-ocyunsmopa X, wo niomeeposcye 1ozo npu-
damuicme 01 GiOpAYiliHO20 AHANI3Y pIdCYyuux iHcmpymenmis. 3acmocysanns uacmomuoeo awnanisy 6 SolidWorks

Simulation cnpougye npoexmyg8anHs, CKOpoOYye UMpPamu ma € 0CoOIUBO eheKMUBHUM 01 CKAAOHUX KOHCMPYKYILL.
Kntouosi cnosa: pecenepamugni asmoxonueanis, pizeyb-oCYuIAmop, 0CYunopamd, 4acmoma é1acHux KOIUEAaHb,

suim, 30cepeddicena maca.
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USE OF SHEWHART CONTROL CHARTS TO ENSURE PRODUCT
QUALITY AND OPTIMIZE THE MAINTENANCE SCHEDULE FOR CNC
METAL-CUTTING MACHINES. CASE STUDIES

Purpose. On the example of a CNC machine DAEWOO PUMA 600M, using statistical methods of quality manage-
ment, in particular, Shewhart charts, a scheme for maintenance and repair of machine tools in order to reduce operating
costs was work out.

Research methods. For the case under study, from each batch of 30 Wheel units, the quality control department
monitored the deviation from the nominal value of the most critical accuracy parameter, the mounting diameter for the
rolling bearing outer ring, for five random products. A total of 60 such samples were taken. The mounting surface diam-
eter was monitored using three-point precision intalometer. Thus, for a total sample of 300 units, Shewhart control charts
for the center and range positions were built and statistical analysis was performed the purpose of which is to identify
special trends. In addition, the errors correction log entries were analysed in a similar way to determine whether a
positioning error was present.

Results. It has been shown that the use of Shewhart’s control charts allows assessing the actual state of the machine
tool equipment. Based on this fact, a model of maintenance and repair of CNC machines using statistical data analysis
is proposed. The application of the proposed model to the entire maintenance and repair cycle can significantly extend
the inter-repair period for CNC machines. The number of repair activities was reduced by 35-50 %. At the same time,
the cyclicity of operations provided by the manufacturer's technological routine for this type of machine tool remains
unchanged, the equipment utilisation rate increases, and it is possible to reduce the required number of repair service
personnel.

Scientific novelty. The relationship between the results of the cutting process, which are determined by Shewhart's
control chart, and the state of equipment is established to formulate maintenance and repair measures.

Practical value. The proposed scheme for organizing the maintenance and repair of CNC machines based on sta-
tistical analysis using Shewhart charts provides a significant reduction in the cost for their operation.

Key words: range, control limits, special trend, variation, distribution, process capability index, actual state of
equipment, inter-maintenance period.

Introduction ha§ the grgatest impact on the qual_ity of the products ma-

N ] _ chined on it. Based on this, the maintenance and forecast-

~ The condition of metal-cutting equipment, as shown  jng of the serviceable condition of equipment and other el-
in the works of Kusyi et al. [1] and Usubamatov et al. [2],  ements of the production system, according to Lee et al. [3]
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has a direct impact on its productivity and other economic
aspects. In today’s economy, due to the development of In-
dustry 4.0 technologies, industrial companies need ap-
proaches that will be able to predict the behavior of equip-
ment and prevent the occurrence of emergencies through
its maintenance.

Carrying out a set of works on maintenance and repair
of machines (MR) is always associated with the need to
stop the equipment, i.e., its exclusion from the production
cycle. There are three main strategies for managing mainte-
nance and repair [4]:

- Scheduled preventive maintenance (SPM);
- maintenance according to actual condition (MAC);
- event-driven repair/maintenance (EDRM).

The consequences of choosing one or the other ap-
proach, associated with an increase in the inter-mainte-
nance period, will range from cost overruns for MR to sud-
den failures of critical elements of metal cutting equipment
with damage to the workpiece at that moment. Both ex-
treme approaches are costly for the budget and the compa-
ny's image. Therefore, according to Guler et al. [5], there
is a desire for companies to combine the benefits of all ma-
jor MR strategies by using combined maintenance (CM),
aimed at both reducing the overall amount of maintenance
and maximizing equipment life and reducing the costs as-
sociated with increased inter-repair periods and reduced
frequency of event-based repair/maintenance.

Analysis of research and publications

Modern systems of maintenance and repair of indus-
trial equipment have been developing for a long time and
have gone through a number of evolutionary stages [6]. At
the beginning of the industrial era, equipment maintenance
and repair were mainly performed by production managers
or experienced workers without formalized systems. The
lack of standardization and organization led to irregular
maintenance and long downtimes.

In the 1950s and 1960s, with the development of tech-
nology and automation, the concept of predictive mainte-
nance emerged. It involved regular preventive maintenance
and inspections of equipment to prevent breakdowns and
reduce the likelihood of failures.

In the 1970s and 1980s, computer systems for mainte-
nance planning and control began to be actively used,
which marked the beginning of programmatic maintenance
and diagnostics. Programs allowed creating work sched-
ules, monitoring equipment status, and providing data for
diagnosing breakdowns. The introduction of electronics
and sensors allowed for automatic monitoring of mainte-
nance [7].

The concept of Total Productive Maintenance (TPM)
originated in Japan in the late 1980s [8]. It involves the
broad involvement of personnel at all levels in the mainte-
nance and support of equipment, and emphasizes proactive
maintenance and breakdown prevention.

With the development of technology in the context of
Industry 4.0, industrial equipment maintenance and repair
systems are becoming increasingly automated [7]. Sensors

and transducers monitor the condition of equipment in real
time, and the data is transferred to cloud systems for anal-
ysis and decision-making. This makes it possible to predict
breakdowns, plan maintenance and repairs based on actual
data, which is one of the principles of ISO 9000 [9] quality
management. Adherence to these principles can signifi-
cantly increase the efficiency of industrial equipment oper-
ation.

Modern industrial maintenance and repair systems
continue to evolve and integrate new technologies such as
artificial intelligence, data analytics, and autonomous sys-
tems [7, 8, 10, 11]. The entire range of equipment mainte-
nance and repair operations can be divided into two groups:

1. SPM, mainly related to the prevention of failures
and damage;

2. work to identify and eliminate defects that caused
failures and damage.

In practice, there may be different ratios between
these groups of works, depending on the adopted optimi-
zation criterion and the chosen strategy of maintenance and
repair. The cost of maintaining equipment in working con-
dition in the cost of production reaches 6—20 %, so the main
requirement for the operation process is to ensure the high-
est probability of maintaining the performance of the func-
tional system (equipment, unit, assembly unit) within a cer-
tain period of time at limited costs [12, 13]. This approach
is realized through the use of combined maintenance (CM).

The concept of such maintenance is that different
technologies are used at each time horizon of MR planning:
SPM or MAC. For example, on the long-term planning
horizon, the indicators of the SPM are taken as a basis. On
the operational planning horizons, the MAC is used, while
the MR indicators are determined based on the statistical
analysis of equipment condition measurement data, on the
basis of which a financial reserve is formed [14]. In accord-
ance with the CM, as the planning horizon is shortened, the
planned MR indicators are consistently refined. The basis
for such refinement is data on the actual condition of the
equipment, its technological conditions, as well as the im-
plementation of MR plans in previous periods.

The use of the CM allows to increase the equipment
utilization rate without a significant increase in costs, helps
to plan the corporate budget more correctly and should be
based on the use of actual data in accordance with the prin-
ciples of quality management set forth in 1SO 9000 [9].
One of such means of collecting and analysing information
is Shewhart control charts (SCC). As demonstrated by Ma-
lindzakova et al. [15], under conditions of stable and re-
peatable production, the above are an effective means of
providing information on the variability and reliability of
the production process that is the object of monitoring.
They identify random variations and violations of control
limits of quality indicators.

The data for analysing the system functioning can be
both sensor data that are part of the equipment and data
obtained during measurements of the equipment techno-
logical state or measurements of product parameters [16,
17].
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The use of systems for data, obtained from various
sources, analysis and the application of statistical methods
for processing these data allow creating a subsystem with
which to obtain control markers of mechanism state. The
basis of such a subsystem, can be the above-mentioned
SCC or process behaviour charts. A control chart is a spe-
cial type of time diagram that enables to identify the points
of the process that leave the steady state due to natural var-
iability, for further determination of the causes of deviation
and its elimination, determination of the process capabili-
ties (controllability), identification of fluctuation points
and process quality forecasting [18]. The use of charts as-
sumes that the controlled characteristic obeys the normal
Gaussian distribution. Deviations from the normal distri-
bution indicate the presence of a powerful factor that de-
termines the actual shape of the distribution, which is a sep-
arate subject of analysis [19, 20, 21]. A detailed technology
of analysis using the SCC is contained in 1SO 7870-2:2023
[22].

Objective of the study

On the example of a CNC machine DAEWOO
PUMA 600M, using statistical methods of quality manage-
ment, in particular, Shewhart control charts: identify the
sources and methods of data collection; determine the ex-
istence of a correlation between deviations from the nomi-
nal of the machined part critical dimension, the positioning
error of the machine tool and its physical condition for the
integration of combined maintenance technology; to work
out a rational scheme for machine tool maintenance and re-
pair, based on its actual state, in order to reduce operating
costs.

Research material and methods

The PUMA 600M model CNC machine, defined as
the object of study, produced the identical product — the
“Wheel” item throughout the entire research cycle (see
Fig. 1).

Figure 1. Object of the study — Daewoo PUMA 600M CNC ma-
chine

During the study, using three-point precision intalometer
with the dimensional resolution of 0.001 mm., the devia-
tion from the nominal value of the most critical accuracy

parameter of the “Wheel” item - the mounting diameter of
the outer ring of the rolling bearing 8230M7(.0.045) - Was
monitored (see Fig. 2). The material to be machined is
42CrMo4 steel of hardness HRC 45-55.

Figure 2. The “Wheel” item drawing

The following methods can be used to obtain accu-
racy data for the PUMA 600M metal cutting machine:

1. Geometric analysis.

2. Measurement of positioning error.

3. Monitoring of dynamic characteristics.
4, Statistical analysis.

For the selected type of equipment, a combination of
methods 1, 2 and 4 is most suitable, which best meets the
production requirements and goals of assessing the accu-
racy of the machine, taking into account the available re-
sources, the type of measurements and their accuracy that
must be achieved to complete the task. The data for analy-
sis includes the results of the controlled dimension meas-
urements from samples that are randomly taken by the
quality control department on a daily basis (geometric anal-
ysis), as well as errors correction log entries, which indi-
rectly indicate the physical condition of the machine in the
context of positioning error.

For the case under study, the quality control depart-
ment monitored the parameters of n = 5 random products
from each 30-unit batch, and m = 60 such subgroups were
taken. Thus, the total sample size is N = 300 products.

The dynamics of machine condition monitoring is set
by the required data collection period, which is determined
based on the technical characteristics of the machine and
its operating mode. Based on the requirements of the oper-
ational documentation, for the purpose of this study, data
were collected during 1120 hours of machine operation.
Thus, the time for processing one group is about 18.65
hours. At the same period a total of 20 correction activities
were made based on the machining of test parts from the
results of three measurements.

According to the recommendations of ISO 7870-
2:2023 [22], SCC for the centre position and for the range
were selected. The lower (LCL) and upper (UCL) limits of
the centre position are determined from equations (1) and
(2) respectively:

LCL =X — A,R, 1)

UCL =X + A;R. )
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Here, X is the average value determined from m subgroups
of n elements each according to Equation (3); R is the av-
erage range of groups determined by Equation (4).

= 1

X = —i%1 Yjea Xy 3)
Where X;; — measurement results; i - subgroup number; j -
product (measurement) number in the subgroup.

R =~y (Xjpex — xpim), @)

Here, X"**and X" are the maximum and minimum
measurement results in subgroup k, respectively.

The lower and upper limits of the range are deter-
mined by equations (5) and (6), respectively:

Ryc, = D3R, ®)
Ryc, = D4R. (6)

The coefficients in equations (1), (2) and (5), (6) for
the subgroup of volume n = 5 according to [22] are equal
to A, =0.577,D; =0,D, = 2.114 and for the sub-
group of volume n = 3 (error correction) - A = 1.023, D3
=0, Ds=2574.

It should be noted that the magnitude of R reveals an
undesirable variation within the group, and the mean X re-
flects the stability of the process as a whole, including var-
iations between groups.

For the purposes of this study, the conformity of the
obtained samples' distribution to the normal distribution
law was checked using the Kolmogorov-Smirnov type cri-
terion, taking into account the sample estimation of the the-
oretical distribution parameters [23]. This criterion is
stronger than the traditional one. The verification is carried
out on the basis of the inequality (7):

VN - sup(|F(t) — F(t)]) < C(@). (7)

Where F(t;) and F(t;) - accordingly, the values of the
theoretical and empirical integral distribution function;
C(q) - critical value of the criterion for confidence proba-
bility g.

Forq=0.95-C(q) = 0.895

Research results

According to the existing regulations at the enter-
prise, every 350 hours of machine operating time, technical
inspection (T1) is carried out to control the main parameters
of the machine's units: vibration control, geometric param-
eters control, technological accuracy control, thermal im-
aging control, and output quality control. The complex of
maintenance activities takes 1 shift and costs 12 man-
hours. No adjustment or repair operations are performed
during the maintenance.

Once every 3 years, based on the results of the TI,
medium repairs are carried out with the replacement of
parts with an expired service life. The machine is over-
hauled once every 10 years. The full repair cycle takes
10,000 hours.

To develop an optimal MR strategy, along with the
performance of work according to the schedule, deviations
of critical dimension were monitored and the data obtained
were used to build control charts of mean absolute devia-
tions (X-chart) as well as that of a range (R-chart), shown
in Fig. 3. Control charts demonstrate whether the produc-
tion process is stable. To control the variability of the ma-
chine state by the key parameters according to 1SO 7870-
2:2023 [22], it is proposed to use the criteria for identifying
special trends of parameters.
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Figure 3. Shewhart control charts of Means and Ranges for
“Wheel” item mounting diameter measurements

The SCC of the correction Means and Ranges, based
on the error correction log entries, are shown in Fig. 4. The
distribution of mean error corrections conforms to the nor-
mal distribution law.
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Figure 4. Shewhart control charts of Means and Ranges for er-
ror corrections

Additional geometric analysis tools that can also be
performed as data is accumulated are the analysis of the
controlled dimension deviation distribution and the analy-
sis by the process capability index (PCI) - C, calculated by
the Eq. (8)

_ UAL-LAL

c, =2 ®)
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Where UAL and LAL are the upper and lower allowable
limits of the controlled parameter, respectively; S is the
standard deviation of the controlled dimension.

Fig. 5a shows the histogram of the controlled diameter
deviation distribution, which corresponds to a normal one.
Fig. 5b shows the location of the same histogram relative
to the tolerance field. For the process under study, the cal-
culated value of PCI is Cp = 83.5.
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Figure 5. llustration for the PCI analysis:

a — distribution of the controlled diameter; b — distribution of the
controlled diameter relatively tolerance field

Discussions

Based on the data analysis, the process was stable
during the entire observation period, no special trends such
us: the data of 6 consecutive samples are increasing or de-
creasing, 9 samples on the same side of the center, 14 sam-
ples alternating up and down etc. [22] were observed.
Based on the results shown in Fig. 4, all the data are within
control limits and there are no special trends for the error
corrections as well. In combination with the subjection of
the corrections to the normal distribution law, it is very
likely that positioning error is the subject to exclusively
random variations and there are no significant changes in

the physical state of the machine tool. The same has been
confirmed during scheduled technical inspections.

Thus, there were no fixed deviations in the state of the
machine as well as error signals that would indicate that the
correction system cannot compensate positioning errors
and that repair compensation measures are necessary,
which are correlated with the data obtained from the
Shewhart charts. Three periodic single outliers of ranges
beyond the control limits, observed in Fig. 3, are correlated
with the time of technical inspection. Excluding these out-
liers from the analysed data set results in a pattern where
the rest of the data are within the control limits (Fig. 6).
This indicates the statistical controllability of the process
[22].

X-bar and R Chart; variable: Dev_C

Histogram of Means. X-bar: B UB2T (9,9027), Sgma: 0,08403 (0,08403), n: 5
| 1 10,105
+ + 1 E
=
| * * E
ot e e R #1 e et
! |
I T an't Thoay " ‘,h-vy-”- =
R R o R R E
9,880
) 20 30 l 50
Group
Histogeam of Ranges Range: 019544 (0,18544), Sigma: 0,07261 (0.07261), n 5
057 r
04 'I— i 5 + 1 0,41325
03 ,_l_ | +? PO ¢ +1 | E
a2 A x N £
02 R 5 MY 2 B i B 0,19544 5
01 ¢ (e Gl e FaaR 4 &
0,0 1 —= t 10,0000
0.1 L
0 5 1015202530 35 10 20 30 40 50

Figure 6. lllustration of the process statistical controllability

The above analysis of the SCC is complemented by
that of the deviation distribution, which corresponds to the
normal one, indicating that there is no single powerful fac-
tor that has a decisive influence on the process results [21].
The calculated value of the PCI - C, >» 10 indicates that
there is no risk of defects and the control process can be
simplified. Based on the location of the distribution centre
shown in Fig. 5b, an adjustment was made to reduce the
hole diameter by 0.012 mm, bringing the average deviation
to the middle of the tolerance field.

Based on statistical analysis of the SCC data and the
machine positioning error log data at the beginning of the
shift and taking into account the fact that no adjustment or
repair work is carried out during TI, it is possible to extend
the time between inspections by reducing their quantity and
performing them when the process begins to acquire char-
acteristics that indicate a possible loss of stability. Skipping
the scheduled TI will not cause the machine to lose its op-
erability and will slightly increase the likelihood of failure.

At the same time, the cycle of operations provided un-
der the manufacturer's technological regulations for this
type of machine tool, will remain unchanged, and the
equipment utilisation rate will increase, which will also re-
duce the number of repair service personnel. The organisa-
tion of this control process requires minimal investment.
Data analysis is performed using software that is available
at the enterprise and is already used for other processes.
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Based on the results obtained, the production adopted
a scheme for organising the repair service of machine tool
equipment, shown in Fig. 7. The choice of repair measures
is based on the results of statistical process control using
the SCC and the corresponding assessment of the equip-

ment condition.
Performing activities on
MR

Formation of MR activities

|->

Selection of @ MR activities

E

Decision-making on the carrying out of
MR activities

Assessment of the
equipment's actual state ‘ Process control

Figure 7. MR model based on the prediction of machine tool
performance using Shewhart charts

Conclusions

The monitored characteristics follow a normal Gauss-
ian distribution and it is reasonable to use these data to con-
struct X- and R- Shewhart charts.

The geometric control of the critical dimension and
the error correction log data, reflecting the machine posi-
tioning error, proposed as a source of data for constructing
X- and R- charts, allows monitoring the process state and
correlates with the state of the machine.

The frequency of maintenance and repair activities,
specified in accordance with the operational regulations
does not comply with the actual condition of the machine.

Determining the timing of maintenance operations
based on the analysis of statistical data using X- and R-
Shewhart charts will not lead to a significant decrease in
equipment reliability.

The parallel analysis of the critical size deviation dis-
tribution along with the process capability index analysis
adequately evaluate the need to reduce or enforce control
measures to ensure compliance with the selected quality
indicators.

The application of data and software used in parallel
production processes does not require significant addi-
tional investments when implementing and using the pro-
posed MRO system.

In the subsequent operation of CNC machines using
the developed MR model for assessing the actual state of
the equipment, the number of repair and maintenance ac-
tivities was reduced by 35-50 %.

With the accumulation of practical expertise, it is pos-
sible to transfer the proposed principles of work to other
operations of the repair cycle and to other machines, ex-
cluding the mandatory operations specified by the manu-
facturer for this type of machine.
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Memoou docnidxncenns. [ist 00Caioxncysanoeo unaoky 3 KodcHoi napmii eupobie «Konecoy» ¢ 30 00. ons n’ssmu
BUNAOKOBUX 8UPODIE BIOOLIOM KOHMPOIIO AKOCTI NPOBOOUBCSL KOHMPOIb GIOXUNEHHSL 610 HOMIHALY HAUOIIbW KDUMUYHOZO
napamempy mouHocmi — H0Ca0K08020 diamempy 308HIUHLO20 KilbYs RIOWUNHUKA KoYeHHs. Bcvozo 6yno e3samo 60 ma-
Kux eubipox. [Jiamemp nocadkogozo omeopy KOHMPOII0EAECs 3a OONOMO2010 NPEYUIIUHO20 MPUMOUKO8020 HYMPOMIPA.
Taxum wurom 0ns 3azanvroi eubipku ¢ 300 odunuys 6ydysanucs konmpoawvri kapmu Lllyxapma 0ns nonosicenns yenmpy
i po3KkUdy ma 30iICHIOB8ABCS CMAMUCIMUYHUL AHAI3, MEMOI0 SIKO20 € i0enmuirayis cneyianbHux mpenodis. Kpim yvoeo,
AHANOSTYHUM YUHOM AHATIZYEATUCS 3ANUCYU HCYPHATY KOPUSYEAHb 34 SIKUMU GUSHAYAEMbCSL HASIGHICMb NOMUIKU NO3UYIO-
HYBAHHSL.

Ompumani pesynomamu. Bcmanosneno, wo sukopucmants kowmpoavhux kapm [Llyxapma do3eonsie oyiniogamu
Gaxmuunuil cman eéepcmamuo2o 06naonanns. basyrouucs na ypomy axmi, 3anponoHoO6ano MoOOdeb MEeXHIUH020 06CTy-
208ysanist i pemonmy eepcmamis 3 YITY, wo cnupaemvcs Ha cmamucmuynull ananiz Oauux. 3acmocysamnist 3anponoHo-
8aHOT MOOeIli 00 8Cb020 YUKTLY 0OCTIY208YBAHHS MA PEMOHMIB 00360J18€ 3HAYHO NOOOBHCUMU MINCPEMOHMHI MepMiHU OIS
sepcmamis 3 YI1Y. Kinokicme pemonmuux 3axodis oyna smerwena na 35-50%. Ilpu yvomy yuxaiunicms onepayiti, ne-
peobayenux mexHoI0SIUHUM Pe2lamMenmoM SUPOOHUKA Ol 0aGHO20 BUOY BePCIAMIE, 3ATUUACIbCS 0e3 3MIH, NIOBULY-
€mbCsi KoeiyieHm UKOPUCTANHS 0OAOHAHHS MA € MONICTUBICIb CKOPOMUMU HeOOXIOHY YUCENbHICIb NePCOHATLY pe-

MOHMHOT CTYAHCOU.

Haykoea noguzna. Bcmanogneno 36’130k pe3yiomamis npoyecy pisanus, uwjo 6CMaHo8nio0mscs 34 KOHMpOIbHUMU
kapmamu LLlyxapma, ma cmamny 061a0HaHHs 0151 YOPMYSAHHSL 3AX00i68 MEXHIYHO20 0OCIY208YEAHNS | PEMOHNY.

Ilpakmuuna yinnicms. 3anpononosana cxema opeauizayii mexHiuHo20 0OCIY208Y8AHHS MA PEMOHMY 8epCmamis
3 YIIV Ha ocHO8i cmamucmuyHo2o aHanizy 3 eukopucmanuam kapm Lllyxapma 3abesneuye cymmege CKOpOUeHHs BU-

mpam Ha ix eKkcniyamayiio.

Kniouogi cnoea: po3kuo, KoHmpoawbHi Medici, cneyianbHull mpeno, 8apiayis, po3nooilents, iHOeKC MONCIUBOCHEl
npoyecy, paxmuunull cmau 0O1AOHAHHA, MINCPEMOHMHUL Nepioo.
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