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The proximity effect in heterostructures formed by the superconducting and
ferromagnetic metals is one of the central problems of fundamental metal
physics, the solution of which will make it possible to obtain new non-
reciprocal electronic components and detectors of electromagnetic radiation.
In this work, we create and study point contacts between the two-band super-
conductor Mo—Re alloy and the strong ferromagnet Ni. We confirm theoreti-
cal conclusions about the significant impact of relatively small changes in
interface resistance on the current—voltage characteristics of the hybrid con-
tact and discover different degrees of the ferromagnetic electrode effect on
two fundamentally distinct superconducting subsystems. The obtained re-
sults are useful for developing new hybrid devices based on multiband super-
conductors.
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EdexT 6sm3pK0CTH ¥ TE€TEPOCTPYKTYPAX, YTBOPEHNX HAAIPOBigzHMMU Ta Qe-
POMAarHeTHUMY MeTaJIaMU, € OTHI€I0 3 IIEHTPAJIbLHUX TPobsieM QyHJaMEHTAIb-
HOI MeTano(}isnKM, BUPIMIEHHA AKOI YMOMKJIUBUTD OePKATH HOBI HEB3a€EMHI
€JIeKTPOHHI KOMIIOHEHTH Ta IeTEKTOPY €JIEKTPOMArHeTHOTO BUIIPOMiHEHHA. Y
I[itf pobOTi MU CTBOPMIN Ta HOCTiAUIN TOUKOBI KOHTAKTHU MiXK TBO3OHHUM HAa/I-
nposigauM cronoM Mo—Re i cunsruM pepomaraerurom Ni. IlinTBepa:xeno Te-
OPeTVYHi BUCHOBKY IIPO iCTOTHUI BILIWB BiJHOCHO HEBEJIUKUX 3MiH OIOPY PO3-
IimbY0l MeXKi Ha BOJIBT-aMIIEPHI XapaKTEePUCTUKY IiOPUIHOTO KOHTAKTY Ta BU-
SABJIEHO Pi3HOrO CTymeHA Aif0 (hepOMATHETHOI eJIeKTPOAU Ha IBi NPUHIIMIIOBO
BinminHi HagnmpoBigHi migcucremu. OxepsxaHi pe3yIbTaTH CTAHYTH KOPUCHUMU
IJIA PO3POOKM HOBUX TiOPMIHMX NPUCTPOIB HA OCHOBL 6AaraTO3OHHUX HAAIIPO-
BigHUKIB.

Karouosi ciioBa: ribpuaHi reTepocTpyKTYpH, JBOSOHHUI HAAUPOBITHUK, CH-
JBHUY epoMarHeTuk, epexT 6IM3bKOCTH.
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1. INTRODUCTION

The presence of several electronic bands at the Fermi level is a feature
of most superconductors, but, due to the fairly strong interband inter-
action, the energy gap extends over a narrow range of magnitudes and,
therefore, can be characterized by a single value A. In conventional
BCS superconductors, the tunnelling conductance G vs. voltage V spec-
tra reach a maximum at V=A/e, while the corresponding point contact
characteristics have a plateau at bias voltages V<A/e, the value of
which is equal to twice the normal-state conductance Gy =1/Ry where
Ry is the contact resistance at large voltages V' >>A/e. In 2001, it be-
came evident that a two-band—two-gap model proposed earlier in 1959
[1] may be directly applied to magnesium diboride MgB;, a supercon-
ductor with a nearly twice critical temperature compared to the tradi-
tional Nb-based superconductors and high upper critical fields. The
specific of this compound is associated with a fundamentally distinct
character of the bands opening on Fermi-surface parts and their link-
ing via comparatively weak interband coupling. It is just the case of
the system where, as was shown in Ref. [1], the critical temperature T
should be higher than the corresponding values for individual bands.
Even more, an increased number of degrees of freedom may generate
novel phenomena relating the responses to external perturbations ab-
sent in single-band superconductors, for example, collective excita-
tions predicted by Leggett [2], which are corresponding to the motion
of the relative phase of two superfluid components with the Josephson
interband coupling between them.
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The presence of two gaps has been experimentally confirmed in sev-
eral other superconducting materials, such as Nb-doped SrTiOs [3],
pnictide superconductors [4, 5], and Mo—Re alloy [6—8]. Despite the
relatively large number of publications devoted to the unusual proper-
ties of systems based on two-gap superconductors, a number of exper-
imental issues, including the proximity effect between dirty two-band
superconductors (S) and ferromagnets (F), remain unclear. As was
shown theoretically [9], intensive interband scattering in the F layer
creates lot of differences from the single-band results. The condensate
functions penetrating the F layer continue to be coupled although the
coupling strength is suppressed by the exchange field and modulated
by the diffusion coefficients of the two bands. It relates also the super-
conductor where two subsystems are now coupled through the proxim-
ity effect as well. When the exchange field is inhomogeneous, odd-
frequency triplet superconductivity is arising. The triplet supercon-
ducting correlations with nonzero projection in the direction of the ex-
change field can penetrate into the F layer over large distances without
any oscillations. This type of triplet superconductivity was studied in
composites of MgB; granules with grains of manganites, half-metallic
ferromagnets [10—12], while, in Ref. [13], the influence of nanoparti-
cle geometrical and percolation effects on the electrical transport
through such nanocomposites was revealed and, in Ref. [14], the role
of inelastic scatterings across the contacts with manganites was em-
phasized.

In the present work, Andreev spectra of point contacts between su-
perconductors and strongly spin-polarized ferromagnets with two-
band properties were studied. Following the work [15], we will pay at-
tention to the properties of the interface region and emphasize the im-
portance of spin mixing caused by interface scattering, crucial for the
creation of exotic pairing correlations in such structures. The main
conclusion of Ref. [15] is that the shape of the interfacial potential has
a very strong influence on the magnitude of the spin-mixing effect.

The analysis of the measured curves is based on the oversimplified
Blonder—Tinkham—Klapwijk (BTK) approach [7, 8] employed to fit ex-
perimental data of S/F point-contact spectra with the interface being
described by a single parameter Z = U, / (7v;) related to its transpar-
ency, where Ugd(x) is the effective potential localized at the interface,
and vr is the Fermi velocity. The second important fitting quantity is
the so-called Dynes parameter I determined by the conditions of sam-
ple preparation and the temperature of the experiment [7, 8]. When
the normal counter-electrode is ferromagnetic, it should be noticed
that its spin polarization is not a bulk property, as was often assumed,
but at least partially an interface characteristic [16].

In the next section, we discuss the main properties of the conductors
forming the point contact, namely, ferromagnetic nickel and Mo—Re
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alloy with approximately equal concentrations of molybdenum and
rhenium as well as their characterization. Next, we describe the crea-
tion of point contacts between them, the results of electrical measure-
ments and compare the differential conductance spectrum with the
theoretically expected one. The paper ends with a discussion of the
findings and conclusions.

2. POINT-CONTACT MATERIALS

The Mo—Re alloy is known to be a type II superconductor with a high
upper critical field of 8 T at 4 K and a critical temperature T. up to
15 K. Mo—Re thin films are relatively easy to produce by magnetron
sputtering, have little oxidation under ambient conditions, and are
suitable for electron beam lithography. For this reason, this alloy is
increasingly used in superconducting devices.

From the fundamental point of view, Mo—Re alloys is an excellent
example of the statement that in alloys with high concentrations of
scattering centres small variations in the density of electronic states
can introduce pronounced effects. Indeed, the addition of Re impuri-
ties to pure Mo led to a growth in the electron concentration, thereby
bringing the Fermi level of the system closer to the critical energies of
the electronic spectrum of molybdenum [17]. As a result, a transfor-
mation of the electron spectrum takes place, namely, the appearance of
a new Fermi-surface cavity of =10 at.% of a Re concentration and then
partial localization of electrons belonging to the new d group. It leads
to softening of the phonon spectrum in Mo—Re alloys and an enhance-
ment of the electron—phonon interaction detected by the point-contact
spectroscopy study [18]. Most probably, it is the main source of the T
increase to about 15 K and the appearance of a second energy gap in the
spectrum of quasi-particle states in a Mo—Re superconductor. In our
paper [6], we demonstrated the presence of two gaps in the Moo.s5Reo.35
alloy by tunnelling spectroscopy. The wvalues Al=2.5meV and
As=0.5meV found by us in Ref. [6] were in good agreement with
2.3meV and 0.7meV as well as with 1.9 meV and 0.5 meV for a
Moo sReo.4 alloy obtained by other authors [19]. In the next publication
[7], we presented point-contact evidences of the presence of two signif-
icantly distinct energy gaps Al=1.65 meV and As=0.55 meV with the
dominant contribution of the band with a smaller gap in a Mo—Re alloy
with approximately equal component concentrations. In the paper [8],
the presence of the two gaps was confirmed by revealing bosonic, un-
damped collective modes and their harmonics, which were identified as
manifestation of a Leggett mode arising due to relative phase fluctua-
tions between two superconducting order parameters. In all previous
point-contact experiments, we were dealing with contacts formed by a
silver tip and a Mo—Re alloy film. In the new work, we fundamentally
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Fig. 1. Energy spectrum with signatures of specific chemicals elements for
superconductor alloys MoRe (a), surface of the scanned area in MoRe alloy,
dark areas correspond to an oxidized surface (b), S—N type (MoRe—Ni) point
contact: I—Ni plate, 2—a point contact between Ni plate and MoRe tip, 3—
MoRe tip (¢).

changed the configuration of the heterostructure under study, using
the Mo—Re alloy tip as a counter-electrode for a Ni plate (Fig. 1, ¢). The
created contact configuration made it possible to carry out true 4-point
measurements for temperatures below the critical temperature of the
Mo—Re alloy. The partial composition of the Moo ss6Re0.454 alloy was de-
termined using the energy spectrum (Fig. 1, a). The SEM image has
shown the dark areas oxidized surface of Mo—Re alloy (Fig. 1, b).

In strong ferromagnets such as Ni, the exchange energy E., is of the
order of several hundreds of meV (see, for example, the band structure
calculations for ferromagnetic Ni in [20], which revealed exchange
splitting of the d band between 0.22 and 0.36 eV that results in the
spin polarization efficiency about 35%). The relative energy shift of
the subbands with different electron spins strongly reduces pairing
correlations entering the F layer from the S side. Related estimates
performed in Ref. [21] have found that the penetration length & of the
superconducting condensate into the ferromagnetic Ni is extremely
short and does not exceed 1 nm.

3. FABRICATION OF Mo—Re/Ni CONTACTS AND THEIR
MEASUREMENTS

Extremely low oxidability of the molybdenum—rhenium alloy is well es-
tablished and caused great problems in creating tunnel barriers on the
surface of Mo—Re samples in a natural way [22, 23]. However, for the
point-contact spectroscopy, this restriction is extremely useful since it
makes it possible to study the spectrum of quasi-particle excitations di-
rectly in the near-contact region that is especially important for hetero-
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structures formed by the Mo—Re alloy with ferromagnets with & <1 nm.

The contacts between the Mo—Re tip and the Ni plate were created in
the following way. A thin Mo—Re alloy plate with a tip at the end was
pressed to a Ni thick plate. Two contacts were connected to the Mo—Re
alloy plate with the tip. Two independent contacts were also connected
to the Ni plate. A 4-point measurement scheme was implemented (Fig.
1, ¢). The clamping force determined the contact resistance. Thus, we
have measured current—voltage characteristics I(V) and the differen-
tial conductance spectra Gs(V)=dI(V)/dV using the conventional four-
probe configuration [24] (see the inset in Fig. 3).

Simultaneous measurements of the direct and differential current—
voltage characteristics of point contacts was carried out using a digital
Lock-in Amplifier SR830, which also set the alternating component of
the sinusoidal current through an I Source (Fig. 2). The same convert-
er, receiving bias voltage from a digital-to-analog converter (DAC),
generated a stable direct current component. Thus, there was a step-
wise change in the DC component of the current with constant ampli-
tude of the AC component (Iviss + Iac). The measurements were made at a
frequency of 9.777 KHz. AC current amplitude was I..=20 pA. Low-
pass filters separate the DC component of the signal. In this way, the
direct and differential current—voltage characteristics were measured
simultaneously. A similar measurement scheme has proven itself to be
effective in detecting terahertz radiation [25, 26], Fraunhofer modu-
lation [27], detecting subharmonic Shapiro steps [28] in low-resistance
Josephson junctions, to obtain the first and second derivatives of tun-
nel current—voltage characteristics [23], precision resistance measure

PC
A
Y
LOCk,'l,n » I Source |« D,AC
Amplifier VAVA bias
A-BA I +I +
‘T ! Low pass filter ADC
Vst Vae!  [Sample
| 14
I
Y
7 Low pass filter| ADC
= f

GND

Fig. 2. Scheme for measuring the direct and differential current—voltage
characteristics.
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Fig. 3. Relatively small variations in the pressing of the Mo—Re alloy tip into
the Ni film lead to small changes in the contact resistance from 1.42 Q (dashed
line) to 0.70 Q (solid line), but radical alterations in the current—voltage
curves. The dotted line demonstrates the presence of the excess current Iex. in
the latter characteristic. The inset shows a 4-point measurement scheme.

[29], when the analysis of current—voltage characteristics is directly
complicated by the presence of large noise in relation to small changes
in the signal.

In the case of a single-band superconductor, the general formula for
calculating the ratio of differential conductance in superconducting
and normal states reads as[30]:

Gy, 1+ DB - B P @[ -i- R @]
Gy - R (E)

(1)

Here, the parameter Z determines the probability of electron transmis-
sion through the interface Dy =1/(1 + Z?) in the normal state as well as
the reflection probability = Ry=1-Dy=22%/(1+ Z?), E=eV,
Y(E) = A(E) / (E + (E® — A*(E))"?), the normal conductivity Gy is pro-
portional to the Dy magnitude. It is convenient to introduce a constant
imaginary part in the electronic energy E — E + il with the Dynes pa-
rameter I' that takes into account the effects of inelastic-scattering
processes and temperature.

Hence, in a single-band superconductor, we have three adjustable
parameters: the energy gap A, the interface scattering efficiency Z,
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and the parameter I'. When we are dealing with a two-band supercon-
ductor, their number doubles and a seventh parameter is added, which
specifies the relative contribution of the two bands to the final result:
Al, As, Z,, Z,, T, T's and the weighting factor w, <1 (ws =1 —w)):

G(V) = lel(V) + LUsGs(V). (2)

4. MAIN RESULTS AND DISCUSSION

We started by proving a high sensitivity of the contacts between the
two-gap superconductor and a strong ferromagnet to the interface
properties is shown in the representative Fig. 3.

Let us analyse the curve 2 in Fig. 3 using the expression fir the ex-
cess current I...=4A/3eRy obtained in the paper [31] we get the value
A=0.55meV that can be considered as an average value of the energy
gap after the two-band Mo—Re superconductor approaches the ferro-
magnetic Ni. Let us check this conclusion by comparing the experi-
mentally measured dependence of the differential resistance dV/dIs(V)
on the applied bias voltage V with the theoretically expected formula
(1). The obtained parameters are given in the caption to Fig. 4. Obvi-
ously, there is a suppression of two energy gaps, which affects the
smaller gap more strongly. Apparently, this is a consequence of the
discrepancy between the band parameters of the ferromagnetic Ni elec-

0.2 ¢ Experiment A
—Theory
1 L 1 i i 1 " 1
(2 —4 -2 0 2 4

Voltage bias, mV

Fig. 4. Differential resistance 1/Gs(V)=dV/dIs(V) for the sample whose I-V
curve is shown in Fig. 3 as line 2. In the normal state, Gy =1.43S. The contact
parameters Z and I for two electron bands differ significantly from each oth-
er: Zs=1.9, Z;=1.4, Ts=0.015, I'=1.1 as well as the energy gaps
As=0.08 meV and Al=0.65meV, partial contributions of the bands w;=0.4
and w; = 0.6, the measurement temperature was of 4.2 K.
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trode and the corresponding electron band in the Mo—Re alloy, which is
responsible for the larger gap Al. The asymmetry of the peaks in Fig. 4
can be associated with the dependence of the positive and negative criti-
cal current on the contact’s own field, which is induced by the transport
current, as well as with the magnetic flux trapped nearby [28].

5. SUMMARY

For the first time, we have created and studied electrical characteris-
tics of a point contact between the two-band/two-gap superconductor,
the Mo—Re alloy, and the strong ferromagnet, Ni. In agreement with
the theory [15], we have found that small variations in the contact re-
sistance caused by pressing the Mo—Re tip against the Ni film led to
radical changes in the current—voltage characteristics. Unexpectedly,
the proximity effect of Ni noticeably differs for the two bands in the
Mo—Re alloy while the small gap opened at the main band is strongly
suppressed by the presence of a nearby ferromagnetic, the large gap
experiences not so big changes. We believe that it is emerging at a new
small band that opens at low Re concentrations and strong discrepancy
between the corresponding momenta in the Mo—Re alloy and ferro-
magnetic Ni prevents intensive exchange of electrons between them,
see also the work [9]. In our opinion, additional experiments aimed to
study quantum noise in such systems [32] may shed light on this issue.

This work was carried out within the framework of the project
2020.02/0408 funded by the National Research Foundation of
Ukraine.
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Studies on the equation of state (EOS) for solids are highly valuable in the
field of condensed matter physics and geophysics. The analyses of the equa-
tion of state under high compressions for solids are already performed. In the
proposed study, we have considered the four different approaches (finite
strain and interionic potential) to study P-V—-T relationship for amorphous
glasses. The theoretically obtained results are compared with available exper-
imental data to compare and verify the best suitable equation of state for
amorphous solids like glass, which can be used in the future to find the ther-
modynamic parameters of bulk metallic glass, which is also an amorphous
solid in total. The results obtained from Shanker EOS and higher-order
Shanker EOS are found to be more consistent with the experimental results.
We calculate the Griineisen parameter and thermal conductivity for the bulk
metallic glasses (window and water white glasses) under high compressions.

Key words: bulk metallic glass, equation of state, finite strain theory, La-
grangian strain, Eulerian strain, Debye temperature, thermal conductivity.
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BaHUX cepemoBuIl i reodisukm. AHanmi3y piBHAHHA CTaHY 34 BUCOKHX CTHC-
HEeHb IJIA TBEPAUX TiJl BaKe BUKOHAHO. B maHiit po6oTi posraAaHyTO YOTUPH Pis-
Hi migxomu (cKimueHHOI medopmarrii Ta MisKIHOHHOTO MOTEHITiANY) 3aAJIA JOC-
aimxenua P-V-T-cuiBBigHoIMeHHS Aasa aMop@dHOro ckja. TeopeTuuHo oxep-
JKaHi pesyJIbTaT! IOPiBHIOIOTHCS 3 HAABHUMU €KCIIEPUMEHTAIbHUMU JaHUMU
I 3HAXOMKEHHA HAUOIJbIN HigXOoAAIoro piBHAHHA CTAHY IJIA aMOPMOHUX
TBEPAUX PEYOBUH, AKE MOYKHA BUKODPMCTOBYBATH [JIA BUSHAUYEHHS TEPMOIU-
HaMiYHUX ITapaMeTPiB MacMBHOTO METAJIEBOI'0 CKJIA, IKe TAKOXK € aMOpGhHUM
TBepauM Tisom. PesysbpraTtu, ogep:xani 3a nonomororo IllerxkepoBoro piBHAH-
Ha Ta [[leHKepOBOro PiBHAHHSA 3 BpaXyBaHHAM BUIINX MNOPAAKIB, BUABUINUCA
HaNOiNbIN Y3TrOAKeHUMY 3 eKCIEePUMEHTAJILHIMY pPe3yIbTaTaMu. ByJiio o0uu-
cieHo I'proHaiiseHiB mapaMerep i TEIONPOBIAHICTD s 06’ €MHOTO MeTajIeBo-
T'0 CKJIa (BiKOHHOTO Ta BOASHOTO 06i/10T0 CKJIa) 3a BUCOKUX THUCKIiB.

Karouogi ciioBa: MacBHE MeTaJieBe CKJIO, PIBHAHHS CTaHY, TeOPisa CKiHueHHOI
medopmarii, Jlarpam:xena medopmariis, OimepoBa medopmartiia, llebaiioBa
TEeMIIepaTypa, TEIJIOIPOBiAHICTS.

(Received 17 December, 2022; in final version, 12 January, 2023 )

1. INTRODUCTION

Several investigations previously expressed different approaches for
developing various forms of the equation of states (EOS) in order to
study the behaviour of solids under high pressure [1-8]. The present
investigation is an extension to the applicability and validity of exist-
ing equations of state for solids that are up to extremely high pressure,
additionally, the purpose is also to search for an equation of state that
is truly universal, i.e., validating for both crystalline and amorphous
solids. Once knowing the EOS correctly, we can use it to study the geo-
physical details [8—10, 20], thermoelastic properties of solids [9], and
can calculate the Gibbs free energy. Nucleation of metallic glasses can
be controlled and effected with powerful effects [11, 12]. Our purpose
in this work is to analyse some of the important parameters of amor-
phous glass by applying four equations of state. The equations are de-
rived from finite strain theory [3, 8], volume dependence of the short-
range force constant derived from inters ionic potentials and pressure
dependence of the bulk force constant [13, 15, 21, 22]. Bulk metallic
glass possesses better properties than ordinary crystalline glass, for
instance, it is twice as strong as titanium together with displaying
properties of elasticity and hardness over ceramic. Due to the absence
of crystallization defects, it is resistant to corrosion and wear yet can
be moulded and changed even in a net. As far as the structure of bulk
metallic glass (BMG) is concerned, the atoms of metallic glass are ran-
domly frozen [23], disordered and amorphous in nature whereas the
atoms of metals arrange themselves in a repeated pattern, i.e., follow-
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ing crystallization property. Thereafter, verifying and finding the
best equation of state for amorphous solids being compatible with the
experimental data, the same equation will be used to find the thermo-
dynamic parameters for BMG.

Present work aims to assess the applicability and validity of EOS in
amorphous glasses, for which the two different glasses, i.e., window
glass (SiO2)1-«(Na20). (x=0.2), and water white glass (NaxSiOs) have
been considered for study on the basis of availability of input data and
the results are computed at high compressions using four different
EOSs based on different approaches (finite strain and interionic poten-
tial). In Section 3, the results derived from these equations of state for
glasses are compared with available experimental data. The behaviour of
the compressibility with pressures of bulk metallic glasses is described
in Sec. 4. The study based on the anharmonic behaviour and thermal
conductivity for window glass and water white glass is given in Sec. 5.

2. DIFFERENT FORMS OF EQUATION OF STATE

The equation of state was derived by employing various approaches[1,
9, 11, 14]. Here, we are considering the following methods.

2.1. Equation of State Based on the Eulerian Strain

The Eulerian strain [10]is

_2/3 -2/3
8(1’])=1 ; {1—(%} }

Using Eulerian strain, the pressure relation is

P(g,0) = -3K (1 - 2e) *%¢[1 - 3(K, — 4)e / 2]. (1)

2.2. Equation of State Based on Lagrangian Strain

The Lagrangian strain [10]is given by

_n2/3_1 E%_
«s(n)——‘2 l:(vj 1}.

The pressure expression obtained using Lagrangian strain is given by

P(n,0)= —% ro(n ™ — n1/3)[1 —%Ké(nz/3 - 1)} : (2)
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2.3. B—M Third Order Equation of State

The original derivations of Birch are derived from Murnaghan’s theo-
ry of finite elasticity[1, 2, 8]. Birch’s EOS based on ¢ parameter. To the
third order, the isothermal B—M equation of state is

P(n,0)= —gKTo(n'5/3 - 7L - 3(KG — (A -n) /4] (3)

2.4. Equation Based on Volume Dependence of Force Constant
from Interionic Potential

Shanker EOS depicting the relationship between P and V/V, can also be
calculated using the volume dependence. To determine volume depend-
ence of A (force constant)[15], we take

A=A, (4)

where Ay is independent on volume and f is a function of volume or
compression V/V,.

Now, using Shanker et al. approach [15], the expression of P is given
by

1 2

P =K,V V)" Kl ra t—?,) (exp(ty) -1 +y (1 +ty- %) eXp(ty)}, (5)

where

tzK(;—g,y:l—%.

0

The modified form of Shanker EOS is Higher Order EOS (HOS) (tak-
ing higher order terms) is given by

P=K,V V)" {(1 - % + t% - t%j (exp(ty) - 1) +
(6)

+y(1+y—§+y2 —37y+tgjexp(ty)}.

3. RESULTS AND DISCUSSIONS

Values of Ko and K| used in the present calculations are shown in Ta-
ble 1, which have been reported by A. K. Pandey et al.[16]. The results
for the value of P as a function of V/V, down to 0.40 are given in Tables
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TABLE 1. Input values of isothermal bulk modulus (Ko) and its first pressure
derivative at zero pressure.

No. Glass Ko, GPa K;, GPa | Yo
1 Window glass 38.70 2.88 1.27
2 Water white glass 45.70 1.78 0.71
TABLE 2. Variation of P vs.V/V, for window glass.
V/Vo P,GPa P,GPa P,GPa P,GPa P,GPa Ref.
(Eq.(3)) | (Eq.(9)) | (Eq.(6)) | (Eq.(2)) | (Eq.(1)) |[16,17]
1 0 0 0 0 0 0
0.9 4.727 4.742 4.744 4.68 3.33 4.74
0.8 11.686 11.863 11.885 11.22 5.55 11.86
0.7 21.87 22.802 22.935 20.16 6.66 22.8
0.6 36.374 40.146 40.673 32.25 6.63 40.15
0.5 54.841 68.943 70.609 48.70 5.44 68.95
0.4 65.885 120.2 124.928 71.57 3.11 120.21
TABLE 3. Variation of P vs.V/V, for water white glass.
V/Vo P,GPa P,GPa P,GPa P,GPa | P,GPa | Ref.
(Eq. (3)) (Eq. (5)) (Eq. (6)) | (Eq.(2)) | (Eq. (1)) |[16, 17]
1 0 0 0 0 0 0
0.9 5.225 5.297 5.298 3.68 5.25 5.3
0.8 11.689 12.516 12.537 5.56 12.09 12.51
0.7 18.441 22.688 22.808 5.62 20.95 22.68
0.6 21.143 37.615 38.051 3.85 32.50 37.6
0.5 2.81 60.734 60.62 0.28 47.75 60.7
0.4 -106.841 99.418 102.713 -5.04 68.48 99.34

2, 3. It has been claimed by experimental results[16, 17].

4. VARIATION OF COMPRESSIBILITY UNDER HIGH PRESSURES

Researchers have developed a new method for controlling and influ-
encing the nucleation and growth of metal glasses using high pressure
(HP) [17, 18] causing large changes in Gibbs free energy, atomic dis-
tance and chemical bonding. For instance, molecular rearrangements
can occur at high pressure, suppressing long distance nuclear diffu-
sion in the state of super-cold liquid. Under high pressure, BMG can be
crystallized into very fine-grained nanostructured materials. For
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nanostructured materials derived from BMG [19], nanoparticle aggre-
gation may be avoided by reducing frequent contamination and grain
growth. Crystallization in BMG is very complex due to the primary
crystallization in the super-cold liquid state and the possible phase
separation before the complex diffusion flow. In addition, metal glass-
es respond to pressure in a complex way. In various glasses, high pres-
sure is found to stimulate or suppress crystallization [20, 21] indicat-
ing extended scattering peaks depicting that samples (> 6 GPa) can
achieve a completely amorphous phase with applied pressure using ex-
perimental techniques.

Although, when subdued at low pressure (4.5 GPa), crystalline
peaks are weak but sharp and suggest a broad hump implying that a
complete assessment is not possible at this pressure. However, more
intense crystalline peaks superpose on broad peaks in which the volume
fraction of the crystalline phases is more than 15% [24], when cooled
at very low pressures (2.5 GPA).

The equation of solid state plays a vital role in applications of geo-
physics and condensed matter physics [11, 22, 35]. However, little is
known about the EOS. As for metallic glasses, EOS measurements are
primarily hampered by the inability to prepare bulk metallic glass
specimens, as in the present study, we investigated the behaviour of
bulk metallic glass using EOSs. It becomes possible to study various
properties at high temperatures and pressures owing to the large vol-
ume and high thermal stability of the device.

In order to study the elastic wave propagation within the solid, the
ultrasonic method is the governing tool and the structural and vibra-
tional characteristics of the material can be analysed, giving important
information about its sound detection capabilities. An ideal solution to
studying the equation of state would be to measure the pressure-based
acoustic properties. In this work, we have studied EOS for bulk metal-
lic glasses and predicted suitability for it. We have used Eq. (1) to Eq.
(3), Eq. (5), and Eq. (6), and the results are shown in Table 2. Few find-
ings are the next.

The compressibility of solids is determined by the nature of the in-
teratomic potential and atomic configurations, and therefore, the
findings above suggest that BMG’s short-distance order structure is
correlated with their metal components atomic configuration (Table
2). A correlation is found between the BMG curves and their metallic
components, which indicate a different average result for each ele-
ment. Shankar EOS and high order Shankar EOS, derived from the
atomic potential approach, are more reliable and closer to the results of
experiments[16, 17, 23] shown in Tables 2 and 3.

The behaviour of bulk metallic glasses of more than 6 GPa is exam-
ined in Figs. 1, 2. At low pressures, the window glass shows a full crys-
talline phase but with increasing pressure it loses its crystalline phase,
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1.0
—o— Ne
0.8+
- —@— Window glass
- 0.6
-
~
0.4+
0.2+
0‘0 T I
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Fig. 1. Variation of P versus V/V, for window glass and Ne.

0.8 i\; —o— Ar
. L\~\L —g— Water white glass
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=} =}
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!

0.0 I I 1 1 1
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P, GPa

Fig. 2. Variation of P versusV/V, for water white glass and Ar.

close to Ne (at low pressures, the window glass shows a complete crys-
talline phase, but loses its crystalline phase with increasing pressure,
close to Ne)[12, 24]. At the same time, the water white glass is similar
to Ar[12, 24].

5. ANHARMONICITY AND THERMAL CONDUCTIVITY OF BMG

The ratio of y is a vital quantity in condensed matter physics as well as
Shockwaves and the field of geophysics. At high Griineisen pressure
and temperature, it is known to exhibit thermodynamic behaviour. The
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anharmonicity of solids is directly linked to the Griineisen parameter.
The greater the value of y, the greater is its anharmonic nature.

The knowledge of the Griineisen ratio is also required to obtain the
thermal EOS. In geophysics, the value of the Griineisen ratio is used to
constrain geographically.

Essential parameters like pressure as well as temperature of the
metal and core [8, 25]. Shock wave measurements are also a major
problem while determining the functional dependence of the material
on the Griineisen ratio on volume in physics. The outcomes of shock-
wave experiments provide us uninterrupted data on the compressive
and thermal behaviour of metals, rocks, minerals and ceramics at high
pressures and temperature. Unfortunately, data points are often rare-
ly deployed and distributed randomly. Therefore, it is a challenge to
have a perfect EOS for solid from their feedback of shock-wave load-
ing. That is, their thermodynamic properties can easily be obtained by
any simple difference. Thus, it is not only possible to obtain a reliable
interpolation measurement but to predict the compressive and thermal
properties of solids at high-pressure high-temperature throughout the
field, obtained by shock-wave loading on a sound physical basis.

One way to get the perfect EOS for a solid from their response to
shock-wave loading is to use a specific form of this dependence in con-
junction with shock Hugoniot. That is why it is important to achieve
an independent form of shock Hugoniot or isotherm. The Griineisen
ratio used in shock physics has not been done so far. Therefore, the
purpose of the present work is to apply similar approaches to predict
anharmonic behaviour of BMGs (window and water white glass).

The expressions of y based on different approaches are given by An-

derson [26]:
v
TP = Y,P, = const, [P_oj = (—J , (7
p V.

0

Bennett et al. [27]:

Y =YPo /P+(2/3)A-p,y/P), (8)
Thomson and Lauson [28]:
Y ="ToPo / P+ (2/3)A-p, /p)*, 9

Srivastava and Sinha[29]:

Y =7, exp|In(2y,) (—J -1, (10)
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where third-order Griineisen ratio

q' =q,/1n(2y,),

Y% Al
= Vo{lwo[l Vﬂ : (11)

When ambient conditions are met, all expressions predict splendid
accuracy values. The yp =vyopo=const higher compression causes ap-
proximation to fail. It is equivalent to the expression proposed by Ben-
net et al. [27] and Rice [30]. Considering that there are physical as-
sumptions involved, the author prefers Srivastava and Sinha’s [29]
model. Given, by using the response of solids to shock-wave loads, EOS
could be derived for solids, author prefer Eq. (10) rather than Eq. (9)
for the reason that it y. is used instead of qo, which is not commonly
used in shock physics. The variation of y versus pressure using above-
mentioned approaches for window glass and water white glass is shown
in Figs. 3 and 4.

The capacity of solids to transfer heat is one of their most basic fea-
tures. The thermal conductivity coefficient y, which is described by the
macroscopic equation for the rate of heat energy flow per unit area @
normal to the gradient VT, @ =—y VT, is commonly used to quantify this
attribute.

In order to design power-dissipating devices, it is crucial to under-
stand and manage semiconductor thermal conductivity. Examples of
such devices include power transistors, solar cells in bright sunlight,
diodes, transistors, and semiconductor lasers all have a lot of internal

Rice[30]:

0.0 T T T T T
60 80 100 120 140
P, GPa

Fig. 3. Variation of y versus pressure for window glass.
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0 20 40 60 80 100 120
P, GPa

Fig. 4. Variation of y versus pressure for water white glass.

power dissipation, and the device materials’ high thermal conductivity
can help transport that energy to a heat sink. Low heat conductivity of
semiconductor alloys, on the other hand, in thermoelectric devices can
be made more efficient by increasing their figure of merit.

Several types of crystalline solids are investigated for their thermal
conductivity, with a focus on materials with x> 0.5 W-cm . K™!. The
lattice thermal conductivity of a solid in this domain has been exam-
ined by Slack [32] and Berman [33] using several early estimates. The
values of the thermal conductivity for solids at temperatures in the vi-
cinity of their Debye temperature can be used as approximate values
for our purposes as displayed in Figs. 5 and 6.

We can now enumerate the essential parameters that make an elec-
trically insulating substance thermally conductive using equation of
Slack [32]: low n (simple crystal structure), small Griineisen parame-
ter, and high Debye temperature.

To determine the effects of pressure P and temperature T on ther-
mal conductivity, we need to know how the Debye temperature param-
eter varies. For this, we used the following relationship:

_ Yo
0(P) = 6, (1 + Pj. (12)

0

Tang [34] established the following empirical relationship by using
the predicted data for thermal conductivity variations with pressure:

xr= 4, + BP, (13)
where A1 = Ko and B1 =%0/Ko(5/3 + 3y0), or in rewritten form:

Xiz{l-k%[gﬂwo)P] (14)
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3.0 e
& a
2.0+ o mb
N : v
i i d
e o xXe
LOHE 0[16,17]
0:0 T T T T T T
0 20 40 60 80 100 120 140
P, GPa

Fig. 5. Pressure dependence of Debye temperature ratio for window glass. The
points predicted through the empirical relationship (12) taking pressure val-
ues from Eq. (1) (a), Eq. (2) (b), Eq. (3) (¢), Eq. (5) (d), Eq. (6) (e) and available
data[16, 17].

3.0 5]
T P
¢ a
2.0 = mb
:K AC
o . d
6 & (}u e
1.0+ ]
N :_u
a*
0.0 T T T T T T
0 10 20 30 40 50 60 70
P, GPa

Fig. 6. Pressure dependence of Debye temperature ratio for water white glass.
The points predicted through the empirical relationship (12) taking pressure
values from Eq. (1) (a), Eq. (2) (b), Eq. (3) (¢), Eq. (5) (d), Eq. (6) (¢) and availa-
bledata[16, 17].

The anticipated values for y/yo from Eq. (14) are shown in Figs. 7
and 8. The thermal conductivity rises with increasing pressure at con-
stant temperature due to polar opposite type the thermal conductivity
of isobaric and isothermal are changes significantly. At concurrently
increased pressures and temperatures, the materials beneath consider-
ation turn into modest due to adjustment of thermal conductivity.

Due to the lack of experimental data at high temperatures and pres-
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P, GPa

Fig. 7. Pressure dependence of thermal conductivity for water white glass at
T =300 K. The points predicted through the empirical relationship (13) tak-
ing pressure values from Eq. (1) (a), Eq. (2) (b), Eq. (3) (¢), Eq. (5) (d), Eq. (6)
(e) and available data[16, 17].

7

6 n
5
X
94 [ % ed
_Pi X mb
= 3 AC
d
L
L J » xe
2 a ®[16, 17]
i
1 *
0
0 10 20 30 40 50 60 70
P, GPa

Fig. 8. Pressure dependence of thermal conductivity for window glass at
T =300 K. The points predicted through the empirical relationship (14) tak-
ing pressure values from Eq. (1) (a), Eq. (2) (b), Eq. (3) (¢), Eq. (5) (d), Eq. (6)
(e) and available data[16, 17].

sures, the empirical Eq. (14) is assumed to hold at these temperatures
and pressures. In this work, we evaluated thermal pressure using the
most trustworthy EOSs created recently by various methodologies
(Eqgs. (1)—(3), (5), (6), and accessible data). As a result, the data is gen-
erated by Eq. (14) and the results are achieved in this study under vari-
ous pressure ranges.
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Thermal conductivity, Griineisen parameter, and Debye tempera-
ture must be connected. The analysis indicates that lower Griineisen
parameter, high Debye temperature, and high thermal conductivity
closely match. Using EOS fit software [31], compute the thermal ex-
pansion values of window (0o=77.91-10°K™ at 300 K) and water
white glass (00=35.33-10° K™ at 300 K). Figure 8 shows a larger value
of thermal expansion and a lower value of thermal conductivity of wa-
ter white glass.

6. CONCLUSION

When glass materials are subjected to high compressions, P values ob-
tained from Shanker EOS are in good agreement with those obtained
from third-order B—M EOS. We have also obtained the results from
higher-order Shanker EOS, which are quite relayed to the experimental
results. The analysis shows the consistency of Shanker and higher-
order Shanker EOS with experimental results. The present study con-
cludes that the Shanker EOS and higher Shanker EOS are more con-
sistent than the other EOSs and can be used to study the thermodynam-
ic parameter and existing hardness of metallic glasses.

The window and water white glasses are predicted to be having an-
harmonicity. Because of the phase shift in the proximity of argon and
neon gases, it will decrease at greater pressures. High-temperature
and high-pressure thermal conductivity data are not accessible from
experiment. The findings acquired as a result of the relation, which
accurately reproduced available experimental data at low pressures.

REFERENCES

1. F. D. Stacey, B. J. Brennan, and R. D. Irvine, Geophys. Surveys, 4, No. 3: 189

(1981).

F. Birch, J. Geophys. Research, 57, No. 2: 227 (1952).

A. Keane, Australian J. Phys., 7, No. 2: 322 (1954).

C. A. Swenson, J. Phys. Chem. Solids, 29, No. 8: 1337 (1968).

O. L. Anderson, Equations of State of Solids for Geophysics and Ceramic Sci-

ence (Oxford: Oxford University Press: 1995).

6. D. Q. Zhao, M. X. Pan, W. H. Wang, B. C. Wei, T. Okada, and W. Utsumi,
J. Phys. Cond. Matter, 15, No. 50: 749 (2003).

7. W. K. Wang, H. Iwasaki, and K. Fukamichi, J. Mater. Sci., 15, No. 11: 2701

(1980).

F.D. Murnaghan, Proc. National Academy of Sciences, 30, No. 9: 244 (1944).

X. Sha and R. E. Cohen, J. Phys.: Cond. Matter, 23, No. 7: 075401 (2011).

10. S.S.Kushwah and J. Shanker, Physica B: Cond. Matter, 253, Nos. 1-2: 90
(1998).

11.  P.Vinet, J. Ferrante, J. R. Smith, and J. H. Rose, J. Phys. C: Solid State Phys.,
19, No. 20: L467 (1986).

gl Wi

©


https://doi.org/10.1007/BF01449185
https://doi.org/10.1007/BF01449185
https://doi.org/10.1029/JZ057I002P00227
https://doi.org/10.1071/PH540322
https://doi.org/10.1016/0022-3697(68)90185-6
https://doi.org/10.1088/0953-8984/15/50/L01
https://doi.org/10.1007/BF00550536
https://doi.org/10.1007/BF00550536
https://doi.org/10.1073/PNAS.30.9.244
https://doi.org/10.1088/0953-8984/23/7/075401
https://doi.org/10.1016/S0921-4526(98)00384-6
https://doi.org/10.1016/S0921-4526(98)00384-6
https://doi.org/10.1088/0022-3719/19/20/001
https://doi.org/10.1088/0022-3719/19/20/001

1164

12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

S.GAURAYV, S. SHANKAR, Arvind MISHRA, and S. P. SINGH

S. Gaurav, B. S. Sharma, S. B. Sharma, and S. C. Upadhyaya, Physica B: Cond.
Matter, 322, Nos. 3—4: 328 (2002).

B. Rao, Bulk Metallic Glasses: Materials of Future (2009).

M. Born and K. Huang, Dynamical Theory of Crystal Lattices (Oxford: Oxford
University Press: 1954).

S. S. Kushwah and J. Shanker, Physica B: Cond. Matter, 253, Nos. 1-2: 90
(1998).

A. K. Pandey, B. K. Pandey, and Rahul, J. Alloys Comp., 509, No. 11: 4191
(2011).

W.H. Wang, P. Wen, L. M. Wang, Y. Zhang, M. X. Pan, D. Q. Zhao, and

R.J. Wang, Appl. Phys. Leitt., 79, No. 24: 3947 (2001).

S. Zhongyi, C. Guiyu, Z. Yun, and Y. Xiujun, Phys. Rev. B, 39, No. 4: 2714
(1989).

W.H. Wang, D. W. He, D. Q. Zhao, Y. S. Yao, and M. He, Appl. Phys. Lett., 75,
No. 18: 2770 (1999).

W. K. Wang, H. Iwasaki, C. Suryanarayana, and T. Masumoto, J. Mater. Sci.,
18, No. 12: 3765 (1983).

F.Yeand K. Lu, Acta Mater., 47, No. 8: 2449 (1999).

P. W. Bridgman, Rev. Modern Phys., 18, No. 1: 1 (1946).

W. H. Wang, C. Dong, and C. H. Shek, Mater. Sci. Eng. R: Reports, 44, Nos. 2—
3:45(2004).

J. Hama and K. Suito, J. Phys.: Cond. Matter, 8, No. 1: 67 (1996).

F. D. Stacey, Phys. Earth Planetary Interiors, 89, Nos. 3—4: 219 (1995).
Thermodynamics of Deep Geophysical Media.

LA-UR-92-3407 Sesame: the Los Alamos National Laboratory Equation of State
Database Contents.

V. Gospodinov, Int.J. Mod. Phys, 28: 1450196 (2014).

S. K. Srivastava and P. Sinha, Phys. B: Cond. Matter, 404, No. 21: 4316 (2009).
M. H. Rice, J. Phys. Chem. Solids, 26, No. 3: 483 (1965).

Ross J. Angel, Javier Gonzalez-Platas, and Matteo Alvaro, Z. Kristallogr., 229,
Iss. 5: 405 (2014).

G. A. Slack, Solid State Phys., 34: 1 (1979); G. A. Slack, J. Phys. Chem. Solids,
34, Iss. 2: 321 (1973).

R.Berman, Thermal Conduction in Solids (Oxford: Clarendon Press: 1976).
W. Tang, J. Phys. Chem. Solids, 62, Iss. 11: 1943 (2001).

S. Gaurav, S. Shankar, R. Anamika, K. Pratibha, and S. Manish, Rus.J. Earth
Sci., 22, No. 3: 5 (2022).


https://doi.org/10.1016/S0921-4526(02)01204-8
https://doi.org/10.1016/S0921-4526(02)01204-8
https://api.semanticscholar.org/CorpusID:54622249
https://doi.org/10.1016/S0921-4526(98)00384-6
https://doi.org/10.1016/S0921-4526(98)00384-6
https://doi.org/10.1016/J.JALLCOM.2010.11.120
https://doi.org/10.1016/J.JALLCOM.2010.11.120
https://doi.org/10.1063/1.1426272
https://doi.org/10.1103/PhysRevB.39.2714
https://doi.org/10.1103/PhysRevB.39.2714
https://doi.org/10.1063/1.125144
https://doi.org/10.1063/1.125144
https://doi.org/10.1007/BF00540751
https://doi.org/10.1007/BF00540751
https://doi.org/10.1016/S1359-6454(99)00104-4
https://doi.org/10.1103/RevModPhys.18.1
https://doi.org/10.1016/J.MSER.2004.03.001
https://doi.org/10.1016/J.MSER.2004.03.001
https://doi.org/10.1088/0953-8984/8/1/008
https://doi.org/10.1016/0031-9201(94)03005-4
http://eos.wdcb.ru/journals/rjes/rus/v01/rje98002/rje98002.htm?#cont
https://doi.org/10.1142/S0217979214501963
https://doi.org/10.1016/J.PHYSB.2009.08.005
https://doi.org/10.1016/0022-3697(65)90122-8
https://doi.org/10.1515/zkri-2013-1711
https://doi.org/10.1515/zkri-2013-1711
https://doi.org/10.1016/S0081-1947(08)60359-8
https://doi.org/10.1016/0022-3697(73)90092-9
https://doi.org/10.1016/0022-3697(73)90092-9
https://doi.org/10.1016/S0022-3697(01)00032-4.
https://doi.org/10.2205/2022es000800
https://doi.org/10.2205/2022es000800

Metallophysics and Advanced Technologies © 2023 G. V. Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 10, pp. 1165-1177 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.45.10.1165 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 61.05.cp, 77.84.Bw, 78.30.Hv, 81.05.Je, 81.20.Ev, 81.20.Wk, 82.80.Pv

Single-Step Pressureless Synthesis of the High-Purity TisAlC.
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A simple approach is presented to synthesise the high-purity MAX phase by the
pressureless method. This method is featured by the short time in duration.
The process is executed with a high heating rate (up to =102 K/min) that inhib-
its the formation of the objectionable phases and limits elemental loss due to
the short-time process. The samples containing =96% wt. of the MAX phase
TisAlC: are successfully synthesised using the proposed technique.

Key words: MAX phase, pressureless synthesis, fast heating, ball milling.
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1. INTRODUCTION

Materials featured by an unusual combination of physical and mechan-
ical properties always attract particular attention. Such class of mate-
rials include recently discovered layered ternary nitrides/carbides—
MAX phases, which are described by the generally accepted formula
M,1AX, (n=1, 2 and 3), where M is a transition metal, A is the ele-
ments of the A-subgroup of the Mendeleev table and X is C or N [1-3]
and having a crystalline hexagonal structure with a space group
P63/mmc [4]. The MAX phases integrate the properties of both metals
and ceramics. They are characterized by low density, high thermal and
electrical conductivity, high strength, low elastic modulus, high cor-
rosion resistance, high melting point, resistance to oxidation and heat
shock. So, unusual combination of properties in MAX phases is sum-
moned by its crystal lattice structure, which can be described as a set of
alternated planes formed by M and A atoms. The carbon (or nitrogen)
atoms in this crystal lattice occupy the octahedral pores formed by the
M atoms [4]. Among the wide variety of MAX phases, the particular
interest of researchers is attracted to the titanium based MAX phases
Ti2AlC Ti2AIN, Ti3AlC; and TisSiC.. The MAX phases Ti—Si—C are the
most studied. Unfortunately, the Ti—Al-C(N) MAX phases have been
investigated notably less. The MAX phases of TisSiCs, TisAlC: and
Ti4AIN3s have higher mechanical properties than o-Ti, B-Ti and Mo but
are inferior then titanium carbide TiC[5]. The TisAlC; phase has better
mechanical characteristics than TiAlC phase [6]. The MAX phase
TisAlC: is a promising material for widespread industrial application.
Several different synthesis methods are applied to fabricate MAX
phases. Pressureless sintering is the simplest way to synthesize the
MAX phases [7]. Mechanical alloying is another convenient and effec-
tive method of producing MAX phase powders [8]. However, the me-
chanically milled Ti—-Al-C elemental powder mixtures yield enough
small fraction of the MAX phase. The self-propagating high-
temperature synthesis (SHS) is the most promising method. Unlike
other energy-intensive and time-durable methods, the SHS process oc-
curs within a few seconds. However, under the SHS sintering, in addi-
tion to the MAX phase, other ones always additionally formed. These
phases significantly degrade the properties of the sintered compact [9].
For example, under the synthesis process of the TisAlC: MAX phase,
the titanium carbide TiC and the Al;Ti, TiAl and Ti3Al intermetallics
can be formed. The hot isostatic pressing method (HIP) also enables the
manufacture of almost pure MAX phases [10]. However, it is a compli-
cated technological process, which increases the expenses of the fabri-
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cated material. The hot pressing method is technologically more
straightforward than the HIP one [11, 12]. The spark plasma sintering
method is also widely involved in the synthesis of MAX phases [12-14].

There is one essential complexion that should be noted: the synthesis
temperature of the MAX phase (1300-1500°C [15]) is remarkably
higher than the aluminium melting temperature (660°C). Therefore,
partial evaporation of aluminium happens during the heating of the
powder mixture to the synthesis temperature. It results in a signifi-
cant stoichiometric ratio violation of the elements in the sintered com-
pact in contrast to the initial powder mixture. This is a crucial chal-
lenge in the synthesis of the Ti;AlC: MAX phase.

There are several ways to overcome this drawback. The first and eas-
iest way is an expanding of the aluminium percentage in the initial
powder blend. Another way is the employ of fusible dopants to inhibit
the aluminium evaporation and prevent thermal explosion between
components under the sintering process. It has been proposed to use
boron oxide (B20s) and Sn as low-temperature additives [16, 17]. The
authors of these works claim that the addition of B2Os; and Sn prevents
a thermal explosive reaction in a mixture of elemental Ti, Al, and car-
bon powders and, thereby, contributes to the synthesis of the MAX
phase of Ti3AlC: high purity. However, the impact of these dopants on
the synthesis process of MAX phases and their structural state was not
cleared in detail yet.

In this paper, we focused on the study of the action of the boron ox-
ide B:20Os and heating rates on the structural and phase state and elec-
tronic structure of the MAX phase TizAlC..

2. MATERIALS AND METHODS

Two powder blends were prepared for investigation. In the first case,
the elemental powders of Ti, Al, and spectrally pure graphite were
mixed in an atomic ratio of 3:1.1:2. Since the partial loss of aluminium
occurs due to its evaporation at high temperatures, the aluminium
proportion in this sample was taken more than a stoichiometric val-
ue—1.1 instead 1. The second sample (in addition to Ti, Al and C mixed
in a same ratio of 3:1.1:2, also) additionally contained with 5% wt. bo-
ron oxide (B20s) as additive. The powder mixture homogenization was
performed on a high-energy laboratory planetary mill (Fritsch Pulver-
isette P-6) at room temperature for 1 hour. The rotational speed of the
grinding container was 200 rpm, and the balls-to-powder mass ratio
was 20:1. Homogenized powder blends were compacted as cylindrical
pellets of 14 mm in diameter at a pressure of =200 MPa. Then, com-
pressed pellets were sintered at different temperatures and heating
rates in an argon atmosphere.

X-ray diffraction patterns were recorded using a powder diffrac-
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tometer (HZG-4) in the Bragg—Brentano geometry with radiation
CoK,. The XRD patterns were processed by the Rietveld refinement
technique using the MAUD software [18]. Raman scattering experi-
ments were performed at room temperature in backscattering geome-
try using a T-64000 Horiba Jobin-Yvon spectrometer equipped with a
thermo-electrically cooled CCD detector and an Olympus BX41 confo-
cal microscope. The Raman spectra were excited with by cyan line of
the Ar—Kr laser (wavelength A =488 nm). The laser beam was focused
on the sample surface through the x50/NA 0.75 lens in a spot =1 um.
The laser radiation power at the sample surface was in the range of
2.5-10 mW. The XPS spectra were acquired with the UHV-Analysis-
System (SPECS Surface Nano Analysis Company, Berlin, Germany)
supplied with a hemispherical PHOIBOS 150 analyser. The XPS spec-
tra were excited by the MgK,, source of x-ray radiation (hv=1253.6 V)
and were recorded at a residual pressure of about 5:1078Pa in an ion-
pumped chamber of the UHV-Analysis-System. The measurements
were executed at constant pass energy of 30eV. The present XPS
measurements were performed with the use of a flood gun supplied
with the UHV-Analysis-System. To remove hydrocarbons and oxygen-
contained species adsorbed on the sample surface due to its contact
with laboratory air, we treated the sample under study with 3 kV Ar*
ions (6 min duration, 16 mA/cm? ion current density). DSC curves
were recorded using a Netzsch 404 F1 Pegasus® calorimeter in the
temperature range from 25 to 1500°C at a heating/cooling rate of
40 K/min under a dynamic high-purity helium flow. Yttrium oxide
Y20; crucibles were used. Estimation of critical temperatures was done
with Netzsch Proteus Thermal Analysis software.

3. RESULTS AND DISCUSSION

Figure 1 shows DSC thermograms for the powder blends Ti3Al; 1Cz and
TisAl;.1C2 + 5% wt. B2Os after homogenization in a ball mill for 1 hour.
The endothermic peaks formed at temperatures around 662.5 and
656.3°C in both DSC curves correspond to the melting of Al.

Further temperature increase facilitates active interaction between
titanium and aluminium. This process is issued by the formation of the
TisAl intermetallic. Two exothermic peaks are observed on the DSC
curves at 728.4 (Fig. 1, a) and 760.5°C (Fig. 1, b), respectively. These
peaks are attributed to the Al;Ti phase formation [19]. Thus the DSC
curves (Fig. 1) clearly shows the formation temperature of the TisAl
intermetallic in the sample containing boron oxide is shifted towards
higher values. On the DSC curve of the TisAl;.1C: mixture at 929.1°C, a
weak exothermic peak is observed (Fig. 1, a). It indicates the formation
of the TiC phase according to the literature [20].

In contrary, on the DSC curve of the mixture TisAl;1Cz:+5% wt.
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Fig. 1. DSC for the as-prepared powder blends homogenized: TisAl1.1C: (a),
TisAl1.1Cz2 + 5% wt. B20s (b).

B:0s, the peak at this temperature typical of TiC is not observed (Fig.
1, b). In addition, there are exothermic peaks on the DSC curves for
both samples in the temperature ranges of ~1350-1485°C and = 1400-
1475°C, respectively.

Further, the research was focused on determining the nature of the
origin of the maxima on the DSC curves in the range of the indicated
temperatures. The simple sintering method was used to obtain compo-
sites at these temperatures. Pressed pellets were heated to the indicat-
ed temperatures at a rate of 40 K/min and quickly cooled down to room
temperature. XRD patterns for the powder mixture TisAl; :C: sintered
at the temperatures1353°C, 1442°C, and 1481°C are shown in Fig. 2.

Obviously, the TizAl;1C: mixture sintered at a temperature of
1353°C contains several phases (Fig. 2, a). The most intense peaks on
the XRD pattern belong to the titanium carbide (TiC), TisAlC phase,
and Ti:AlIC MAX phase, respectively. The percentage of the TiC,
TisAlIC and Ti2AlC in the sample estimated by full-profile analysis is
about =35, =11, and =24% wt., respectively. Moreover, there are
peaks related to graphite and titanium are in the XRD pattern (Fig. 2,
a), as well. Thus, the reaction is not fully completed at 1353°C between
Ti, Al, and graphite. The amount of unreacted graphite and titanium
in the sample are =23 and = 7% wt., respectively. When the tempera-
ture rises to 1442°C, the peaks related to titanium and graphite on the
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Fig. 2. XRD patterns of the sample synthesized by sintering of the TizAl:1.1Cz pow-
der mixture for 1353°C (a), 1442°C (b), 1481°C (c) at the heating rate of 40 K/min.

XRD pattern entirely disappear (Fig. 2, b).

However, along with other phases, peaks related to the TisAlC: MAX
phase appear on the x-ray diffraction pattern. The content of this phase
in the sintered sample is =27% wt. There are graphite =6% wt., TiC
~22% wt., Ti2AlC =41% wt. and TisAIC =4% wt. in this sample, too.
When the sample is heated to 1481°C, mainly Ti3AlC: MAX phase is
formed (296% wt.) (Fig. 2, ¢). The rest 4% wt. is the undesired TiC
impure phase. The lattice parameters values for MAX phase Ti;AlC; and
TiC, acquired from the XRD full-profile refinement, are a =0.3072 nm,
b=1.8560 nm, and a =0.3060 nm, b=1.4855 nm, respectively.

Three peaks are clearly distinguished on the DSC thermogram for
TisAl;.1C2 + 5% wt. B203 blend at temperatures 1415, 1430 and 1470°C,
respectively. As for the previous sample, heating was performed at a
rate of 40 K/min to the indicated temperatures, followed by cooling.
The XRD patterns of the sintered samples are shown in Fig. 3.

There is a marked distinction in the phase formation in the sample
containing boron oxide from the previous one. As follows from the
full-profile refinement of the XRD diffraction pattern, there are only
two phases in the sintered sample at 1415°C—TiC and TisAlC; (Fig. 3,
a). The most intensive peaks are related to TiC. Titanium carbide TiC
dominates in this sample at =90% wt. The percentage of the MAX
phase in the sample is low = 10% wt.
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Fig. 3. XRD patterns of the TizAl1.1C2+5% wt. B203 powder blend sintered at
1415°C (a), 1435°C (b), 1470°C (c), respectively, at the heating rate of 40 K/min.

The peak intensity ratio for TiC and the MAX phase (Fig. 3, b)
changes noticeably on the XRD pattern. The intensity of the peaks re-
lated to the MAX phase rises. On the contrary, the intensity of the
peaks associated with the TiC decreases. It evidences the percentage of
the TiC and MAX phase is altered in the sample after heating to a tem-
perature of 1435°C. There are = 70% wt. of the MAX phase TizAlC; and
= 30% wt. of the TiC in this sample (Fig. 3, b). The lattice parameters
for both TisAlIC; and TiC phases are a =0.3075 nm, b=1.8571 nm, and
a=0.3051 nm, b=1.4983 nm, respectively.

A further temperature sintering increase up to 1470°C causes a sig-
nificant change in the phase composition of the sample. The titanium
carbide TiC prevails in the sintered sample at the temperature of 1470°C
(Fig. 3, ¢) again. It has seen sharp reflexes related to TiC, but the peaks
of the TisAlC, phase almost disappear on the XRD. The percentage of
TisAlC; and TiC phases are= 3% wt. and 297% wt., respectively.

It has been pointed out above, the maximum around the 1435°C on
the DSC thermogram for the TisAl;.1Cz + 5% wt. B20s sample is caused
by the TisAlC:; MAX phase formation (see Fig. 3, b). However, the
MAX phase amount in the sample heated at a rate of 40 K/min is not
above 70% wt. To elucidate the influence of the heating rate on the
formation of the MAX phase, the four samples were sintered during
heating to 1435°C with rates of 40, 100, 120, and 150 K/min, respec-
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tively (Fig. 4). The amount of the TizAlC, phase in the sample heated at
a rate of 100 K/min is increased up to = 88% wt. Around 12% wt., the
TiC is in this sample too (Fig. 4, b).

Future increasing the heating rate up to 120 K/min changes the
phase composition of the sample. As a result, the synthesized sample
contains =94% wt. of the MAX phase Ti3AlC; and = 6% wt. of the TiC
phase (Fig. 4, c¢). The lattice parameters for TizAlC; and TiC acquired
by full-profile XRD refinement are a =0.3074 nm, b=1.8575 nm, and
a=0.3059nm, b=1.490 nm, respectively. Thus, fast heating of the
TisAl;1C2+5% wt. B2Os blend provides a more yield of the Ti3AlC,
MAX phase in the sintered sample within a short time in contrast to
lower heating rates. It needs more time to synthesize the same amount
of the MAX phase in the sintered sample from the boron oxide B2Os-
free TisAl;.1Cs blend.

For the sample sintered at a heating rate of 150 K/min, a significant
reduction in the content of the MAX phase in the composite to 85% wt.
is observed (Fig. 4, d). At the same time, the content of the TiC phase
increases to= 15% wt.

The Raman spectra were recorded for the sample sintered under the
heating of the TisAl;.1C2+ 5% wt. B:Os powder blend to the tempera-
ture of 1435°C at the rate of 120 K/min (Fig. 5). The Raman spectra

a «TiC

. U ) 0Ti,AIC,
H o ’/ oF w0 4
b

b umhmhﬂwm

Intesity
[»]

L. n,JLLWWM b A

10 20 30 40 50 60 70 8 90
20, °

Fig. 4. XRD diffraction patterns for the TizAl1.1Cz + 5% wt. B203 powder blend
sintered at 1435°C at the heating rates: 40 K/min (a), 100 K/min (b),
120 K/min (¢), 150 K/min (d).
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Fig. 5. Raman spectra of the MAX phase TizAlC:.

were registered in the various locations on the sample surface in the
range of 150—900 cm™. The bands with frequencies of =183, 201, 270,
632 and 663 cm™ specified to the Ti3AlC; MAX phase are clearly dis-
tinguished on the spectra. These bands are symbolised as wz—ws (Fig. 5)
as in the papers [21, 22]. However, there are no bands in the Raman
spectrum, which could be featured to boron oxide and titanium car-
bide.

To test elemental presence, peculiarities of the chemical bonding
and energy distribution of the valence electronic states in MAX phase
[23] synthesized by simple sintering (TisAlC: +5% wt. B203) mixture
used x-ray photoelectron spectroscopy (XPS). Before studying, the
sample surface was treated with Ar*ions. In many cases, such a surface
treatment provides nearly complete removal of hydrocarbons and oxy-
gen-contained species adsorbed on the sample surface. Figure 6 shows
XPS core-level Ti 2p, Al 2p, C 1s, and O 1s spectra of the Ar* ion-
irradiated surface of the Ti3AlCs. The background was approximated
by Shirley’s function and subtracted from the XPS spectra.

The binding energy values computed by the asymmetric Gaussian—
Lorentzian fitting of XPS spectra for the core-level Ti 2p, Al 2p, C 1s,
and O 1s states are summarized in Table 1.

The XPS core-level Ti 2p spectra consist of three components with
binding energy located at about 454.8, 458.7, and 464.2 eV (Fig. 6, a),
respectively. The Ti 2ps,2 core-level electrons yield binding energy at
about 454.8 eV. This value is close to the binding energies of those elec-
trons in TiC [23]. However, the Ti 2p spectrum of the surface also fea-
tures Ti 2ps,2 (458.7 eV) and Ti 2p,,2 (464.2 eV) core-level peaks associat-
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Fig. 6. XPS core-level Ti 2p (a), Al 2p (b), C 1s (c¢), O 1s (d) spectra of the
TisAlC: MAX phase radiated by 3 kV Ar*ion beam.

ed with Ti*" due to surface oxidation by TiO:[24]. The XPS Al 2p spectra
are presented in (Fig. 6, b). The spectrum of the surface is characterized
by the existence of two 2ps,2 and 2pi,2 spin—orbit splits. The first compo-
nent (74.5 eV) corresponds to aluminium in Al;Os, while the binding en-
ergy of the second one (71.9 eV)is close to that of metallic Al1[23].

Figure 6, ¢ presents the C 1s XPS spectrum of MAX phase TizAlC,
consisting of three components. The peak of the spectrum with its
binding energy position at about 281.6 eV corresponds to carbon form-
ing the C-Ti (Al) bonds. Its binding energy is close to that of carbon
forming C—Ti bonds in titanium carbide TiC [23]. Other two peaks cor-
respond to non-carbide components C-C + CH; at about 285.1 eV and
C-OH = 286.7¢eV [25]. The O 1s XPS spectrum has asymmetric form
(Fig. 6, d). It was fit by two components corresponding to TiO; and
Al2O; located at position 530.6 and 532.3 eV, respectively.

The B 1s XPS spectra of the pristine and Ar*ion-irradiated surfaces
of MAX phase Ti3AlC; are represented in Fig. 7.

The spectrum for the untreated surface has a maximum centred at
~192.1eV (Fig. 7, a). This binding energy corresponds to that of boron
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TABLE 1. The binding energy values for the core-level Ti 2p, Al 2p, C 1s, O 1s
states of the TizAlCs:.

MAX Components T Al ¢ 0
phase 2p1/2, €V |2ps/2, €V|2p1/2, €V|2ps/2, €V| 1s,eV | 1s,eV
Ti—-C 454.8 281.6
TiO: 464.2 458.7 530.6
Al:Os 74.5 532.3
Al 71.9
C-C+CHz 285.1
C-OH 286.7

TisAlCs
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Fig. 7. XPS core-level B 1s spectra of the studied TisAlC: MAX phase: pristine
surface (a), irradiated with 3 kV Ar*ions (b).

atoms in B:0; [23]. However, a surface treatment by Ar* ions causes
the complete etching of boron atoms from the topmost surface layers
(Fig. 7, b). So, boron oxide avoids both challenges: the Al evaporative
loss and the thermal explosion simultaneously and does not remain as
impurities in the produced TisAlIC; phase.

It should be noted two main results. First of all, it follows from the
data presented above the fast heating rate enables completely inhibits
the formation or minimizes the amount of titanium carbide, which is
formed at a lower temperature than the MAX phase one in the Ti—Al-C
system. The narrow domain for the TisAlC; phase in the Ti—Al-C phase
diagram [26] can be quickly reached by applying this way. Secondly,
the boron oxide low melted dopant has been a crucial effect on the
phase formation in the Ti—Al-C system. The boron oxide is uniformly
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distributed over the surface of Ti, Al and graphite particles during the
mechanical homogenizing of the powders. Due to the low melting tem-
perature, boron oxide forms a liquid coat on the powders’ particle sur-
face at temperatures lower than the Al melting point. This liquid boron
oxide dissolved aluminium oxide on the Al particle surface and pro-
moted the solid-state reaction between aluminium and titanium even
at relatively low temperatures. It obviously follows from the data pre-
sented for the boron oxide doped sample. Moreover, the low-melting
boron oxide facilitates to overcome of both challenges as the alumini-
um loss due to vaporization and the thermal explosion caused by the
reaction. The beneficial impact of the low-melting dopants as B:0s, Si
and Sn was pointed out by many authors[17, 27-29].

Conventionally, various hot-pressing methods are applied to fabri-
cate low-pored compacts. However, the MAX phases are not used en-
tirely as solid porousless densified compacts, but as powder, too. The
ternary carbides are widely used likewise as a reinforced component to
fabricate metal-matrix composites with improved mechanical proper-
ties [30]. The pressureless fast heating/cooling method without dura-
ble exposure at high-temperature enables the fabrication of the MAX
phase over a short time. The proposed approach could be adopted for
systems, where target-sintering needs to achieve mainly single-phase
materials and porosity is not crucial.

4. CONCLUSION

The MAX-phase of TisAlC; was synthesized for the first time by fast
heating sintering method.

It has investigated the impact of temperature, heating rate, and
chemical composition of the initial powder blends on the phase for-
mation under the sintering. It was found that mainly monophase sam-
ple (2 96% wt. of the TisAlC; and = 4% wt. TiC) is formed from the
TisAl;.1C2 powder blend sintered by continuous heating at the rate of 40
K/min to the temperature of 1481°C.

The impact of the low melting additive (boron oxide) on the MAX
phase synthesis under sintering has been investigated. However, at a
heating rate of 40 K/min to the specified temperature, the maximum
output of the TisAlC: phase in the synthesized material is only 70%
wt.; the remaining 30% wt. is TiC. Heating the mixture (Ti3Al;.:C2 +
5% wt. B20s) at a rate of 120 K/min to 1435°C results in an increase in
the content of the MAX phase in the sample to=96% wt.

It is shown that, by varying the powder mixture chemical composi-
tion and the heating rate, it is possible to synthesize predominantly
single-phase Ti3AlC; carbide in a short time with minimum expenses.

This work was partially supported by the project No. 056/23 of the
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine.
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Characterization of a Shape-Memory Alloy Using Acoustic
Techniques and Modelling of the Acoustic Signature V(2)

C. Larbaoui, R. Benlachemi, A. Boudour, and Y. Boumaiza

Materials Development and Analysis Laboratory, Department of Physics,
Faculty of Science, Badji Mokhtar University,

B.P. 12, Sidi Amar,

CP 23000 Annaba, Algeria

This work focuses on the characterization of CuZnAl shape-memory alloy in
its 3 states (austenitic, mixed, and martensitic) by a non-destructive tech-
nique to determine its elastic properties. This technique is based on the prin-
ciple of acoustic microultrasound. It allows measuring the propagation veloc-
ities of the longitudinal, transverse, and Rayleigh acoustic waves, from
which the elastic constants of the material (Young’s modulus E, shear modu-
lus G) are calculated. Thus, the obtained results of the measurements allow
the modelling of the acoustic signature V(z) and the reflection coefficient
R(6) to compare the resulting Rayleigh velocities, which were modelled and
measured experimentally in the different phases.

Key words: shape-memory alloy (CuZnAl), velocity (longitudinal, transverse,
and Rayleigh), Young’s modulus, shear modulus, acoustic signature V(z),
reflection coefficient.

PobGory mpucssiueno xapaxTepusaiiii cromy 3 mam’atTio ¢hopmu CuZnAl y 3
cTaHax (ayCTeHiTHOMY, 3MillIaHOMY Ta MapTEHCUTHOMY ) 3a JOIIOMOTOIO HEPyHi-
HiBHOI METOAVKM [/ BUBHAUEHHS HOT0 IIPYKHIX BiacTuBOCTel. 110 MmeTomu-
Ky 3aCHOBAaHO HAa BUKOPHCTAHHI MiKDOYJBTPasBYyKy. BoHa yMOKJIUBIIOE BU-
MiproBaTH WIBUAKOCTI IOINMPEHHS IIO30BXKHiX, momepeuHmx i PeserioBux
aKYCTUUYHUX XBUJIb, 3 AKUX PO3PAXOBYIOTHCA IIPYKHI KOHCTAHTH MaTepidry
(momynb FOura E, mogynab 3cyBy (). Takum umHOM, Ofep:KaHi pe3yIbTaTH Mi-
DPAHD YMOKJIUBJIIOIOTH 3MOJIEII0BATY aKyCTUUHY curHatypy V(2) i koedimient
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BinburTa R(0), mob mopiBHATHU onmep:kaHi PerneitoBi mBmaxocti, axux 6yJs0
3MOZEeJIbOBAHO Ta BUMiPAHO €KCIIEPMMEHTAIBHO A4 PisHUX Gas.

Karouori croBa: crom 3 mam’atTio popmu (CuZnAl), mBuaKicTs (IO3K0BIKHA,
momnepeuHa ta PeseitoBa), moxyas FOHT'a, MOAYJIb 3CYBY, aKyCTUYHA CUTHATY DA
V(2), koedinieHT BigdmTTA.

(Received 14 June, 2023; in final version, 25 August, 2023 )

1. INTRODUCTION

Developments in non-destructive testing (NDT) techniques have great-
ly contributed to the progress of new materials manufacturing meth-
ods. In this study, the acoustic microultrasound technique is used to
characterize a so-called shape-memory material. There are several al-
loy families, the best-known ones are copper-based [1, 4], iron-based
[2] and Ti—Ni-based [3]. This study is established on the latter. Shape-
memory alloys (SMA) are materials widely used in many industrial ap-
plications due to their particular thermodynamic properties, namely:
shape-memory effect and pseudo-elasticity (superelastic effect), etc.

In order to demonstrate the effects of treatments on the elastic
properties of this alloy, a non-destructive technique (acoustic micro-
ultrasound) is used to measure the propagation velocities of the longi-
tudinal, transverse, and Rayleigh waves. This allows determining the
elastic properties, the acoustic signature V(z) and the reflection coeffi-
cient R(0). To verify the effects of these treatments, DSC measurement
and microscopic observation are carried out to determine the trans-
formation points and the coexistent phases in this sample.

In this study, we attempt to show the influence of the treatments
that the material undergoes according to the elastic parameters and to
make a comparative study between the experimental and modelled
Rayleigh velocities.

2. MATERIALS AND EXPERIMENTAL TECHNIQUES

The principle of the ultrasound consists of a transducer that emits an
ultrasonic wave into a fluid [5] using the following device (see Fig. 1).

Part of the wave will penetrate the material, and the other part will
be reflected by the surface; then, it will be received by the transducer.
The latter thus serves as both transmitter and receiver. The first echo
received by the transducer is called interface echo (see Fig. 2).

Thus, the received echo corresponds to a round trip of the sound wave
in the material. This allows determining the longitudinal and transverse
velocities according to the travel time ‘A¢’ of the wave and the thickness e
of the material. These parameters are related by the following equations:
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Fig. 2. Principle of microultrasound.

longitudinal velocity [6]is given by the following relation:
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(1)

transverse velocity is measured similarly using the displacement sensor

[7], which allows showing the signal attributed to the transverse waves.
We notice that the longitudinal velocity is higher than the trans-

verse velocity:

v
V, < L.
T2

(2)
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The resulting measurements of these velocities allow calculating the
elastic parameters (Young’s modulus E, shear modulus G) [6]:

E=pV2, (3)
_E
C21+v) )

It is clear that, for any material considered and whatever it is be-
longing, Young’s modulus E is higher than shear modulus G.

Rayleigh wave velocity is an intrinsic parameter of the material. It
can be calculated according to the law of Viktorov[8, 9]:

v 0.718-(V, /V.)*
FT0.T50 - (V, / V)

()

The use of the reflection coefficient R(0) and the acoustic signature
V(z) also give the value of Rayleigh velocity.

The expression R(0) is calculated by using the mechanical balance
and the continuity of stress and displacement at the surface. It was de-
veloped by Brekhovskikh [6, 8].

The reflection coefficient for massive materials is given by the fol-
lowing expression [9]:

Vi
Vps% cos?(20) 29301;@ sin’(20) - Pl ke
R(G) _ COSs COS 9, COSs

N7
VPt os?(20) 2Pt gin?(2g) + Pl 10
cos© cos O, cos 0

(6)

The acoustic signature V(z), which is necessary for the microcharac-
terization of a material, is determined from the reflection coefficient.
It is obtained from defocusing (distance z between the focal plane and
the interface (solid—liquid). Its expression is given by the following
relation [10]:

em

V(z) = | P*0)R(0)e*™**° sin O cos 0do, )

0

where j=(-1)"2, Omax is opening of the lens, P%(0) is pupil function, Ko is
wave vector in liquid. From this relation, we can determine the differ-
ent propagation velocities of the waves according to the different
treatments of the acoustic signature V(z). In this case, the Fourier
Transform (FT) is used to access these different speeds:

Kiq
Y THCaovL ) eraa? ®
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3. RESULTS AND DISCUSSIONS

A CuZnAl sample is used. The sample condition is defined by the use of
DSC and the optical microscope. It undergoes homogenization treat-
ments at 850°C for 15 minutes (Table 1).

The sample is immersed in the experimental ultrasound device with
a coupling medium (water) at T < M, and it is left to heat gradually to
T >AF.

Then, the influence of these thermic treatments (with their differ-
ent states) is studied on the longitudinal velocity.

For the three sample states (austenitic, mixed, and martensitic
ones), several measurements are made at different points on the shape-
memory sample. The results obtained are provided in Table 2.

We note for these three states that the propagation velocities of the
waves are different that implies that the elastic properties differ from
one state to another.

Another study is conducted by using the micro-ultrasound tech-
nique to determine the different points (Mr, Ms, As, Ar) from the ex-
perimental velocities according to (V.={f(T)) heating (see Fig. 3). This
confirms the DSC results for different points.

3.1. Acoustic Observation of the Austenitic and Martensitic Structures

The structures of the CuZnAl samples are studied with an optical mi-
croscope to display the different metallurgical phases and their spatial
distribution on the surface of this alloy.

The samples are prepared for microstructural analysis by polishing
the surface using sandpaper followed by felt paper and alumina paste
to obtain a highly polished surface. Then, the samples are etched using
the FeC;3-3H:0 etching solution. The microstructural analysis of the

TABLE 1. Transformation points of the CuZnAl sample.

CuZnAl sample Ms Mr As Ar
2 -5 4 12

TABLE 2. Elastic parameters of the CuZnAl sample.

Studied CuZnAlalloy | Vi,m/s | Vom/s | p | E,GPa | G,GPa
Austeniticstate (A) ~ 5240.96 2830.12 7400 203.26  78.78
Mixed state (A+M) ~ 4390.7 2370.98 7400 142.65  55.29

Martensitic state (M) ~ 3722.66 2010.24 7400 102.55  39.74
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Fig. 3. Longitudinal velocity as function of temperature.

samples is carried out with the help of the AXIO Imager.A2m optical
microscope.

Figure 4 shows the austenite micrograph at room temperature and
the martensite micrograph.

Figures 4, a and b show the austenitic microstructure as cast and the
formation of the martensite variants during the quenching. We can
observe that a complete transformation from austenite to martensite
occursin Fig. 4, c.

Table 2 shows the values of the measured velocities of the three
states studied. It can be noticed that in the case of the martensitic
state, the velocity is inferior to that of the austenitic state. This is in
good agreement with the bibliographical references.

Fig. 4. Austenitic structure (a), mixed structure (A + M) (b), martensitic (c).
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3.2. Study of Phase and Amplitude Variations According to the Aus-
tenitic, Mixed and Martensitic States

This part is dedicated to the modelling of the reflection coefficient R(6)
and the acoustic signature V(z) based on the experimental results ob-
tained from the longitudinal and transverse velocities according to the
different states (austenitic-mixed—martensitic). Figure 5 shows the
change in the phase and the amplitude of the reflection coefficient R(6)
of the Cu—Zn—Al samples at a frequency f=50 MHz. We can quantify
the effect of the states on the CuZnAl shape-memory alloy sample. In
the martensitic state (phase 3), the sample is at a temperature of —-5°C
(T < My) for 15 seconds. Then, it is heated at Ms<T <As (phase 2
(mixed)). For the final state, the temperature is raised to T'> As (phase
1 (austenitic)).

3.3. Study of the Acoustic Signature V(2)

We note that all acoustic signatures V(z) obtained are pseudo-periodic
regardless of the state of the sample. However, the pseudo-period ‘Az’
vary from one state to another, thus giving different Rayleigh velocity
results.

We also note from these curves that the difference of the sample
states affects the variation of the phase, the amplitude and the acous-
tic signature V(2).

3.4. Rayleigh Velocity Obtained from the Reflection Coefficient R(0)

This part is dedicated to the modelling of the reflection R(0) and the

1.000000 —— 175.00
0.975563 | 86.551 0, | /
0.951127 fl |‘ " §-1.90 e —_—
SN “ Mixed A p’f‘
0.926691 ! /] —M —90.351 A f
91. | Mixed \
\ M l
5 e -1788 '
0O02258 125 250 875  50.0 0 125 250 375 500
Z, pm Z, um
a b

Fig. 5. Phase variations of the CuZnAl alloy at different thermic states (a),
amplitude variations of the reflection coefficient R(0) of the CuZnAl alloy at
different thermic states (b).



1186 C.LARBAOUI, R. BENLACHEMI, A. BOUDOUR, and Y. BOUMAIZA

TABLE 3. Rayleigh velocity of CuZnAl sample.

Rayleigh velocity, m/s

Studied CuZnAl alloy |Critical angle, ° Viktorov Snell-Descartes
(experimental) (theoretical)
Austenitic state (A) 25 2633.24 2609.29
Mixed state (A +M) 30.11 2206.04 2198.69
Martensitic state (M) 36.93 1870.79 1835.76

acoustic signature V(z) from the experimental results obtained. Table 3
recapitulates the Rayleigh velocity results obtained using two differ-
ent approaches.

Figure 6 shows the acoustic signature V(z) of three states (marten-
sitic, mixed, and austenitic states) of the Cu—Zn—Al sample at a fre-
quency f =50 MHz.

4. CONCLUSION

Velocities of the acoustic waves (longitudinal, transverse and Rayleigh
ones) are determined experimentally at different states of the CuZnAl
shape-memory alloy. Table 2, where the results are listed, shows that the
velocities and the elastic parameters are different in the three states.
Surface wave propagation velocities (Rayleigh) are determined accord-

0.938560
A
1 Mixed
0.704043+
J —M
o |
= |
E \
= 0.469526+
g !
i
0.235009+ ‘ b
Wy
I (A AT A
0.000493 j i ‘( \-f Yy VAVGYAVA LGS ST
0 512 10241 1536 2048
Z, Um

Fig. 6. Acoustic signature V(z) of the CuZnAl sample at different states (aus-
tenitic, mixed, and martensitic), f=50 MHz, e =1 mm.
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ing to Viktorov approximate formula (experimentally) and the phase
change (function of reflection) for different states. We notice that the
values of the velocities are very close yet different from one state to an-
other. This study attempts to show the influence of the structural states
on the elastic parameters of the sample at different phases.
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3aKOHOMIiPHOCTI Bi/THOBJIEHHSA 3aI1aCy IJIACTUYHOCTH
Ta METOAMKA HOro po3paxyHKy 3a Je)OpMyBaHHS IIPOMiKHUM
TePMOOOPOOIeHHIM

O. JI. Tafizamax

Binnuyvruil HayionaavRUll azpapHuil yHieepcumem,
seyn. Conauna, 3,
21008 Binnuuysa, Ykpaina

XoJsogHa macTUYHA AedopMaliid MeTaIiB MPUBOAUTE A0 3POCTAHHS TBEPIOC-
TH, MIiITHOCTH, & TAKOXK MOHUKEHH ILJIACTUYHOCTH Ta B’ A3KocTU. [ posmru-
PEHHSA MOYKJINBOCTEHN X0J0AHOTO AehopMyBaHHA METAJIiB 3aCTOCOBYIOTE fedo-
PMYyBaHHA 3a AeKiabKa mepexofiB 3 IPoMikHUMY Bigmanamu. B crarTi gocii-
I'KEHO BiTHOBJIEHHS BUKOPUCTAHOTO PECYpPCy IJIACTUYHOCTHU Yepes Bimmaro-
BaHHA MIiCJS XOJIOZHOI MJIAacTHUYHOI medopmaiiii iHCTPYMEHTANBLHOI KPHIL
P6Mb nna pisamnx muiaxis gedopmyBaHHA. BeTanoBaeHO 3aKOHOMipHOCTI Bif-
HOBJIEHHS BUKODPHCTAHOT'O PECYPCY IJIACTUYHOCTU Uepe3 BinmaaioBaHHA AJIA
IIPOCTHUX i CKRIANHUX NLIAXIB gedopmyBanua kpuni P6M5. Ilokasano, 1o ic-
TOpis medopMyBaHHA He Ma€ iCTOTHOTO BIJIMBY HA 3aKOHOMipPHOCTi BiIZHOB-
JIeHHS 3amacy IJaCTUYHOCTU HNPOMiKHUM TEepMiuHMM OOpOOJIeHHAM. 3ampo-
IIOHOBAHO HOBY METOAMKY PO3PAXYHKY I'PAHWYHOIO CTyneHs nedopmarii mia
nedopMyBaHHA 3a AEKiJIbKa MEpexXoAiB 3 IPOMIKHUMU TepMiuHUMU 00pO0-
JeHHAMU (Bigmamamm), 1110 YMOMKJIUBJIIOE BPax0OByBaTH BILIUB icTopii medop-
MyBaHH{, SKa IIepeyBaja KOXKHOMY IIePEeX0Iy, Ta BiTHOBJIEHHA pecypcy IJja-
CTUYHOCTH IPOMIKHUM TepMiuHUM 00pOOJIEeHHAM, 1110 6iybln TOBHO BizoOpa-
JKae CYTHiCTH IporleciB, 110 BimOyBaioThbcA i wac xosomHoi medopmarrii 3
mpoMiskHUMEU Bigmanamu. [[to MeTOmMKYy 3acHOBAHO Ha aHAi3i pesyJsbTaTiB
IIPOBEIEHUX €KCIEPUMEHTAIBHUX JOCIiIMKEeHb X0JIOIHOTO IIaCTUYHOTO fedo-
PMyBaHHA 3pasKiB y mporieci ix ocaJKyBaHHSA, PO3TATYBAHHA, KPYUEHHS Ta
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1190 0.JI. TAITAMAK

POBTATYBaHHS 3 OAHOYACHUM KPYUEHHAM 34 JBa eTamu 3 IIPOMiKHUM Biama-
JIOM, AKUH IPOBOAMBCH 3a Temieparypu y 760°C, Ta Burpumkom B 1 roguny i3
IIOJAJIBIIINM OXOJIOMYKEHHAM 3 iUy, 3aIPOIIOHOBAHO BA METOAM PO3PAXYH-
Ky rpaHuvHOi medopmartrii maTepiany saroToBku micaa Bigmasy. Ilepriwmii me-
penbauae moOya0BY HOBOI MisirpaMu ILJIACTUYHOCTH, IO BPaXOBY€ BiTHOBJIEH-
HA 3amacy ILIACTMYHOCTM IPOMIMKHWM BiAIIajioM 3a PaxXyHOK I'€OMETPUYHOI
mo0yI0BU HOBOI AiATpaMu ILJIACTUYHOCTY HA OCHOBI OZepPiKaHUX €KCIIePUMEeH-
TaJbHUX PE3YJIbTATiB A PisHUX MIIAXiB gedopmyBanHA. [lpyruit meTox me-
penbavae BUKODPMCTAHHS 3aJIE;KHOCTU BiJHOBJIEHHS BUKOPMCTAHOI'O PECYPCY
ILJIAaCTUYHOCTY Ae(opMOBaHOTO MaTepiAny Bigmasom Bif ctynena medopmarrii
IO Bifmairy, IO YMOIKJIVBIIIOE PO3PAXyBaTH HOBY AiArpaMy IJIACTUYHOCTH,
fAKa Jae 3MOT'y IIPOTHO3YBATH MOYKJIMBOCTIL AeopMyBaHHA MaTepidy 3aroTo-
BKU IIicyia Bigmairy 6e3 #1oro pyiiHyBaHHA.

Karouosi ciioBa: nyacTuuHicTh, (Da30Bi IePeTBOPEHHA, MIIAX AehOopMyBaHHS,
BigmaJi.

Cold plastic deformation of tool steel P6M5 for different ways of deformation
is investigated. The regularities of recovery of the used plasticity resource
during annealing for the simple and complex ways of deformation of P6M5
steel are established. As shown, the history of deformation does not have a
significant effect on the patterns of restoration of the plasticity reserve by
intermediate heat treatment. A new method of calculating the ultimate de-
gree of deformation during deformation for several transitions with inter-
mediate heat treatments (annealing) is proposed that allows taking into ac-
count the influence of the deformation history, which preceded each transi-
tion, and the restoration of the plasticity resource by intermediate heat
treatment that more fully reflects the essence of the processes taking place
during cold deformation with intermediate annealing. This technique is
based on the analysis of the results of experimental studies of cold plastic de-
formation of samples in the process of their deposition, stretching, twisting,
and stretching with simultaneous twisting in two stages with intermediate
annealing, which was carried out at a temperature of 760°C and held for 1
hour with subsequent cooling with a furnace. Two methods of calculating the
ultimate deformation of the workpiece material after annealing are proposed.
The first one involves the construction of a new plasticity diagram, which
takes into account the restoration of the plasticity reserve by intermediate
annealing due to the geometrical construction of a new plasticity diagram
based on the obtained experimental results for different deformation paths.
The second technique involves the use of the dependence of the restoration of
the used plasticity resource of the deformed material by annealing on the de-
gree of deformation before annealing, which allows to calculate a new plastic-
ity diagram that takes into account the restoration of the reserve of plasticity
by heat treatment and allows to predict the possibility of deformation of the
workpiece material after annealing without destroying it.

Key words: plasticity, phase transformations, deformation path, annealing.

(Ompumano 15 wepensa 2023 p.; ocmamoun. eapianm — 5 eepecnsa 2023 p.)
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1. BCTYII

Bimomo, 110 xoJ0mHA IIacTHYHA gedopMallisa MeTaay XapaKTepu3y€eTh-
CsA 3POCTAHHAM TBEPJOCTH, MIITHOCTH, a TAKOYK ITOHMKEeHHSIM IJIaCTHY-
HocTu Ta B A3KocTu [1]. B mporieci medopmyBaHHA HaA HOro IIOYAaTKOBIH
cTazii BimOyBaeThCs iHTeHCHUBHE 3MIiI[HEHHS, 3POCTAIOTh TaKi xapakTe-
PUCTHUKU AK MerKa MIITHOCTU Gp Ta MeKa INIMHHOCTHU Go,2. MesKa MInHHO-
CTH 3POCTa€ MIBUAIE, HidK MeKa MIITHOCTH, a 3a BEJIMKHX JedopMalrii
MesKa MIITHOCTH Ta MesKa IIMHHOCTU 3PiBHIOIOTHCSA MixK cO00I0, a IJjac-
TUYHICTL MeTajy IIagac a0 HyJsa. Takmii ctad MmaTtepisany, 1o red)opMy-
€ThCA, Ha3WBAEThCA 'PAHUYHUM, i ITOAAJbIIe Horo fedOpMyBaHHS IPU3-
BOJUTH A0 Ioro pyliHyBaHHdA. EdekT 3MiliHeHHA MeTaJly IIiJl BILIUBOM
XOJIOAHOI medopMallii HazBaHO HaKJeIIoM ab0 HarapTyBaHHAM. X 0JIOLHA
mJjaacTuvYHA ge)opMallid 3aBAAKY HaKJIEIy MOMKe HiIBUIITUTH TBEPIAICTS i
MinHicTh medopmoBaHoro metaay B 1,5—3 pasu. B Toit ke uac HaxJel
3HAUHO 3MEHIITY€E IJIACTUYHI BJACTHUBOCTI METaJy, ITI0 YHEMOKJINBJIIIOE B
0araThbox BUHAAKAX HOCATTH 0aKaHOT'O CTyIIeHA nedopMyBaHHSI MeTaJy,
He IePeBUIIYIOUN Horo MeKy MiITHOCTH, TOOTO 6e3 pyiiHyBaHHs. BogHo-
yac X0JOHA IIJIacTUYHA Aed)opMallia MeTaay IepeBOIUTD oo y TePMO-
IVMHAMIUYHNEN HeCTiNKUH cTaH, SK1Ui 30epiracThcs HeoOOMEsKeHO TOBIO 3a
KimMHaTHOI Temmepatypu. IlepeBemenua MeTay y OiJbIN CTIHKUII CTAH
MOJKJIMBE JIUIITE i3 3aCTOCYBAHHAM TEPMIiUHOI'O BILIMBY Ha JeOopMOBaHY
3arotoBKy. Takuii TepMiuHMI BIJINB HA3MBAETLCA BiAmajom, 3a sSIKOI'O
BiOyBaeThCA IIPOIlEC PeKpPHCTaIisallii medopMoBaHOrO Merany. depes
HarpiBauHs 1e()OPMOBAHOI 3arOTOBKM i3 3pOCTaHHAM TeMIIepaTypHu Bi-
OyBaeThbCS MiABUINEHHS IIJIACTUYHOCTY TA MOHMKEHHA MiITHOCTH, TOOTO
3HUKaE e(pekT HakJeny y aedopmMoBaHiil 3arotToBIfi. B mporieci pexpuc-
rTajisallii Bim0yBaeTbCA YTBOPEHH Ta 30iJbINIEHHA HOBUX 3€pPEeH 3 MEH-
1010 KiJIbKicTIO JedeKTiB OymoBH Ta 3 PiIBHOBICHOIO (DOPMOIO.

s Toro 1mo0 BimOyJiacs peKpuUcTaisalia IOTPiOHO MaTu MeBHI
YMOBH, a caMe, CTyIIiHbL gedopmalii mae 6yt He Mmenrre 2% I aJo-
MiHi0, 5% — musa s3aaisa Ta migi, 6% — g HiKesro, 1 4JIa KOXKHOTO 3
BKa3aHUX MaTepPisiB € CBOA MiHiMaJIbHA TeMIIepaTypa IoYaTKy IpoIie-
cy pekpuctaaisaiii Tpex, i 3a7J€KUTH BOHA BiJi TeMIepaTypu TOIJIEHHS
Tron Ta pO3paxoByeThCA 3a GOPMYJI0I0 Tpex = AT won, J€ KOe(illieHT mIpo-
nopititinocTu o = 0,2 1Ja XeMiuHO YMCTHUX MeTaniB, o= 0,4 1aa TexHiu-
HO YMCTHUX CTOIIB i MeTaJIiB, o0 = 0,8 IJId CKJIaJHUX CTOIIIB.

IIpomec pexpucramisamii 3ge)opMOBaHUX 3€pPEeH MeTaJy IIOKasaHO
cxemaTuuHo Ha puc. 1[1].

I3 36iblIIeHHAM CTYIEHs IoIlepeaHboi medopmailii, mepes TepMooo-
pobGieHHAM, 3pocTae KiJbKicTh IeHTpPiB pexpucraiisamii (pwuc. 1, 6),
BUHMKAE TaK 3BaHa IIEPBUHHA PEeKPUCTAi3allif, dKa IPUBOAUTL O
YTBOpPEeHHA APiOHMX piBHOBiCHUX 3epeH (puc. 1, 8). B pesyasTari yTBO-
PeHHs HOBUX 3€peH 3HMKAE HaKJIeIl i 3pocTae ILIaCTUYHICTE Jedopmo-
BAHOT'O MeTaJy. B MIbOMYy BUIIQIKYy BJIACTHUBOCTI MeTaJly HaOJIMKAIOTHCS
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Puc. 1. CxemaTuute 300pakeHHA 3MiH MiKpPOCTPYKTypHu 34eGOpMOBAHOTO Me-
Tajy B IIpolieci pekpucTasisarii: aepHa micas xoaomgHoi gedopmariii (a), moua-
TKOBi 3apOKM peKpucTaisallii Ha Mesxax 3epeH (0), IepBUHHA PeKPUCTATi3a-
I[idg 3 YTBOPEeHHAM APiOHMX pPiBHOBiCHUX 3epeH (8), 3pocTaHHS 3epeH (2), HOBa
KPYIIHO3epHHUCTA CTPYKTypa (0).

Fig. 1. Schematic representation of changes in the microstructure of the de-
formed metal during the recrystallization process: grains after cold defor-
mation (a), initial nuclei of recrystallization at grain boundaries (6), primary
recrystallization with the formation of small equiaxed grains (8), growth of
grains (2), new coarse-grained structure (0).

IO TUX, 1[0 OyJn m0 medopMallii I{LOro MaTepiaay. 3 MoZaJabIITNM Harpi-
BaHHAM CyCimHi 3epHa 06’egHYIOTHCA (puc. 1, 2), i MoKe BUHUKHYTH HO-
Ba KPYIHO3epHHUCTA CTPYKTypa (puc.1,0), AKka moripirye MexaHiuHi
BJIACTUBOCTIi, 0COOJIUBO yAapHY B’ I3KiCTh.

PexpucramizamiiiHuii Bigmaj, K IIPaBUJIO, 3aCTOCOBYIOTH JIJIS MidKO-
mepamiiigoro moM’AKIIEeHHS MeTaJy MOiJi Yac XOJOMHOIO BOJIOUiHHA,
MIPOKATKHY Ta iHINX (POPMOYTBOPIOBAJILHUX OIepalliii X0J0IHOro o6po-
OsieHHA THCKOM. Ha mignmpreMcTBax AJIs CKOPOUEHHS YaCy TePMOOOPOO-
JEHHA TeMIepaTypy PeKPHCTAJI3aIlilfHOrO BiAmajy HPM3HAYAIOTh Ha
100—-200°C Buirie 3a TeMIIepaTypy peKpucTaaisairii.

HedopMyBaHHA 3arOTOBOK 3a KiJIbKa IIEPEXO/iB 3 BifiITajJoM MixK Iie-
pexomaMy MOMKe iCTOTHO PO3IINPUTH TEXHOJOTIUHI MOMKJINBOCTI TAKMX
IIPOIleciB, AK BUAABIIOBAHHSA PANiAILHUM OOTHCKAHHAM 3 OJEP:KaHHIM
TPU- 1 YOTUPOTpPAHHUX IIOPOKHUH, ITPeCyBaHHsA, BOJIOUiHHSA, Ta Oara-
ThOX iIHIIIMX IIPOIECiB.

Tepmo00OpOOIeHHA JiKye MiKpomedeKkTH, 1110 BUHUKAIOTH IIiJ Yac Xo-
JomHOro medopMyBaHHSA, yCyBae HaKJIEIN, IKUI YTBOPIOETHCA 3a IIJIac-
TuHOI (popmosminm. Ile yMoKIUBIIOE JocATaATH OiIBIITUX CTYIEHIB Ie-
dopmariii. OgHaK, He3BaKalOUM Ha BEeJNKY yBary JOCIigZHUKIB [5] mo
BUBUYEHHS BILINBY IIPOMiKHOT'O TEPMOOOPOOJIEHHS Ha IJIACTUYHICTD, Y
Bimomili HaM JriTepaTypi BiACyTHI maHi IIPo BiHOBJIEHHS 3aIllacy IIjac-
TUYHOCTHU iHCTPYMEHTAJIbHUX KPHUIIH ITiJ] Yac BigmaJjy Ta JaHi PO BILJIUB
icTopii medhopMyBaHHA Ha 3aKOHOMIpPHOCTI BiTHOBJIEHHSA 3allacy ILjac-
TUYHOCTU. MeToAMKa PO3PaxyHKYy I'paHUUYHUX Aedopmaliiii 3a medop-
MYBaHHS i3 MPOMiKHUM TePMOOOPOOJIIEHHAM € HeJOCTaTHLO OOI'PYHTO-
BaHOI0. [{1A BUpilleHHA 3a3HAYEHUX 3aBIaHb IIPOBEJIUN eKCIepPUMeHTa-
JbHI JIOCJiIKeHHS IIPOIleCiB XOJOSHOTO ILIACTUYHOTO AedopMyBaHHS
3aroTOBOK 3 iHCTPpYMeHTaJabHOI Kpulli Mapku P6M5 i3 mpomiskHUM Tep-
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MOOOPOOJIEHHAM.

BaxjauBuM nuTaHHAM METOAMKN OOCJIiAKEeHHS BIJINBY icTopii gedo-
PMyBaHHSA Ha BiTHOBJEHHS 3amacy ILTACTUYHOCTH 3arOTOBOK Il dac
X0JIomHOTO Ae)OPMYBaHHS 3 HNPOMIiKHMM BimmasioMm € Bubip mmporpam
BUIIPoOyBaHb. OCKiNIbKY HAETHCA PO IJIACTUYHICTL 3a CKJIAAHOTO Ha-
BaHTa'KeHHs, HeoOXimHO peasisyBaTu pisHi muraxm medopMyBaHHA.
3rigmo 3 JiHIAHOIO Teopi€lo HAKOMMUYEHHS IOIIKOAMKEHb [2, 3], mBum-
KicTh HAKOTMWYEHHS HMOITKOKEeHb ITiJl Yac IMJIACTUYHOTO Je)opMyBaHHS
B IaHUI MOMEHT Uacy BUSHAYAEThCA BEJIMUNHOIO 'PAHNYHOI fedpopmarrii
ep. lIIBUAKiICTh HAKOMMYEHHS IIOITKO/?KEHb 3a CKJIAJHOTO AepopMyBaH-
HA 3aJIeKUTH He TIJIbKU BiJ rpaHnYHOl Aedopmariii, a i Biff « HAIPAMKY
nedopMyBaHHA», 110 BUBHAUAETHCA MOXigHOIO dh/de,, Ke 1 — moKas-
HUK HaIpY:KeHOT'0 CTaHy, a e, — CTYIIiHb medopmarlrii [4].

3 MeTo0 BUABJIEHHS 3a3HAUEHOI 3aJIE’KHOCTH Ha 3aKOHOMipPHOCTI
BiTHOBJIEHHA 3amacy MIJaCTUYHOCTH 3a XOJOTHOro nae)opMyBaHHS 3
IIPOMiKHUM T€PMOOOPOOJIEHHIM OCHOBHY CEPil0 eKCIIEPUMEHTIB IIPOBO-
OUJIN 3a IporpaMaMu, IO BiAIIOBigal0OTh IPOMEHIM, AKi BUXOASATEL 3 TO-
4ok N =0, e.=0,n=-1, e, =0. ¥ mpocropi BekTOpa nedopmariiii y mpomy
BUMAAKY ILIAX OedopMyBaHHSA 300paKyeThbCAd TPAEKTOPiAMU MaJiol
KPUBUHU.

Y nmocaimsxkeHHi BimBYy icTopii mepopMyBaHHA HA BiIHOBJIEHHSA 3alia-
Cy IJIaCTUYHOCTU 3aTOTOBOK, IO Me(OpPMYIOThCA 3 IIPOMIiKHUM Bifmna-
JIOM, IIPOBOJUJIN 3icTaBJIeHHS Pe3yJbTaTiB HOCJiAKEeHb 3a IIPOCTOrO Ta
CKJAIHOro JeopMyBaHHA.

Hagani mixg mpoctum podyMmieTbesa ae)opMyBaHHS, 3a SKOI'0 IIOKas3-
HUK HAIIPY:KEeHOr0 CTaHy 3aJUINAETHCA HE3MiHHUM YIIPOIOBIK YCHOTO
IedopmyBanua 1 =const. Ilig ckiagauM posyMmieThea nedopMyBaHHdA,
3a AKOro NMOKA3HUK HAIIPYKEHOT0 CTaHYy 3MiHIOETHCA 3i 3pOocCTaHHAM
cryneHa pedopmaiiii e,. BogHOYAac CHiBBiZHONIIEHHS T'OJIOBHUX HAIIPY-
JKeHb i medopmariit amiHweTbeA. [ledopMyBaHHA € aKTUBHUM (medop-
MyBaHHS 0€3 ITPOMiKHIX PO3BAHTAKEHD).

VYeci 3pasku BurotoBaanau i3 xpuri P6M6. 3arotroBku AJys 3pasKiB
Opanucd i3 ogHiel mapTii MeTany. 3pasky JOBOAMINCS OO PiBHUX CcTamii
morepeIHbOI AedopMarrii (o Tpu 3pasKy Ha KOMKHY CTamilo), IOTiM Bis-
MIaJI0BaJIX B eJIeKTpoIiedi 3a remnepatypu y 760°C 3 BuTpuMKom B 1 ro-
IuHy (OXO0JOMKeHHA 3 Miuvio) i Haxasi meopMyBaIu G0 pyHHYyBaHHA.

Jua peasisgarii mpocToro nedopMyBaHHSA 3aCTOCOBYBaJM 3pas3Ku Ha
ocalKyBaHHS, KPYUYeHHS Ta PO3TATYBaHHA.

3pasKu AJid BUIIPOOYBaHb HA OCAMKyBaHHI MaJu gisgmerep y 10 M i
Bucory y 16 MM (muB. puc. 2, 8). Ha ekBaTopi muIiHAPMYHOI ITOBEpPXHi
3pa3KiB HAHOCUJM TBEPAOMipPOM KOOpAuMHATHY CiTKy. Poawmip ciTku 3a
ekBaTopoM — 1 MM, a 3a Bucotoo — 2 MM. [lepopmyBaHHS pobuau HaA
npeci IIMM-125. Ilig Topii 3paskiB migkaagaau onus’auy (oJaiio pa-
30M i3 rpad)iToBUM MAaCTHUJIOM. 3MiHY PO3MipiB KOOPAMHATHOI CiTKY Mi-
paau Ha iHCTPpyMeHTaJbHOMY MiKpocKomri 3 TounicTio y 0,005 mMm. Mo-
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Puc. 2. 3aranbuuit Bu 3paskiB AJaA BUIPOOyBaHb Ha: Po3TAr (a), Kpyuenus (6),
ocamKyBaHHA (8), KPYUEHHSA 3 PO3TATOM (2).

Fig. 2. General view of samples for tests on: tension (a), torsion (6), deposition
(8), torsion with tension (2).

MeHT pyHHyBaHHA (iKcyBaJau 3 IIOABOIO IIEPINOI TPIMIMHU IMTUPUHOIO Y
0,05-0,1 mm. ITokas3HUK HATIPY:KEHOTO CTaHY IILOT'0 BUAY BUIIPOOYBAHD
—n =-1. Ycboro 6ya0 BunrpobyBano 12 3pasKis.

3pasku, IpuU3HAUEeHi MJa BUIPOOYBAHL B YMOBaX KPYyYeHHS, MaJu
IoB:KUHY pobouoi yactTurau b =100 mm i gismerep d =10 mm ( puc. 2, 6).
Ha po6ouiit vacTuHi 3pa3kiB 3po0uIM TOAPAINHY HapayiebHO TBipHil
nuiriagapa pobouoi vacturu. Ilicaa pyiimyBanHa Mipsaau Ha iHCTPYMeH-
TAJIbHOMY MiKPOCKOII KYT HAXUJY I[iel TOAPAIMHU ITOM0 1i BUXiZHOIrO
MOJIOXKeHHA. BunmpobyBanua Ha KPYUYeHHsS HPOBOAUWJIN Ha BUIPOOYBa-
apHilt mammuai KM-50. ITokasHUK HaIpy:KeHOTro CTaHy AJIA IILOT'0 BUIY
BunpodyBanb — 1 = 0. Ycboro 6ys1o BunrpobyBano 25 3paskis.

3pasku, Ipu3HaveHi AJIsg BUITPOOyBaHb B YMOBaX PO3TATYBaHHS, Ma-
Jau goBKuUHY pobouoi wactuuum L =100 MM i miamerep d =10 mm (musB.
puc. 2, a). BumpoOyBaHHSA Ha PO3TATyBaHHA IIPOBOAUJIN HA BUIIPOOYBa-
abHi mamuHi P-20. ITicaa pylinyBaHHA 3pasKka Mipsau IOLOBMKEHHSA Ta
IismeTrep pobouoi uacTuuMu. IIoKa3HUK HAIPYKEHOI'0 CTAHy I[LOT'0 BUAY
BUIIPOOyBaHbL — 1 =const= 1. Ycworo 6y0 BunpodyBaHo 22 3pa3Ku.

B ymoBax ckiagHOTro 1e)OpMyBaHHSA 3aCTOCOBYBAJM 3PasKM Ha oca-
mxyBanHA 3aBBUMIKY H =16 MM i giamerpom d =10,6 MM (guB. puc. 2,
8). lledopmyBanHa a3milicHIOBaIM 0e3 3MalllyBaHHS TOPIIiB; Ha OiuHii
IIOBEPXHi 3pa3oK MaB ONYyKJIY (hOpMY, II0 BUKJINKAJIO 3MiHY IIOKa3HUKA
HaNpys>KeHOT'0 CTaHy 31 3pocTaHHAM cTyneHd nedopmariii. Mertoguka
BUITPOOYBaHb HA OCAIKyBaHHA 0e3 3MaITyBaHHS TOPIIiB € aHAJOTIYHOIO
BUITPOOYBAHHAM Ha OCAIKYBaHHS 31 3MAaIlleHHAM TOPIIiB, K OIIMCAHO
BUIIEe. Y choro 0yJyo BunpooyBano 16 3paskis. KpiMm 3asHaueHUX BUIIPO-
OyBaub, gedopMyBaJu 3pa3KM B YMOBAX CIIJLHOTO PO3TATYBAaHHSA Ta
KpYYeHHSA; BOHM MaJIX TOBKUHY pobouoi uacturu y 30 MM i misamerep y
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6 mm. [ledhopmyBamHuA 3pasKiB 34iMiCHIOBAIN BiIITOBiAHO MO 3aIaHOI IIPO-
rpamMu Ha BunpoOyBasabHiit MamuHai ZDMU-30 nmuiaxoM miIaBHOTO 30iJb-
IIIeHHS KYTiB 3aKPYYyBaHHA i1 OCLOBUX IIOAOBKEHb. BogHopas Heooximmi
MOIOBXKEHHS KOHTPOJIOBAJIN MiKPOMETPOM, a KyT 3aKPydYyBaHHSI — 3a
JOIIOMOTOIO JIiM0Oa, BCTAHOBJIEHOTO Ha BUIIPOOYBATLHINM MAIIIHHi.

IInaxwu nepopMyBaHHA IIiJ Yac POITATYBaHHS 3 KPYUYEeHHAM 3aJaBa-
Ju npaMumu Ji"iavmu y Buraani n = Key. 3rigso 3 [5], pid nux nuiaxis
PO3paxoByBaJIt IIporpamy ae(pOpMyBaHHA 3a CIiBBiJHOIIIEHHIM

tga = 2‘1’5_? ﬁ[gln zjl -1dz (1)
WK\ K

Ie z — OespoaMipHUii mapamerep 3paska, Inz=1n(l/ly), me [ Ta lp — mo-
TOYHA Ta BUXiJlHA MOBXUHU 3pasdKa, 0. — KYT 3aKPy4YyBaHHA BUXiTHOI
TBipHOI Ha IMOBEPXHI MUIiHApPa podouoi uacTuHu 3paska. Kyt mosopory
OJTHOT'O KiHIIA 3pa3Ka BiTHOCHO iHIITOTO CTAHOBUTHME

2ltga 180°
o=——.
d o

Hna maaxis gepopmysannsa, ge K =0,4, 0,65, 1,1, 1,3, BukopucTo-
ByBaJIi 3pas3Ky Ha OJHOYACHI po3TAr i KpyueHHa (puc. 2, 2), 110 MaJu
IOBXKMHY pobouoi yacturmu L =60 MM i giamerep d =6 mm. Ha pobouiit
YacTUHI 3pasKiB 3po0ui MOAPANMHY IIapajeJbHO TBipHiil muainmpa
po6ouoi uactunau. Ilicaa pyiliHyBaHHA MipaaM Ha iHCTPYMEHTAJILHOMY
MiKPOCKOIIL KyT HaXUJY i€l HOAPATUHY ITOA0 ii BUXi1THOT'O IOJ0KEeHHA
Ta MOJOBKEHHA 3pasdka. [Jid nmux 3paskiB po3paxoBaHO MporpaMu BU-
mpo0yBaHb, AKUX Y BUTJIAAL rpad)ikiB mpeacTaBieHo Ha puc. 3. YCboro
O0yJi0 BUIpoOyBaHO 55 3pas3Kis.

[ OIiHKKM BUKOPHUCTAHOT'O PEeCcypeCy ILIACTUYHOCTH HEeOOXigHO MaTu
Iigrpamy maactuuHocTu. JlisirpaMy miacTUYHOCTH OymyBaauW 3a Omep-
JKaHUMHU pPe3yJbTaTaMU 3a JOIIOMOI'0OI0 allPOKCUMYBAJbHOTO BUPAa3y, 3a-
mponouoBanoro I'. II. Henxem Ta in. [6], B AKe y BUTrIAmi KoedimieHTiB
BXOJIATH 3HAUEHHA I'PaHUUYHUX AedopMalliii 3a KPy4eHHS €pn-o) 1 CTHUC-
KaHHA épm =-1)-

(2)

o = 0=1%m=0) exp(-n) @

p * ’
€1 T M1y =€ €y10))

Iie ¢’ — OCHOBA HATYPaJLHOTO JOTAPUTMY.

AmnajyorivHo muM BUIIPOOYBAHHAM HPOBEJIMN BUIIPOOYBAHHSA IJIA Bif-
IaJIEeHOT0 MAaTepisday 3a PeKMMOM, IO BiAIOBiga€ IPOMiKHOMY TEPMO-
00pobaenno. TakuM UMHOM, MU OAEP:KaJU ABi AiArpaMu IJIaCTUUHOC-
TU: 1le AiArpaMu OJd MaTepidsy B CTaHi mMocTauaHHSA i TOT'O caMOro mMa-
Tepiday, ajie BigmaJIeHOro 3a pPeXKMMaMM, IO BiAMIOBiZaOTh peKmMam
TIPOMIiKHOTO TEPMOOOPOOIEHHSI.
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2. EKCIIEPUMEHTAJIBHI PE3YJIbTATH TA IX OBTOBOPEHHSI

OGpoOKY ofep:KaHNX eKCIEePUMEeHTAJbHUX Pe3yJIbTATiB MPOBOAUIN 34
MEeTOINKOI0, BUKJIaAeHOI0 B poOoTi [4]. [l1s ocam:KyBaHHSA 3pasKiB cTy-
nius gedgopmallii pospaxoByBaJu 3a (hopMyJIOI0

e, = %,lef +ee, +e, (4)

a IIOKa3sHUK HAIIPYKEeHOr'o CTaHy BU3HAYAJIM 34 CIIiBBiJHOIIIEHHIM

e +e
n=3-———, (5)
\/ez+eze¢+e§

e e:=1n(z/zo), e, =In(@/@o), 20 1 o — Bigmami mizk Mapkepamu y cepemmiit
30Hi BUXimHOTO 3pasKa (puc. 2, 8) 110 BEPTUKAJIL Ta TOPU30HTAJII BiAIOBij-
HO, 20=2MM, Qo=1MM, 2 i ¢ — Bigmasi MiKk THMU caMUMM MapKepaMu
31ehOpPMOBAHOTO 3pa3Ka II0 BEPTUKAJII Ta TOPU30HTAJII BiATIOBiTHO.

IInax mepopMyBaHHSA, PO3PAXOBAHUK 34 I[UMHU CIiBBiJHOIIIEHHAMH,
HaBeJIeHO Ha puc. 3, e 3HaKOM (©O) IMo3HaYeHO MicIle ITpOBeIeHH A BiAma-
Jy, a 3HaKoM (®) — MmicIe pyiiHyBaHHA 3paska. lllnax medpopmyBamus,

2@ 2.0

1,8

4%

1,6

N ‘ ‘ — (1.4

N : C 1,2

=
W

1,0

=
.
<

.
£
=]
X

14

T
4 1,2] ‘
-1,0 -0.8 0,6 04 02 00 02 04 06 08 1,0
n

Puc. 3. lllnaxu nepopmyBanHAa 3pa3KiB 3a YopMO3MiHY 3 IPOMIMKHIM BiIaIoOM.

Fig. 3. Ways of deformation of blanks during shape change with intermediate
annealing.
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AKOMY BifgmoBizae JiHisg A, ogep:KaHO 3a ocaKyBaHHSA 3pas3KiB i3 iHTeH-
CUBHUM 3MalllyBaHHAM TOPIiB 3paskiB. Illasax medhopmyBaHHsI, AKOMY
BigmoBimae mimia H, omepskamo 3a ocaaKyBaHHsS 3pas3KiB 0e3 3Mall[yBaH-
HA TOPITiB 3pas3KiB i onmcyeTsesa piBHAREAM N =—1 + 1,2e,.

Cryninb pedopmaitrii 3apaska (puc. 2, 6) 3a KpyueHHA pO3PaxX0ByBaIn
3a KYTOM HaXMJIy o HOAPANUHU Ha TBipHIA MUJIIHAPUUYHIN ITOBEPXHI 0
i1l BUXiTHOrO MOJIOMKEHHS, SIKe € IapaJeJIbHUM O OCi 3pa3ka, 3a CIiB-
BiIHOIIIEHHIM

tga
€um=0) = ﬁ . (6)

[Inax medopmyBamua HaBegeHO Ha puc. 3 (iHia B).
Cryminb gedopmailii AJs po3TATyBAaHHSA BU3HAUAJNN 3a CIIiBBigHO-
IITeHHIM

ety = Zln% , (7
ne do, d — misMeTpu 3paska Mo Ta Iriciaa gedopmyBanHs. [le miax me-
dopMyBaHHA HaBeAeHO Ha puc. 3 (Jinia F).

[ KpyUYeHHS 3 PO3TATYBAHHAM OyIyBaJIu NIIAXY e OPMYyBaHHA 34
cuiBBigaomenuam (1) gusa pisaux suavens K =0,4, 0,85, 1,1, 1,3.

JJg omiHKM BIUIMBY icTopii medopmMyBaHHA Ha BiTHOBJIEHHS peECypCy
IJIACTUYHOCTH IIiJI Yac BiAmaaoBaHHSA HeoOXigHO po3paxyBaTH BUKOPIC-
TaHUH pecypc MJIaCTUYHOCTH A0 Ta ITicjd BijnanioBaHHA. TaK, HAIpUKJIaL,
3a KPY4YeHHs, PO3TATYBAHHSA I OCA»KyBaHHSA 31 3MAI[yBaHHSIM TOPIIiB BU-
KOPHCTaHUU pecypc [0 BIiATIANY Wi1=e€u/ep, a MiCIasa BiAIaaiOBaHHA —
Y2 =eu2/€p2, 1€ €1 — CTYIIHD AedopMaliii, 110 BiiTIOBijae pyUHYBaHHIO 3a
IedopMyBaHHS 3pa3Ka y CTaHi ITocTavuaHHdA, e, — Te caMe, ajie BifIaeHo-
I'o 3pasKa 3a TUMHU K PeKIMaMU, 10 1 Y IPOMisKHOMY BiJIaIIOBAHHi.

SKIMo 3pa3Ku B IIOUYATKOBOMY CTaHi IIOCTaYaHHSA He MalOTh HAKJIEIy,
TO €p1 = €p2. TAKUM YUHOM, Oyau ofep:kaHi TOUKHU OJIS IPOCTUX BUIIB
nedopmyBaHHA. Ix Hamecau Ha midarpamy e = f(y1) (puc. 4). Ogep:rani
JaHi aIpoOKCHMYBAJIM METOAOM HaANMEHINNX KBaApaTiB Ta oAep:Kaju
aIpoOKCUMAIIil0, IOKa3aHy Ha puc. 4 CyIiJbHOIO JiHico:

v, = 0,97269 — 0,29y, — 0,428y>. (8)

¥ pospaxyHKY W1, Y2 IJIA CKIASHUX IMLIAXiB gedopmyBanHda (Ha puc. 3
mosHaueni sitepamu H i K) 11i BermunHau BusHavaru 3a Gopmysiomo [6]

0,2arctg(dn/de,)

dT] eu
de [e*(e )]1+0,2arctg(dn/de“) deu . (9)
p u

u

\j =J 1+ 0,2arctg
0

Ileit pospaxyHOK NPOBOAUJIU AHAJIOTIUYHO HABEAEHOMY MAJISA IIPOCTUX
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Puc. 4. ExcnepumenTanbHi maHi 3amesxkHOCTH 2 =f(y1) AAA PiSHUX IIIAXIB
ne)opMyBaHHA.

Fig. 4. Experimental data of the dependence yz = f(y1) for the different ways
of deformation.

nIAXiB geopMyBaHHSA; 1 PO3PaX0BYBaJIU II0 BiZHOIIIEHHIO O AiArpa-
MU IIJTACTUYHOCTH MATePisaay B cTaHi mocravaHHA (KpuBa D Ha puc. 3), a
Y2 — II0 BiITHOIIIEHHIO [0 AiATpaMU IIJIAaCTUYHOCTHU BiAIlaJeHOro MaTepi-
any (kpusa C Ha puc. 3).

Opmep:xaHi pesyabTaTh HaHeCaUW Ha rpadik 3ajIe’KHOCTH BUKOPUCTA-
HOTO Pecypcy IJIaCTUYHOCTH 0 Ta Micjad Bigmany s = f(y1) (puc. 4). 06-
POOUBIIN pPe3yJIbLTATH 3a JOIOMOI'OI0 METOAY HANMEeHIINX KBaIpPaTiB,
OlepsKali BUPAa3, IO allPOKCUMYE 3aJIeKHICTh 2 = f(y1), TOKazaHy Ha
puc. 4 MITPUXOBOIO JiHi€I0:

v, = 0,9858 — 0,1169y, — 0,8366y° . (10)

K BUAHO 3 Oofep:KaHMX AaIIPOKCHUMAINN IJA IPOCTUX i CKJIAIHUX
ILIAXiB JedopMyBaHHs, MAIOTL MicIle He3HAUHi PO30iKHOCTI BiJHOB-
JIEHHS Pecypey IJIaCTUYHOCTH 2 y AiAmasoni 0 <y;<0,4 B mekax 5%.
B Toii ke uac B miamasoni 0,4 <y <1 pesysbratTu MaiyKe 30irarorbcd.
TakxuM YMHOM, MOYKHA 3POOMTH BHMCHOBOK, IO icTOpia medopMyBaHHS
He MAa€ iCTOTHOro BILIMBY HA 3aKOHOMIPHOCTI BiJHOBJIEHHS pecypcy
MJIAaCTUYHOCTH 3a Ae(pOpPMYyBaHHSA 3 IIPOMIKHIM BiAIIajIOM IJIS IPOCTUX i
CKJIATHUX NLIAXiB 1eOpPMyBaHHSI.
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3. METOAUKA POSPAXYHRY TPAHUYHO JOIIYCTUMUX
JEPOPMAIIIN SA JE®GOPMYBAHHAA 3 ITPOMIGKHUM
TEPMOOBPOBJIEHHIM

JJIa TpOEKTYBaHHA TeXHOJIOTIYHOTO IIpoIiecy o6pobJIeHHS MeTaJy THC-
KOM 3 IPOMiKHMM TepMOOOPOOJIeHHAM HEOOXiZHO 3HATH, HA SKOMY
eTarri medopMyBaHHSA MOIIJIBHO ITPOBECTH BiAMIATIOBAHHS AJIS TOTO IMO0
IOCArTH Oa)KaHOro cTymeHs medopmarlii 6e3 pyiiHyBauHsa. Y 3B A3KY 3
UM MU HOPOIOHYEMO METOAUKY PO3PAXYHKY TPaHUYHO HOIIYCTUMUX
medopmalriii 3a feopMyBaHHSA 3 IPOMIiKHIM TePMOOOPOOIeHHIM.

Bigowmo, 1110 cTymiub geopmailiii, AKa BifIIoBilae pyiiHyBaHHIO MaTe-
piday 3arOTOBKU AJId PI3HUX NIIAXiB fe)opMyBaHHA, € PIBHUM, a BUKO-
pucTaHUII pecypc IIACTUYHOCTH B MOMEHT PYHHYBAHHS IJd OyIb-IKUX
maxis geopMyBaHHA Oyle OMHAKOBUM i cTaHOBUTHUME [ = 1.

Buxonsauu 3 mux ysaBJaeHb, 3’ ICOBYEMO MOKJINBICTh ITOOYIyBaTH HOBY
IigrpaMy MJIACTUYHOCTH, IO BPaXOBYE BiIHOBJIECHHS IIJIACTUYHOCTH 3a-
JIeKHO BiJ momepeHbol Aedopmartii Ta Bignamy. ad ginmnioro yaBiaeH-
HS PO MEeTOJ IIO0Y0BM HOBOI AiArpaMu IIJIaCTUYHOCTH CKOPHICTAEMOCS
TPUBUMipPHOIO AisirpaMoI0, AKY HaBeIeHO Ha puc. H, me: mo oci X Bimk-
JaIeHo CTYIIiHb medopmarrii mepens BigmaJoM ey; o oci Y — cTymiHb
medopmarrii, 10 BiIIOBigae pyiHyBaHHIO 3a AedopMyBaHHs IIiCJA Bif-

€n

Puc. 5. [To pospaxyHKy I'paHUYHO AOIycTUMOIL Hedopmalrii 3a qedopmyBaHHA 3
IIPOMIiKHUM TEPMOOOPODJIEHHAM.

Fig. 5. Calculation of the maximum allowable deformation during defor-
mation with intermediate heat treatment.
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ajy euz; IO OCi Z — IOKa3HUK HaIpysKeHoro ctany 1. Ha miit giarpami
HaHeCeHO eKCIIePMMEHTaJIbHI 3HaUeHHs, Ofep:KaHi 3a pO3TATYBaHHS,
CTHUCKAHHA Ta KPYUYEHHs, UYepes3 JKi IpoBeJeHo IXHi allpoOKCUMYyBaJIbHI
aiuii A, B, C. ¥V miomuHi (ew1, ) TpoBeeHO Aigrpamy miacTuudHoCcT N
BUXiZTHOTO MaTepiAny B cTaHi mocradyanHda. ¥ IUIOMUHI (€2, 1) IIPOBee-
HO missrpamy mjaactuuHocTn M BuUxXigHOTO MaTepisiy, BimIlajieHoOro sa
pe:xuMaMu IPOMisKHOTO Bigmaiy.

MeToauKy IIOOYZOBM HOBOI AiArpaMM MJIACTUUYHOCTU IIOSICHUMO Ha
mpukrJazgi. [Iposegemo 3 Touku n=-1 maax gedopmyBanua D, 1o Big-
MOBiJlae CKJIaJHOMY BUAY HaBaHTaKeHHA. Po3paxyemo 110710 AidrpamMu
JIACTUYHOCTU MAaTepidAJy y BUXiTHOMY CTaHi mocTavyaHHA BUKOPHUCTA-
HUU pecypc MJIACTUUYHOCTHU M0 Bignanay. Ilpunyctumo, BiH cTaHOBUTHUME
y1=0,6 (Touka d). Busnauumo, axkuit cTymins Aedopmarii 3a Hainpoc-
TiIIINX BUAIB HaBaHTAYKeHHs BiANOBiZae BuUKopucTamomy pecypcy 0,6:
LIS po3TAryBaHHA (1 =1)

e, =0,6e =0,6-0,33 =0,2 (Touka a),

p(n=1)

ns kpyueHHS (1= 0)

e, = 0,6e =0,6-0,64 = 0,384 (Toura b), (11)

p(n=0)

s cTucKaHHedg (n =-1)

e, = 0,6e ) = 0,6-1,38 = 0,828 (Touka c).

p(n=-1

3 BigmoBigHux TO4YOK (a, b, ¢) Ha misrpami mposememMo BepTUKAJIbHI
IIpoMeHi 1o mepetuny 3 Jgimiamu (A, B, C), 1110 amrpoKcuMYIOThH eKCIIepH-
MeHTaJbHi 3HaueHHA. ToUKa MepeTNHY BU3HAUA€E CTYIiHb nTedopmalrii,
AKY MaTepidj MoKe BUTPUMATH ITicJId Bigmaay; BOHA CTAHOBUTHIME:

JJI pO3TATYBaHHA e, = 0,25,
I KpyTiHHA e, = 0,46, (12)

JJIA CTUCKaHHA e, = 0,98.

TakuM YMHOM, 3aTraJbHUI CTYIIiHL Aedopmarlii eps, AKUN MOKe BU-
TPUMATHU MaTepiaa 3a qedopMyBaHHA ITiCJIA IEPITOTo BiAamy, CKJIae:

AJIS POSTATYBAHHA €y ) = €, + €, = 0,45 (Touka al),
AJIsl KPYUEHHS €yq, ) = €, + €, = 0,844 (Touka bl), (13)

JJIS CTUCKAHHSI e =e, +e, =1,81(Touka cl).

P3(n=-1)

IlimcraBuBIIN omep:kaHi 3HaueHHS y Bupas (3), moOyayeMo HOBY
Iiarpamy IracTudYHOCTH (IyHKTUpPHA Jimia N1 ma puc. 5), Ha aKii Tou-
Ka d1 ¢BigunTh IIPO BiJHOBJIEHHSA ILTACTUYHOCTH MATEPiAIY 3arOTOBKU B
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pesyJIbTaTi BigmaJay aJis JaHoro NLIAXy mepopmyBaHHA D.

ITo6ymyBaT; HOBY misirpaMy IIJIACTUYHOCTHY ab0 3HAWUTU HOBi Koedirrie-
HTHU, III0 BXOIATH A0 allPOKCUMAIIii giarpamMu miaacTuaHocTH (3), MOKHA i
Oi/IBITT TPOCTUM ILIAXOM. [[JI ITHOT0 CKOPHCTAEMOCS IpadikoM 3aIeKHO-
ctm Y2 = f(y1) (quB. puc. 4), 1110 € 3araJbHOIO AJI5 BCiX BUiB BUTIPOOYBaHb.

3HaUM BUKOPUCTAHUN pecypc MJIACTUUYHOCTH Ha IIEPIIOMY eTali
v1=0,6 moxkHa 3 rpadika Ha puc. 4 BusHauuTHU Y =0,68. HoBi Koeditri-
€HTH IiArpaMU IJIACTUYHOCTY BU3HAUAEMO 3 PiBHAHHS

€p3n=i) = V1€pitm=i) T V2lpa(n-i 3 (14)
JLJISI HAITIOT'0 IPUKJIaAy OyIyTh HACTYITHI 3HAYEHHSA:
€31y = 0,6-0,33+0,68-0,38 = 0,441,
€30y = 0,6-0,64 +0,68-0,74 = 0,887, (15)
€31y = 0,6-1,33+0,68-1,58 =1,872.
Po36ikHiCTh pe3yabTaTiB PO3PAXYHKY 3a POSTIAHYTUMN METOIMKA-
MU He nepeBurye 5% .

Ilicna mepimoro erany nedopMyBaHHA He3aJiKOBaHa YacTHWHAa BUKO-
PHCTAHOTO Pecypcy ILIaCTUUYHOCTY CTAHOBUTHUME

Ay, =1-y,=1-0,68=0,32. (16)

s momansIiioro eopMyBaHHSA PO3PAXyHOK BUKOPHUCTAHOTO Pecy-
pCy IJIACTUYHOCTH HEOOXiTHO MPOBOAUTHU 34 HOBOIO AiATrpPaMoOIO IIJIACTH-
yaoctu N1, AKa BimoOpaskae HmigBUINEHHSA IMJIACTUYHOCTH B Pe3yJabTaTi
Bigmaay micas XoJogHOl medopmMairii, ToOTO 3a miArpamoro, modymgoBa-
HOI0 3a KoedimieuTamu (15). IIpumycrumo, 110 Ha Apyromy eraiti gedo-
PMyBaHHS, IIiCJA BiAmaay, BUKOPHUCTAHUI Pecypc IIJTaCTUYHOCTHU CTa-
HoBuTuMe Y, = 0,7, 3 rpadika Ha puc. 4 3Haiizemo vy, = 0,55.

Hogi KoepimierTn gigarpaMu NJacTUYHOCTY BU3HAUAEMO 3 PiBHAHHSA

Costnmiy = Coaenei V1 T CpanenVa ;

epsnny = 0,38-0,7+0,441-0,55 = 0,508,
eorney = 0,74 0,7+ 0,887-0,55 = 1,005,
epsyy = 1,58-0,7+1,872-0,55 = 2,185.

(17)

Ha pucyury 6 mpeacTaBIeHO CXeMy PO3PaxXyHKY I'PAHUYHO JOIYCTH-
MOT0 CTyIleHs gedopmarlrii 3a gJeKijbKa IIepexoniB 3 IIPOMiKHUMMU Bi-
najmamu. I1a cxema nmepegbavae MOKJINBICTE mepopMyBaHHS 3a NEKiJib-
Ka IepexofiB, TOKY CYMapHU BUKOPUCTAHUH pecypc IJIACTUYHOCTU He
carte 1 Ta mepeBUIUTD ITe 3HAUEHHA.

Bigminzoro ocobJuimBicTIO JaHOI METOAZUKHU IIO BiJHOIIIEHHIO JO METO-
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Puc. 6. Cxema po3paxyHKY I'PaHWYHO AONYCTUMOTO CTyneHA nedopmarii za
IedopMyBaHHS 3 IPOMiKHUM TePMOOOPOOIEHHAM.

Fig. 6. Scheme for calculating the maximum allowable degree of deformation
during deformation with intermediate heat treatment.

IUKM, BUKJIageHol B pobori [5], € Te, 1110 po3paxyHOK BUKOPUCTAHOT'O
pecypcy IIJacCTUYHOCTY NPOBOAUTHCA 3 YpaXyBaHHAM icTopii medopmy-
BaHHS, SIKa IIepelye€ BiAmaJI0BaHHIO; BOAHOPAa3 CTYIIiHb BiZHOBJIEHHS
BUKOPHCTAHOTO PECypCy ILJTAaCTUYHOCTH 3a BiAIAaJIOBAHHS BPaXOBAHO
OigoMOM JiArpaMu IJIACTUYHOCTH Y BiIIIOBiJHOCTI 13 3aIIPOIIOHOBAHOIO
MeTOIMKOIO PO3paxyHKy. BomHouac po3paxyHOK BUKOPHCTAHOT'O pecyp-
cy ILTaCTUYHOCTH, HaBeIdeHUH y poboTi [5], mpoBomuThCa 6e3 BpaxyBaH-
HA icTopii medopmMyBaHHS, IO IIepeayBaJa BiAmaJy, TOMY IO CTYHiHb
Iedopmallil Ha KOXKHOMY eTalri AepopMyBaHHA PO3PaXx0OBYETHCA BiJl HY-
JIS 1 10 3BHAUEHHS, IO IIepeIye YeproBOMY Biamaury.

4. BUICHOBRKH

1. TakuM YMHOM, IIPOBEEHO eKCIIepUMeHTaJbHe JOCIiMKEeHHs BiTHOB-
JIeHHS BUKOPHCTAHOTO PEecypcy ILIACTUUYHOCTU 34 BiAHaJIIOBaHHS IIiCJId
XOJIOAHOI ILIacTUUYHOI AedopMaillii iHcTpyMenTansuol Kpuili P6M5, pe-
3yJLTATHU IKOTO A00pe y3romKyoThed 3[2, 5, 7].

2. BcTaHOBJ/IEHO 3aKOHOMIiPHOCTI BiZJHOBJIEHHS BUKOPHCTAHOTO PECypCy
MJACTUYHOCTHY 34 BiAIIAJIOBAHHSA OJISA IIPOCTUX i CKJAATHUX MIIIAXiB me-
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dopMyBaHHA iIHCTPYMEHTAJNBHOI KPUIIi.

3. BecTaHOBJIEHO, 110 BUJ HLJIAXiB JedopMyBaHHA B JOCIiLMKeHil 00aacTi
He Ma€ iCTOTHOTO BILIMBY Ha 3aKOHOMIPHOCTI BiZHOBJIEHHSA 3amacy IiJja-
CTUYHOCTH 3a IPOMisKHOTO BimaIloBaHHS.

4. Po3p00JieHO METOAUKY PO3PaxXyHKY I'PAHNYHOIO CTYIIeHA gedopMarrii
IJis qepopMyBaHHSA 3a 6araTo mepexoniB 3 IPOMiKHUME BigmaaaMu, 1110
YMOJKJIMBIIIOE BpaxX0OBYBaTU BILJIUB icTOpii mehopMyBaHHA, AKa Mepeny-
BaJia KOXKHOMY IIEpPexonay.

5. Bukopucraunuii pecypc MJIACTUYHOCTU 34 JAHOI0 METOAUKOIO BH3HA-
YyaBCs 3 YPaXyBaHHAM IPAHUYHUX 3HAUEHb ILJIACTUYHOCTH dedopMoBa-
HOT'O MeTaJy, AKi MOoCcTifiHO 3MiHIOIOTHCA B peadyJabTaTi medopmariit i
BifiImaJaioBaHb, 110 OiJILII IIOBHO BiZo0Opaskae CYTHICTh MPOIeCciB, AKi Bif-
OyBamOTHLCA.

6. PesyabTaTu JaHUX OOCHiAMKEHb MOMKYTH OYTH 3aCTOCOBAHI JIJIS PO3-
POOKM PisHUX TEXHOJOTIUHMUX IIPOIECiB, TAKUX AK BUAABJIIOBAHHSI TPU-
i YoTHMpPOrpaHHUX MOPOKHUH PamidJbHUM OOTHMCKAHHAM, OChOBE BiIK-
puTe Ta 3aKpuUTe BUAABIIOBAHHS, HAIliB3aKPUTE BUAABIIOBAHHS, BOJIO-
YiHHSA, Ta IHIIMX OPOIECiB, Hmig yac AKUX Je()OPMyBaHHA 3a OJUH IIepe-
XiZ YHEeMOMKJINBIIIOE OfepP:KyBaTu AedopMmaillii HeoOXigHOI BeIMUMHY 3a
OIWH IIepexinm 6e3 pyiHYBaHHS 3aTOTOBKU.
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BararodakropHi emmipuyHi Moge i eHeprii HU3bKOYACTOTHUX
Ta 3yO0l[eBMX KOJMBAaHb ITNHAMIYHOTO CKJIATHUKA 00€pPTOBOTO
MOMEHTY Ha JO0JIOTi

B. M. Moiicummum, A. I1. Isacrorun, JI. B. Bopucesuu®, O. M. BurBumnska

Ieano-Ppankiecvruil HAUIOHANLHUL MeXHILHUT YHi6epcumem Hapmu i 2asy,
sya. Kapnamcovra, 15,
76019 Iseano-Ppanriscvk, Yrpaina
“IIpukapnamcvkuil HaAUioHaIbHUIL YyHidepcumem imeni Bacuas Cmeganuxa,
eya. Illesuenka, 57,
76018 Iseano-Ppankiscvk, Yrpaina

3 MeTOI0 BCTAaHOBJIEHHA 0araropakTOPHUX eMIIipUYHUX MOJEJIiB eHeprii Hu3b-
KouacToTHUX (Enux) i 3y61eBux (Ezx) KOIUBAHb AUHAMIYHOTO CKJIaTHUKA 00€ep-
TOBOT'O MOMEHTY Ha JOJIOTi 3a METOZOM DPAIliOHAJIBHOIO IJIAHYBAHHS €KCIIEPU-
MeHTiB Ha cTeHAi IBaHO-PpaHKIBCHKOr0 HAIIOHAJIBLHOTO AEPsKaBHOTO YHiBep-
cutery HaQTV i rasy IpPOBeIEeHO €KCIEPMMEHTAJbHI qociigskeHHA. 3rigHO 3
XM METOZOM KOMOIHAI[ifA 3MIHHMX YMHHUKIB, 0O AKMX BiZHOCATHCA OCHOBE
cTaTUuHe HaBaHTaKeHHs F., uacToTa 06epTaHHs JoJ0oTa 1, IynkicTs C Ta Koe-
dinient gemudyBaHHA 3 6yPUIBHOTO iIHCTPYMEHTA, 3yCTPiUAETHCA TiIBKY OIVH
pas. 3a mocraimKyBaHUI ITapaMeTep BUOPAHO aMILIiTyAHe 3HAUEHHA AucIepcii
(emeprii) Ha JJOKATBLHUX MAaKCUMyMaX, AKi QpiKCyOThCS Ha HU3BKOYACTOTHUX i
3y0IIeBMX KOJMBAHHAX CIEKTPAJIHLHOI I'yCTUHY (€HEPTeTUYHOTO CIIEKTPa) BHYT-
PiOIHBOI CTPYKTYpPHU AVHAMIYHOTO CKJIAJHUKA. 3arajbHi 6araToBUMipHi QyHK-
mii momamHo mOOYTKOM OKpeMuX 3ajie’KHOCTell Bif 3MiHHHMX (aKToOpiB —
Enux = Bopf(n)f(Fer)f(CO)f(B) 1 Esx = Beof (n)f(Fer)f(C)f(B), me Ber — cepenHe 3Ha-
YeHHS YUCIOBOTO KoedillieHTa IIa MHOKMHY yeix mocaigiB. [Tocritinumu dax-
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TOPaMU IIiJf Yac IPOBEIEHHA IIJIAHOBAHOTO €KCIIEPUMEHTY OyJIu TUII i JigameTrep
TPUIITAPOIIKOBOTO JOJIOTA Ta BUTPATa IIPOMUBAIBHOL piguam (Boxu). IlnanoBa-
HUH (pakTOPHUI eKCIIePUMEHT 0yJ0 MPOoBemeHo B OJ0Kax micKoBuUKY I'opomu-
meHcbKOI cBiTu TBepxicTio y 1440 MIla. 3a pesysbraraMu eKCIEPUMEHTY I10-
O0ynoBaHO PiBHAHHA 6araToaKTOPHUX eMIipUYHUX MOoAesiB eHeprii Enuk i Esk
KOJIMBaHb JUHAMIUHOTO CKJIATHMKA 00ePTOBOI0 MOMEHTY HA JOJIOTi Ta IPOBE-
JIIeHO aHaJIi3y BIJIUBY HA ITI0 €HePTiio 30BHIITHIX He3aIe:KHUX YNHHUKIB.

KarouoBi cmoBa: crajieBe IOJIOTO, eMIIIPUYHUNA MOIENb, €HEPTis BUIAIKOBOTO
IpoIiecy, ClIeKTpalbHa T'yCTUHA, €HePTid HU3bKOUYACTOTHUX KOJMBAHDL TUHAMI-
YHOT'O CKJIaJHUKA 00ePTOBOT0 MOMEHTY Ha J0JOTi, eHepris 3y0IeBuxX KOJUBAHD
IWHAMIYHOTO CKJIaJHUKA 00€PTOBOTO MOMEHTY Ha JTOJIOTi, SMiHHUHN YNHHUK.

In order to establish multifactorial empirical energy models of low-frequency
(Euux) and toothed (Esk) oscillations of the dynamic component of the torque
on the bit, experimental studies are conducted at the stand of the Ivano-
Frankivsk National State University of Oil and Gas, using the method of ra-
tional planning of experiments. According to this method, the combination
of variable factors, which include the axial static load Fe., bit rotation fre-
quency n, stiffness C, and damping coefficient § of the drilling tool, occurs
only once. The studied parameter is the amplitude value of the dispersion
(energy) at local maxima, which are fixed on the low-frequency and jagged
fluctuations of the spectral density (energy spectrum) of the internal struc-
ture of the dynamic component. General multidimensional functions are rep-
resented by the product of individual dependences on variable factors:
Ewnug = Bepf(n)f(Fex)(C)f(B) and Esk = Bepf(n)f(Fer)f(C)f(B), where Bep is the av-
erage value of the numerical coefficient for the set of all experiments. Con-
stant factors during the planned experiment are both the type and the diame-
ter of the three-layer bit and the consumption of flushing fluid (water). The
planned factorial experiment is carried out in blocks of sandstone of the
Horodyshche strata with a stamp hardness of 1440 MPa. According to the
results of the experiment, the equations of multifactor empirical models of
energy Euux and Esk fluctuations of the dynamic component of the torque on
the bit are constructed, and the influence of external independent factors on
this energy is analysed.

Key words: steel bit, empirical model, energy of a random process, spectral
density, energy of low-frequency oscillations of the torque dynamic compo-
nent on the bit, energy of toothed oscillations of the dynamic component of
the torque on the bit, variable factor.

(Ompumano 6 keimusa 2023 p.; ocmamoun. eapiaum — 13 kgimusa 2023 p.)

1. BCTYII

Jlo AKOoCTH MeTajieBOro iHCTPYMEHTY CTaBJATLCA MiABUINEHI BUMOTH,
OCKiJMIbKM OYPiHHS € KJIOYOBUM IIPOIECOM V HHUBIl IPUKJIATHUX TaIy-
3eil, aKi MalOTh cTpaTeriuHe 3HAUEHHSA AJIA 3a0e3leUeHHa eKOHOMiuHO1
cTabijbHOCTH KpaiHu. 3o0KpeMa, Ile — PO3BigKa Ta BUITOOYTOK BYTIJIEBO-



BATATO®AKTOPHI EMIITPUYHI MOJIEJII EHEPTTE 1207

IHiB, TeoTepMaJIbHIX i MiHepaJbHUX PECYpCiB, eKOJOTiYHUM MOHiTO-
PUHT i HAYKOBI HOCHiMKeHHS HAApP, IiJA3eMHI PO3KOIKH Ta PO3BUTOK
iH@pacTPyKTypu HacejieHUX TYHKTIB ToIio. Koedilient KopucHoi aii
mporiecy OypiHHSA, KU 3a0e3MMeUyeThCA HUHI IIMMPOKOBXKUBAHUMU Te-
XHOJIOTiAMU, € He HAaATO BUCOKHM. Hanpukaan, KiTbKicTh eHeprii, sxa
3aTpavyaeThCcs BjacHe Ha MOTJINOJIeHHS BUOMBaHHSA Ha()TOTa30BUX CBEP-
IJIOBUH CTAaHOBUTH Bijg 6/m3bK0 30% 1o 40% Bim saranabHOl KiIbKOCTH
eHeprii, migBegenoi go OypuabHOi Kosouu [1, 2]. OauH 3 OCHOBHUX YMH-
HUKiB, AKNI 00MeKye IPOAYKTUBHICTEL Ta eDeKTUBHICTE IINOOKOTO 0Y-
piHHS, — IIe HeKOHTPOJbOBAHUI TUHAMIUHUNA PEXUM POOOTH OyPUIL-
Horo iHcTpymeHTa [3—5]. JuHamiuHi HaBaHTaKeHHSA ITPOBOKYIOTH IIe-
penuacHe CIpaIfoBAHHS JOJIIT Ta iHIIKNX eJIeMeHTiB OypHUIbLHOI KOJOHH,
IIKiJIMBO BILIMBAIOTH Ha Po0OTY BUOIMHUX IBUTYHIB i Ha3eMHOT0 ycTa-
TKYBaHHA, a TAKOXK YCKJIAAHIOIOTH IPOBEIeHHA CBEPAJIOBUH 1 IOTipIITy-
I0TH YMOBHU POOOTH IIepcoHay 6ypoBux opuraz [6—9].

Ha momarauBicTh MeTasieBoi OypHJIbHOI KOJIOHM Ta HAa TUHAMiUHWI
pe:xuM poboTu OGYPOBOTO AOJIOTA BILIMBAE BUOIP KOMIIOHYBAHHSA OypH-
JIBHOT'O iHCTpYyMeHTa Ta MaTepisany OypuiabHux Tpyo [10—12]. Haiibinbin
Y:KUBAHUM Y CBiTOBiMl mpakKTuili OypiHHA € BUKOPHCTAHHS B CKJAMmi
KOMIIOHYBAHHSA JOBTOMipPHUX KOJOH TPYO i3 TAKMX MaTepisaiiB: cTajieBi
CTOIIM Pi3HMX TPYIl MII[HOCTH, AJIOMiHIOBI CTOIIM Ta AIOPAJIOMIiHIiN,
THUTAHOBI CTOIIM, & TAKOK MAarHifOBi CTOIM Ta KOMIO3UITIIIHI ByIrJenesBi
marepianu [13, 14]. Illogo Bubopy IOPOAOPYHHYBAJILHOTO iHCTPYMEH-
Ty, TO HUHI HAHNONYJSAPHIINMINMU € J0JIOTA Pis3ajbHO-CTHPAJLHOI mii,
apMoBaHi mosikpucTamivEIME cuHTeTHuHNME gismaatamu (PDC). Ix-
HA OCHOBHA IepeBara HaJ KOHKYpPeHTaMU — BiJICYTHIiCTb pyXOMUX eJie-
MEHTiB y KOHCTPYKIIii; KpiM Toro, pismi PDC mMaioTh BUCOKY MiIlHiCTh
mig yac pisanHd ripebkoi mopoau [15, 16]. Opgmak miamaHTu B Tiit hop-
Mi, AKa BUKOpucToByeThbcsa B PDC, xapaKTepus3yOThCS BUCOKOIO KPUX-
KiCTIO Ta MOXKYTEL PYHHYBATHCS IIiJ Uac yAapHUX a00 3HAUHUX TMHAMI-
YHUX HaBaHTa)XeHb. B TakoMy pasi cJig BigmaTu mepeBary HIapOIIKO-
BUM JOJIOTAM, OCKiJIbKM TBEPAOCTONIHI KapOig-BoIbL(PpPaMoOBi BCTABKHU €
CTIiHKiIIMMU IIOAO yZAapHOTO HAaBaHTAMKEHHS, HijK MisIMaHTOBi; TOMY B
IesIKUX BUOAAKax Ie Oyme gimmuii Bubip [17]. Kpim Toro, pobory m1a-
POIIIKOBOT'O IOJIOTA CJiJl KOHTPOJIIOBATH B CKJIATHUX €KCIJIyaTal[iliHIX
CUTYyallifx, ai:Ke € OiJIbIlle MOMKJIMBOCTEH PEryai0BaHHA KPYTHOTO MO-
MEHTY Ta HaBaHTaKeHHdA Ha O0J0TOo. DBiapniicTe mpoBigHUX Qipm-
BUPOOHUKIB IMTApOITKOBUX TOJIT BUKOPUCTOBYIOTH IJIsI BUTOTOBJIEHHS
aan kpuiio AISI 4815H (amamor — kpuia 15H3MA) a6o AISI 8720
(amajmor — Kpuna 19HMA); nias BUroTOBIeHHA (hpe3epoBaHUX ITApO-
ok — xkpuiio AISI4815H, a g mTupoBuX MIapoIiIok — Kpuirio AISI
9315H (amamor — xpunga 14XH3MA) [18]. [yia BUTOTOBIEHHA TiJ KO-
YyeHHs 3acTocoByeThea Kpua AISI S2 (armamor — 55CM5DPA). Bamiu-
BUM MATEPisijIOM Y BUPOOHUIITBI BUCOKOAKIiCHUX INTAPOIIMTKOBUX MOJIT €
BOJIbL(pPaMK00aJIbLTOBI TBEep/i cTONM, AKi 3aCTOCOBYIOTHCA JJIS BUTOTOB-
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JIeHHS TBEPAOCTONHUX 3yOIliB i apMyBaHHs 3y0iB (hpes3epoBaHUX IIIAPO-
IITOK , KO3UPKIB JIall Ta iHIIINX YaCTHUH J0JI0TA, IO HigTal0ThCA B IIpoIieci
po6otu abpasuBHOMY 3HOCY [19, 20]. 3asBuuaii TBepPAOCTOIIHI 3y0Ili BU-
roToBJAI0TE 3i cromiB Mmapok BK4-B, BK8-BK i BK11-BK. Cuix 3azua-
YUTH, IO IPOBiAHI GipMU-BUPOOHUKY MOJIT MAlOTh BJACHI TBEPIOCTO-
ITHi BUPOOHUIITBA Ta IMUPIINH BUOip MapoK TBepAUX cTomiB. HacTo BOHU
BUKOPUCTOBYIOTh HU3KY MapOK CTOIIIB 3 OTHAKOBUM XE€MiUHUM, aJje pis-
HUM I'PAHYJIOMETPUYHUM CKJIaJ0M, IT[0 la€ 3MOTY 3a0e3IIeUn T IoTPioHi
disuKo-MexaHiuHI BIacTUBOCTI 3yOIiB Tiel unm iHimoi popmu aIa edek-
TUBHOT'O PyHHYBaHHA KOHKPETHUX I'iPChbKUX TIOPiJ.

VY 6inbIocTi BUaakiB OypuaIbHUI iHCTPYMEHT IIPAIIOE B ar PECUBHUX
Ta a0pasUBHUX CePeNOBUIAX IIiJ Ai€i0 iIHTeHCMBHUX AUHAMIUHUX i TpU-
BAJMMX MUKJIYHMX HaBaHTaKeHb [21, 22]. 3pocTanHsa raubuH OypiHHS
Ta CIIOPYAsKEeHHA CBEePAJOBUH CKJIAIHOL IPOCTOPOBOI KOHpiryparrii mor-
pebye 3acTOoCyBaHHSA CyYaCcHUX MATePidaiB, iHTeIeKTyaJbHUX KOHCTPY-
KIIifl i IpOrpecuBHUX TEXHOJIOTi BUTIOTOBJEHHS OYPUJILHOT'O iHCTPY-
menra [23—25]. lna migBuilieHHS pecypcy poO0OTH MOPOAOPYHAHYBAJL-
HOT'O iHCTPYMEHTY 3aCTOCOBYIOTh HUBKY MiAxoiB i meToxmiB. I[o KOHC-
TPYKTOPCBKUX METO/iB BiIHOCATH pallioHaJbHEe KPillJIeHHA TBEPIOCTO-
IMTHUX 3YyOIiB y TiJi KpuUIleBOi MIAPOMIKY UM PisIiB y Timxi somari, onTu-
Mis3allifo cxeM Omop HOJIIT 3 PiBHMMU TUIIAMHU OigMIUOHUKIB [26, 27] Ta
MigBUITEeHHA IXHBOI 3HOCOCTiiKocTU [28—31], crucTeM OXOJIOMKEHHS Ta
matresaa [32, 33] Takux migmunHEUKOBUX omop [34—36], ymockoHa-
JeHHs mpodinio KoHiuHoi pisbbu Ha Himeasx i mydrTax OypoBOro iH-
CTpyMeHTa 3 pisHux mMarepiaris [37—39], 3abe3neueHHS TOYHOCTU IPO-
dinto mapisiB [40—42] i 3anmobiranusa caMOBiAI'BUHUYBAHHIO Pi3h0OOBUX
Kpimyiens [43]. Tako:x BaKJIMBUMU € pallioHAJLHUI BUOip MaTepiAris
NLJIAXOM NPOBEJEHHA KOPO3IMHMX JOCIHiKeHb i BUBUEHHA CTPYKTYD-
HUX 3MiH MeTaJiB [44—46], 3acToCcyBaHHA METOIiB OIiHKY 3MiH HaIpy-
JKeHb BHACJIZTOK Kopoasii Ta mosaBu medexTiB [47-50], mapamerpuuHa
OIITMMi3aria 030poeHHA, OIOP i By3JIiB mpoMuBauuA noit [51, 52].

3-IIOMiK TeXHOJOTiUHMX METOXiB 3acJIyroBYIOTH Ha yBary 3acToCy-
BaHHA aHTHaOpPasUBHUX MOKPUTTIB, 00POOJIeHHS MOBEPXOHD i palfioHa-
JbHE apMyBaHHSA KPUIlEBUX AeTatiB [53, 54]; 0cobauBO IIe CTOCYETHCA
3aXMCTy KO3UPKIB JIall i TMIILHUX YaCTUH IMIAPOIIOK AOJIT [55—57]. Bu-
KOPMCTOBYIOUM TEOPETHUYHI mMigX0ay Ha cTafil po3poOKI CKJIALIB MaTe-
piaxiB i MOKPUTTIB Ta 3MinHIOBaIbHUX TexXHoJorii [58—60] i BpaxoBy-
IOUM TEeXHOJIOTiUHY CIaAKOBiCTL Ta AKiCTHL 0OPOOJEHHS MeTaJeBUX IIO-
BEPXOHb ITiJi yac BUTOTOBJIeHHA [61—-63], Mo:kHaA 3abe3meunTy HagiliHe
dyHKIiIOHYBaHHSA OYPOBUX iHCTPYMEHTIB YIIPOJOBIK KUTTEBOTO ITUKJIIY
[64]. ¥V 11boMy HaOpAMIi IIEPCIEKTUBHUM € BUKOPUCTAHHA KOMIIO3UTHUX
[65], ciemmisimizoBaHux THYYKUX [66], MeTaneBux [67] i pyHKITioOHAIBHO
rpagieaTHUX [68, 69] mMOKpPUTTIB.

Excoayaramiiini MeToA1 IIOLOBXKEHHS pecypcy poboTu 6ypoBoOro iH-
CTpyMeHTa mepembavaioTh HayKOBe OOI'PYHTYBaHHS pallioHAJbHUX pe-
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JKUMiB eKcIlIyaTallil 3 ypaxyBaHHAM CUJIOBOTO Ta TEMIIEPATyPHOTO B3a-
emouuny [ 70—73], 3abe3neueHHS PeTEJIbHOI OUNCTKY BUOMBAUKY CBEP/I-
aoBuHu [74]. IlosuTuBHMUHA BIINB Ha ePEeKTUBHICTL OypOBUX POOIT Ma-
IOTh: BUKOPUCTAHHA BiOp0O3aXMCHUX KOMIOHOBOK TPYOHMUX KOJIOH i3 pi-
3HUX MaTepiaaiB [7H, 76], BcTaHOBIEHHS CIIEIlisIidoBaHUX AeMIIpepiB i
HAAI0J0TOBUX amMmopTu3aTopiB [77—80] Ta 6amamcyBauusa [81], a Takox
3aCTOCYBAaHHS e(QeKTHBHUX CHOoco0iB mpodimakTuxm Ta JikBigarii
YCKJIaAHEeHb mig uac Oypinmsa [82—84].

Oco6MBOCTI KOHTAKTHOI B3aeMofii OypuiIbLHOr0 iHCTpyMeHTa 3 Tip-
CbKOIO IIOPOAOI0 € BaKJIMBUM UMHHUKOM, AKWHA BU3HAUAE €HEPTOEM-
HicTb mporecy OypimHa. TyT 3anuinamTbed aKTyaJIbHUMU ITPOOJIeMU
YTOUHEHUX OIIIHOK IWHAMIKM CTPUKHIB CTOCOBHO 3ajady JiKBigarmii
MIPUXOILJIEHb OypumiabHOI KoJsouHu [85—87]. Pospobka Ta Bepudikaiis
MO/IeJIiB B3a€EMO/Iil TOBrOMipHUX CTPUIKHIB 3 IPYKHIM cepeqoBUITIEM Ta
OIliHKAa IXHBLOI TPIIMHOCTINKOCTN HMOTPiOHI 3amma Oe3meuHoil eKCILIya-
rarii Tpy6onpoBoaiB [88—90], migBuIieHHA JOBroBiYHOCTH OYPUILHUX
KOJIOH i 3a0e31eueHHA AKiCHOTO IIeHTPYBaHH o6cagHux Tpyo [91-93].

IIix uac obepTaHHSA KPUIEBOTO IIAPOIIKOBOTO JOJ0TA 3YOIli mix aiero
OCHOBOT'0 HABAHTAYKEHHS 3arJIMOJIIOI0OTHLCA B TipPChKY IIOPOAY Ta PYHHY-
IOTh MOBEPXHIO BUOMBAUKM CBEPAJIOBMHM. 3a TaKOoi B3aeMoOAii goaora 3
IOPOJIOI0 I'eHEePYIOThCSA BEPTHUKAJBbHI IepeMillleHHA Ta BUHUKAE MMHA-
MiUHa CKJIaJ0Ba OCHOBOT'O HABAHTAMKEHHS, AKY Ha3WBAIOTh OCHOBOIO -
HaMiuHOI0 CHJIO0 F.y. 3arajbHe OChOBEe HABAHTAMKEHHS Ha HOJOTO Fo.
MOYKHA IMOJATHU CYMOIO IBOX CKJIAAHUKIB: CTATUYHOIO F¢, i TMHAMIUYHOTO
F o, IKUI B IIPOIieci OypiHHS MoXke HabyBaTu AK OONATHIX, Tak i mera-
TUBHUX 3HAUEHb, TOOTO Foc = For + |F | [94, 95].

Y mpanax [96-98] mamo excnmepuMeHTaJIbHY OI[IHKY BILINBY KOHC-
TPYKTUBHUX i PEKMMHUX YMHHUKIB HA TUHAMIKY OypUJIBLHOTO iHCTPY-
MeHTa. BusaBieHo, 110 30iJbIITEHHA OCHOBOTO CTATMYHOI'O HaBaHTAMKEH-
HA F., 1 vacTOTH 00€pTaHHA 7 CTAJIEBOT'0 TPUIIAPOIIIKOBOTO JOJIOTA IIPU-
BOAUTDH 0 3POCTAHHS eHeprii BiOpompUIIBUAINIEHHA, a 3POCTaHHA Koe-
dimienra gemndyBanasa [ — npo il 3meHIIeHHA. 3’ ACOBAaHO, IO 3aJIEMK-
HiCTb BeIMUYMHU BiOPOIPUINMBUAIIEHHA Bif mynkoctu C 6ypHJIbHOTO iH-
CTPYMEHTA Ma€ JIOKAJbLHUNM MaKCUMYM, SKUH 3i 30iILIIIeHHAM TBEPIOC-
TH IipChbKOI MOPOIYM 3MIiITyeThCA B 00J1aCTh O1IBINTNX 3HAYECHD ITYITKOCTH.
Amnajiza omep:kaHUX Pe3yJbTATIiB HOCIIMKeHHS YMOKJINBUIA HaTATH
OPaAaKTUYHI pPeKOMeHIaIlil IIoJ0 3MEeHINeHHS e€HEePrOo€MHOCTH IIPOIecy
pyiHYBaHHA IipchbKOl ITOPOAY NIAPOIITKOBUM JIOJIOTOM i IIOHMKEHHSA Ba-
procTu OymiBHUIITBA Ha()TOBUX i ra30BUX CBEPAJIOBUH.

IIig uac obepTaHHsS OJOTA BHACJLLOK OIIOPY IIOBEPXHi BMOMBAUKU
IepeMilleHHI0 3yOIliB ITapoINOK BUHUKAE PEAaKTUBHUI MOMEHT i IJs
Moro mojoJaHHS OO0 JOJOTA HNPUKJIALAIOTH 30BHIIIIHiIN 00epTOBUII MO-
MEeHT, IKUH € IPYTuM OCHOBHUM IIapaMeTpPOM, IO XapaKTepusye IIpo-
Iec B3aeMOii oJ0Ta 3 BUOMBAUKOI0. BeJnunHa MOMEHTY 3aJIeXKUTh Bif
BEeJIMUMHYN OCHOBOI'O HaBAaHTAaKEeHHA, a IIPOoIlec MOoro 3MiHM B Yaci BifIIo-
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Bijae Takiit sxKe 3MiHiI Fo., TOOTO 3MiHA MHUTTEBUX 3HAUEHL 00€PTOBOTO
MOMEHTY Ha J0oJoTi B uaci T mpefcTaBiasge co00I0 TaKUH Ke BUIIATKO-
BMI1 IIPOIleC, AK i IpoIec 3MiHM 0CLOBOTO 3yCHJLIA Ha A0JoTi [99]. Sua-
yeHHd Ty MoxkHa mopatu y Burusigl T, =T, £ T, . ., ne T, — cepenue
3HAUYEHHS MOMEHTY Ha JOJOTi, Ty uri — FUHAMIUYHUYM CKJIASHUK MOMEH-
Ty Ha AO0JIOTi, AKWI BUHUKAE B pPe3yJbTaTi 3MiHM OCHOBOT'O HaBaHTA-
JKeHHs Ha J0JI0TO, PidHOI KoMOiHaIil (a3 poboTH ejleMeHTiB 030pOEHH
i HepiBHOMipHOCTY PyHHYBaHHA BUOMBAYKY CBEPAJIOBUHMU.

OcHOBHIi CTeHIOBi 1 eKcIepUMeHTaJJbHI JOCHiIKeHHA BILIMBY IIapa-
MeTpiB pekuMy OYpiHHA Ta XapaKTePUCTUK TipchbKoi mopoau Ha obep-
TOBUI MOMEHT Ha JOJIOTi BUBYAJIM TiJIbKY IXHIiH BILIMB Ha IPOIleC 3MiHHA
cepenHboT0 3HAUeHHA MoMeHnTy [100, 101]. Jocaim:xeHusa mpoiiecy 3Mmi-
HU 00epTOBOTO MOMEHTY B uaci 3 (ikcarriero 1miei saMiHM IIPOBOAMINCS
HU3KOoI0 nocaiguukis [102—-105]. BuyTpiirasa cTpyKTypa mporecy 3aMiHu
00epTOBOTO0 MOMEHTY Ha JOJIOTi He AOCIimKyBajach i xapakTep 3MiHH
MOro AMHAMIYHOTIO CKJIaJHNKA He BUBUABCS.

HopmanabHU 3aK0H PO3MOAiy MUTTEBUX 3HAUEHb KPYTHOT'O MOMEH-
Ty € ABOMApaMEeTPHUUYHNM; OCHOBHI ImapaMeTpPH — MaTeMATUUYHE CIIOLi-
BaHHA (cepelHe 3HAUEHH:) Ta Auciepcia Bubipku. /s IeHTPOBAaHOTO
BUIIAAKOBOTI'0 HOPMAJBLHOT'0 3aKOHY MaTeMaTUYHe CIIOiBaHHS JOPiBHIOE
HYJI0, a TOMYy OCHOBHUM IIapaMeTPOM € AHUCIIepcis BUOipOK MHUTTEBUX
3HaUeHb KPYTHOTO MOMeHTY. Bimomo, 110 3B’A30K MisK mucCIiepcieio Bu-
0ipoK IIeHTPOBaHNX MUTTEBUX 3HAaUEeHL KPYTHOro MoMeHTY Dr Ta cepe-
IHiM 3HAaYeHHSAM IIOTYKHOCTH (IUTOMOI eHeprii, To0To eHeprii BigHece-
HOI o OMWHUIIL Yacy; AaJji II0 TEeKCTy — eHeprii) mporecy aMiHU KPYyTHO-
ro MOMEHTY Ha Z0JIOTi p“ ommcyerbes piBHicTio D, = Z°nRp* /(7 — 1),
e Z — koedimieHT mepexony, AKUUA BU3HAYAETHCS 3a Pe3yJbTaTaMU
TapyBaHHS gaBaua, 71 — 00’eM Bubipku, R — Bxiguwuii omip BuMiproBa-
abHOTO TpakTy [OM]. Ockinbku Z°nR /(i —1) = const , TO 3aKOHOMIip-
HOCTi 3MiHUM mOTysKHOCTH (IIUTOMOI eHeprii) mporecy BimmoBigaoTh 3a-
KOHOMipHOCTSM 3MiHU IMCIIePCii.

ExepreTuunuii crieKTep JUHAMIUYHOTO CKJIAAHUKA 00ePTOBOrO MOMEH-
Ty, 3a aHAJIOTI€IO 3i CIIEKTPOM OChOBOI IMHAMIUHOI CHJIN, € JBOKOMIIOHEH-
THUM 1 MiCTUTL HU3LKOUYACTOTHUIT i 3yOmeBuit ckaamuuku [106]. Husb-
KOYAaCTOTHI KOJMBaHHSA 30yPIOIOTHCA IIiT Uac ImepeKovyBaHHS ITAPOIIOK
AK TJIATKUX KOHIUHNX KOHYCiB BUOMBAUKOIO CBEPAJIOBUHU, a 3yOIeBi BU-
HUKAIOTh BHACTLAOK MePeKOUyBaHHS 3yOIliB IIIapPOIIOK IIOBEPXHEI0 BUOU-
BAUKHU.

3HaUHNN iHTepec MPeACTABIAIOTL CO00I0 NOCTiMKeHHd, 3a Pe3yJIbTa-
TaMM AKUX MOYKHA BCTAHOBUTH 3aJIEKHOCTI MiK eHepriero IuxX KOJINBaHb
i PeXKMMHUMU TA KOHCTPYKTUBHUMU UMHHUKAMU IIPOIleCY PYHHYBAHHS
ripchbKoOi mopoau Ha BUOMBAUILL CBepAJIOBUHU. [0 KOHCTPYKTUBHUX UMH-
HUKIB BifHeceHO nynkicts C Ta KoedimieHT geMudyBaHHA 3 OyPUIBLHOTO
iHCTpYMeHTa, a 40 PeKMMHHNX UMHHUKIB — OChOBE CTAaTHUUYHEe HaBaHTA-
sKeuHsdA F., Ta yacToTy obepTaHHsa goJjoTta n. OQHUM i3 MeTOAiB BCTAHOB-
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JIEHHS TaKUX 3aJIEKHOCTEH € CTeHIOBI eKCIIepUMEeHTAJIbHI TOCTi I KEeHHA.

Mertoi0 JaHOI pOOOTHU € BCTAHOBJIEHHA 0araTo(pakTOPHUX eMIIiPUIHIX
MOJeJIiB eHeprii HM3bKOUYACTOTHUX i 3yOIleBUX KOJMBAHL AUHAMIYHOIO
CKJATHUKA 00epTOBOTO0 MOMEHTY Ha KPHIIEBOMY JOJIOTi Ta 3’siCyBaHHS
Ha OCHOBI ITMX MOJIEeJIiB CTYIIeHA BIJIMBY 30BHIIITHIX UMHHUKIB Ha eHep-
rifo X KOJIMBaHb.

2. METOOJUKA ITPOBEAEHHS EKCIIEPUMEHTIB

1 BcTaHOBJIEHHSA MaTeMAaTUYHUX MOZIeJiB HA OypoBoMy cTeHai IBaHo-
PpaHKiIiBCHKOI'0 HAIliOHAJIBLHOT'O IEPXKABHOT0 YHiBEpCcUTeTy Ha()TH i rasy
[107] mpoBemeHO eKCHEePUMMEHTAJBLHI MOCIHiMKeHHA 3 BUKOPUCTAHHIM
MEeTOAVKM PAaIliOHAJBHOTO IJIAHYBAHHA €KCIIEPUMEHTY. 3a I[i€l0 MeTo-
IUKOI0 KOMOIHAI[iA 3HaUeHb He3aJIe:KHUX 30BHIIMHIX UMHHUKIB 3yCTpi-
yajaca TiJIbKM oguH pas. KoKHUH 3 YMHHUKIB 3MiHIOBABCA HA YOTU-
pbox piBHAX. Ilig yac mpoBemeHHs HOCJIAKEHD AJId 3MiHU IIapaMeTpiB
OypPUJIBHOTO iHCTPYMEHTa BUKOPHCTOBYBAJINCS IIPUCTPOI, KOHCTPYKITisd
AKUX JdaBajla 3MOT'y 3MiHIOBATH 3HAUEHHA IIYIIKOCTH Ta KoedirieHTa
IeMndyBaHHSI OYPUJIBLHOTO iHCTPyMeHTA Hel3aJIe}KHO OIHe Bif OZHOTO.
3mina mynkoctu B inTepBaii 400-2500 kH/m spificHIOBasmacsa IILIAXOM
BUKOPUCTAHHA BUTHUX IIPY/KNH HATHUCKAHHS Pi3HUX PO3MIpPIiB y IPyK-
HBOMY ejieMeHTi mpuctpoio. KoedimieHT geMudyBaHHA Oi Yac BUKOPU-
CTaHHA WX NPYKUH € IPAaKTUYHO HeaMiHHUM. [{114 3MiHu KoedijienTa
IeMndyBaHHSI KOMOOHYBaHHS OyPUILHOrO iHCTpyMeHTa 0yJIO BUKOPIC-
TaHo rigpaBaiuHi moramuaui KoamBaHb KB3-JIIIFKT. Bukopucranus
TaKMUX IOTJIMHAYIB 3 Pi3HOI0 KiJIbKIiCTIO KJIallaHHUX APOCEeJbHUX OTBOPiB
aMiHOBasIo KoedimieuT gemmudyBanHsa B imTepBaii Big 40 (xH-c)/m mo
90 (kH-c)/m.

HocmimxeHHa mpoBoguian y 6J0KaxX IiCKOBUKY BopoTuineHcbKoi cBiTH,
TBEPAICTb KMX 3a ITTamIioM pir ckiaamasna 1440 MIla. SaraiabHa KimbKicThb
mocaigiB — 16. Bypinma Besm kputieBuM gosioroMm II-93T-ITA s3a mocTifiHOL
BUTPATU TPOMUBAILHOL piiHY (BOIM), ITT0 CTAHOBUIIA 7 JI/C 1 3abe3meuyBasa
TIOBHE OUMIIeHH A BUOMBAUKHY BiJl IIJIAMY 3pYHHOBAHOI I'i pChKOI ITIOPOAM.

3. PE3YJIBTATH JOCJIAKEHD TA IX OBTOBOPEHHSI

Ha ocHoBi anaiiszu posmipHocTeii MOMEHTOEMHICTD (cepeqHe 3HaAUEHHS
00epTOBOT0 MOMEHTY Ha m0JI0Ti) Mo:kHa mmogaTu [107] pyHKIioHaIbHOIO
3aJIeKHICTIO

_ FOY( o, Y™( ¢ Y™
T =0,0753F cr : —bp) =
x 3 (1440 . 106j (8, 7026j (1,3392-108j (@ = o)
=1,26- 1017k3Fc:9(0;awC_% (a1 - 1B)’
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ne w;=7n/30 — KyToBa MIBUIKiCTL o0epTaHusa goJorta [¢ 1], ks, 0o, Olio,
o1, A1, b1 — emmoipuuHi KoedilienT, AKi migAIAra0TL BUSHAUEHHIO 34
pesyibTaTaMmu eKCIePUMEeHTAJIbHUX AOCJiMT:KeHb, IIPOBEJeHX 3a IIja-
HOBAHUM €KCIIEPUMEHTOM.

Amnasnoriuno, 6ararodaxTopHi eMmoipuuHi MomesIi eHeprii HU3bKOUAC-
TOTHHUX i 3y0IleBUX KOJUBaHb 00€PTOBOTO MOMEHTY TaKOK IIOJAHO Y BU-
TJISAA1 JOOYTKY eJIeMeHTAPHUX YACTUHHUX 3aJIEKHOCTEH IJIs KOMKHOTO
30BHIIITHBOT'O HE3AJIEIKHOIO UNHHUKA.

MaTpuirio miIaHOBaHOTO eKCIePUMEHTY 31 3HaUeHHAMHU eHeprii (auc-
nepcii) HusbKouacTOTHUX (Enuy) i 3yOneBux (Ezx) KOJMBAHL IIPOIECY
3MiHM JMHAMIUYHOTO CKJIATHNKA MOMEHTY Ha JOJIOTi ITogaHo B Tad. 1.

3.1. BaraTodakTopHMii eMIIi pUYHUI MOIeIb MHOSKMHHOI HeTiHiiTHOT
KOpeadirii eHeprii HU3BbK0YaCTOTHUX KOJIUBAHb TUHAMIUHOTO CKJIA]I-
HHUKa 00€PTOBOr0 MOMEHTY Ha J0JI0Ti

Emmipuunuit Mmozmenb eHeprii HU3bKOYACTOTHUX KOJWBaHb OymaeMo IITy-
KaTHu y BUTJIALL JOOYTKY OKPEeMIX 3aJIeKHOCTEeH BiJl SMiHHNX YNHHUKIB
n, Fe., C, B, TobTO

Eyu = B,f(MF(E)F(OfB) [H” - w°].

Y Tabaunax 2, 3 mogaHo pe3yabTAaTH BU3HAUEHHA eHeprii Euug, yce-
PenHeHi BiAIOBiZHO 3a peKMMHUMMU IIapaMeTrpaMu n, F., Ta mapamerpa-
mu OypuibHOro incrpymenTa Ci f3.

PesynbraTy minbopy YacTHHHUX eMIIIPUUYHUX 3aJIeKHOCTEH (3a yce-
penHeHNMHU eKCIePUMEeHTAILHUMY 3HAUYCHHAMHU) eHeprii Hu3bK0ovYacTo-
THUX KOJUBaHb Epuyg Ipollecy 3MiHM AMHAMiUHOIO CKJIAZHUKA 00epTo-
BOT'O MOMEHTY BiJl SMiHHUX UMHHUKIB i mepeBipKy yMOB 3a/I0BiJILHOI aIl-
POKCHMAIIIl MMM 3aJIeKHOCTAMU €KCIIepHMEHTAJbLHIX JaHUX HaBeJe-
HO y TabJ1. 4. Y 11ifi TabJaUIi BBEIeHO HACTYIIHI mosHaueHusda: P=1—-o —
MMOBipHiCcTh iCHYBaHHA KOPEJIAIiHOI 3a/1€3KHOCTH MisK 3MiHHUMU (da-
KTOpaMu Ta BeIUYNHOIO Epuk, 0. — piBeHb 3HAUYIIIOCTH (30HA yXBaJeH-
HS piIlleHHA OBOCTOPOHHS), Go — BEJIMYMHA OCHOBHOI ITOXMOKU uepes
3aMiHy eKCIEePUMEHTAJbHUX OaHUX BIiJIIOBIIHMMWN €MIIiPUYHUMUN 3a-
JIeKHOCTSIMU, BU3HAUEHUMHU 3a IIPOrpaMoio migdopy KoedimieHTiB am-
POKCHUMYBAJIbHIUX YACTUHHUX eMIIiPpUYHUX PiBHAHL perpecii [108, 109]
Ta IPOrpaMoI0 aIrpPoOKCHUMAIlil JaHWX IIOJIIHOMaMM APYroro Ta TPeThLOTO
CTelleHiB.

[ 3MeHIIeHHA 3HaUeHHA CTeNeHd IoJiHoMa, AKUM BUKOPUCTOBY-
BaBcA JdA anpoKcHMallil eKCIIepUMEeHTaJbHUX MTaHUX 3aJIeKHOCTU
Ewux = f(C), 3acTocoByBajsacsa MeToaInKa HeliTpaisallii ocboBOT0o HaBaH-
TakeHHA Ta yacToTu ooepranHs [108]. Pesyabrar ampokcumariii ycepe-
JHEHNX, CKOPUI'OBAHUX 34 I[I€I0 METOJUKOI0 eKCIepUMEHTAaIbHUX /Ja-

HUX IIOJIIHOMOM 2-TO CTeIleHs, € He3aJOBLIbHUM; yMoBa o, < 0,1E, . He
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TABJINAIA 1. Ilnas yoTupohaKTOPHOTO EKCIIEPUMEHTY 31 3HAUeHHAMY eHeprii
(zucnepcii) HuspKOoUacTOTHUX (Eruk) i 3y6meBux (Esx) KOJIMBaHb.

TABLE 1. Plan of a four-factor experiment with values of energy (dispersion)
of low-frequency (Enux) and (Esx) toothed oscillations.

N | n,x8 ! | FaxH | C,xHm | B,xHoM |Enax, H2M?Esx, Hw?

1 82 10 400 0,1 63,879 5,9711
2 82 15 2500 40 39,524 8,4178
3 82 20 800 70 40,275 4,868

4 82 25 1700 90 81,764 9,5207
5 133 10 800 90 19,112 1,5665
6 133 15 1700 70 35,826 6,0765
7 133 20 400 40 77,378 8,3547
8 133 25 2500 0,1 60,119 14,4342
9 188 10 1700 40 15,877 4,8208
10 188 15 800 0,1 32,382 10,8289
11 188 20 2500 90 38,621 13,5633
12 188 25 400 70 89,693 7,9125
13 285 10 2500 70 8,5435 2,1259
14 285 15 400 90 19,331 1,4984
15 285 20 1700 0,1 45,281 20,6741
16 285 25 800 40 60,386 22,7872

BUKOHYETHCS.

3rigmo 3 zapuMu TabauIli 4, IMOBipHiICTE iCHYBaHHS YaCTUHHUX €M-
niprnuyHUX 3ajekHocTel MisK Epug 1 30BHINIHIMUN He3ae:KHUMU 3MiH-
HUMH (paxTopamu (umHHMKaMu) Oinbmia 3a 0,98. YMoBa icHyBaHHA Ta-
KHUX 3aJIekHOCTel, — 6, < 0,1E, ., — TAKO¥X BUKOHYETHCA. 3aTEHKHO-
cTi Enuk =f(Fer), Enux=[f(n) i Enux = f(p) 3a00BLIbHO ONUCYIOTHCA €JIe-
MEeHTapHUMHU TJaJAKUMU «PO3YMHUMMN» KpuBuMHu. IJid ampoxkcumarrii
3ayieskHOCTH Enux = f(C) BUKOpPHUCTAHO MMOJiHOM 3-T'0 CTEIeHs, AKMH Xa-
PaKTepuU3yeThCA HAABHICTIO MiHiMaKCiB.

Y Tabaumi 5 momaHo ycepeqHEHi eKcIeprMeHTaJIbHI 3HAUeHHS eHep-
rii Enug Ipoliecy 3MiHM JUHAMiIUYHOTO CKJATHUKA 00epPTOBOTO MOMEHTY
Ha IOJIOTi Ta 3HaAUeHHs, 3HAWJEHi 3a PIBHAHHAMU perpecii yacTuHHMUX
eMITipUYHUX 3aJIeKHOCTEH.

Or:xe, HA OCHOBi eKCIIEpPUMEHTAIbHUX TaHUX OHEePIKYyEMO HACTYIHUHA
eMIOipuYHNH MOAeJIb MHOKHMHHOI HeJIIHIiMHOI KOopeJsdaIlil MisK eHepricio
Enyg mporecy 3MiHM 00€pTOBOTO MOMEHTY Ta 3MIiHHUMHN UYHNHHUKAMU
eKCIIEPUMEHTY:
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TABJINIIA 2. PesynbraTl eKCIEepUMEHTY 3 BUBHAUEHHS eHeprii Kuuk, ycepen-
HEHi 3a PeXKUMHUMY IIapaMeTPaMMU.

TABLE 2. Results of the energy determination experiment Euux averaged by
regime parameters.

o RH”’ B g 133 188 285 Cyma | Cepexte
10 63,879 19,112 15,877 8,5435 107,4115 26,85

15 39,524 35,826 32,382 19,331 127,063 31,77

20 40,275 77,378 38,621 45,281 201,555 50,39

25 81,764 60,119 89,693 60,386 291,962 72,99
Cyma 225,442 192,435 176,573 133,542 727,992 182
Cepense 56,36 48,11 44,14 33,39 182 45,5

EH‘{IC =
= B, f(n)f(E,)f(C)f (B) = B,, (68,8778 - 0,9975")(12, 53126 ) x
x(120,3544567 — 0,1956411C + 0, 00014C? - 3,00373 - 1078C3) X

x(51, 6509 *2%28) 12 . m?].

(1)

Y Tabauni 6 HaBemeHo 3HaueHHA KoedimienTa B;, Bu3HaUeHi 3a ¢op-
MYJIOIO
E. ...
Bi — HYK i , (2)
f(E, ) () (C)FB,)

TABJINIIA 3. PesynbraTl eKCIepUMEHTY 3 BUBHAUEHHS eHeprii Kuuk, ycepen-
HeHi 3a mapamMeTpamMu OypUJIBHOTO iHCTPYMEHTA.

TABLE 3. The results of the experiment with the assignment of energy Ewux
averaged over the parameters of the drilling tool.

B, RH.C/MC’ “IM 400 | 800 | 1700 | 2500 | Cyma | Cepeme
0,1 63,879 32,382 45,281 60,119 201,661 50,42
40 77,378 60,386 15,877 39,524 193,165 48,29
70 89,693 40,275 35,826 8,5435 174,338 43,58
90 19,331 19,112 81,764 38,621 158,828 39,71
Cyma 250,281 152,155 178,748 146,8075 727,992 182

Cepenne 62,57 38,04 44,69 36,70 182 45,5
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TABJINIA 4. Pesynpraty migdopy YaCTUHHUX €MIiPUYHUX 3aJI€KHOCTEH i Ime-
PeBipKa yMOB 3aJOBLILHOI aIIPOKCHMAIIi i eKCIIePUMEHTAIBHUX JaHUX (114 Exux).

TABLE 4. The results of the selection of partial empirical dependences and
the reverification of the predetermined approximation conditions of experi-
mental data (for Euux).

BubipkoBe 3ua- | IlepeBipka

SMiHHUHA . . . . ..
YacrurHi emnipuyHi 3anesxHOCTi | 4eHHA Koedimi- yMOBU
daxTop =
€HTa Kopendail | 6, < 0,1E .
82 133 188 285 0.995
-1 Py
n, XB. 56,36 48,11 44,14 33,39 0,99 < P < 0,998 1,0<4,55
Ewuuk =68,8778-0,9975"
10 15 20 25
Fe,xH 26,85 31,77 50,39 72,99 . ,0»9956 2,690 < 4,55
o > > > > 0,98<P<0,99 > >
Enur=12,5312exp(0,0692F )
400 800 1700 2500
62,57 38,04 44,69 36,7 0,9998
C,kH/m ’ ’ ’ i ¢ 0,14 <4,55
Enux = 120,3544567 - 0,1956411C + 0,999<P<1,0
+0,00014C2 - 3,00373-10°8C?
B 0,1 40 70 90 0.9842
RH-’C/M 50,42 48,29 43,58 39,71 0,98;P <0,99 2,11 <4,55
Ernux =51,6509exp(—0,00262p3)
ne Exux; — exclepuMeHTaJIbHI 3HAUYEHHA 3araJibHOI eHeprii 3a JanuMun

Tabi. 1, axka BigmoBimae i-my mocuiny, f(Fe :)f(n:)f(C)f(B:) — mobyTor
YaCTUHHUX eMIIIPUYHUX 3aJIeKHOCTel, AKi BiAIOBiZaioTL yMOBaM i-T'O
IOCJiAy Ta BumijieHi y Taodi. 5.

Y rabauii 7 HaBeZeHO CTATHUCTHUYHI XapaKTEePUCTUKUN CYKYIHOCTU
3HauUeHb B; Ta pesyJibTaTy BU3HAUeHHsA apTedaKTiB (pisko BigmMimHMX
3HaueHb Koedimienra B).

ApredparxTu sHaxomATHCA 3a MekaMu iHTEpPBANY (Bep—A, B+ A),
IPUIOMY

At oML 1 75.0,2445 10717 /16 = 0,4410-10°.  (3)

Kp

Y dopmymi (3) txy — Kputumuna Touka CTHIOJEHTOBOTO PO3IOAiNy, BHU-
3HaueHa 3a piBHeM 3HauymiocT o.=0,1 Ta YKMCJIOM CTyHeHiB BiJIbHOCTH
k=N -1 (N — o6’eM cyKymHOCTH 3HAUeHD KoedilieuTa B). OT:xe, inTe-
pBan BuginemHs apredartie (0,6013-107°,1,4833-107%). fAx Gaummo,
CTaTUCTHUYHA CYKYIHICTh HE MiCTUTB apTedaKTiB.

Beanunna KoedimieHnTa Bapiairii
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TABJUIISA 5. Ycepenueni excnepuMeHTaNbHI 3HaAUEHHS eHepril Enuk IPoOIecy
3MiHM AUHAMIYHOTO CKJIaIZHUKAa 00epTOBOrO MOMEHTY Ha JOJIOTi Ta 3HAYEHHIT,
3HANIEeH] 3a PIBHAHHAMY per'pecii YaCTHHHUX eMITipUYHUX 3aJI€KHOCTEH.

TABLE 5. Average experimental energy values Enux of the process of chang-
ing the dynamic storage wrapping moment on the bit and the value found in
the regression of partial empirical deposits.

n, x.! | 82 | 133 188 285

YcepenueHi ekcrmepuMeHTATbHI
3HAUYeHHA Enuxk

Enux=68,8778:0,9975" 56,10 49,37 43,03 33,75
Fer, kH 10 15 20 25

Ycepenueni ekcnepumMeHTATbH
3HAYeHHA Enuxk

Ewnuyx=12,5312exp(0,0692Fcr) 25,03 35,38 50,01 70,68
C, kH/m 400 800 1700 2500

Ycepenueni ekcnepumMeHTATbH
3HAUYeHHA Enuxk

Ewux=120,3544567-0,1956411C +
+0,00014C? - 3,00373-1078C3

B, kH-c/m 0,1 40 70 90

Ycepenueni ekcnepumMeHTATbH
3HAUYeHHA Enuxk

Ewur =51,6509exp(—0,00262p) 51,64 46,51 43,0 40,80

56,36 48,11 44,14 33,39

26,85 31,77 50,39 72,99

62,57 38,04 44,69 36,7

62,58 38,06 44,79 36,92

50,42 48,29 43,58 39,71

K :2_13.100%:%

Bap

-100% = 28,5% . 4)
cp 44

ITe sHaueHHs 3HaxomuThCs B iHTepBaii Big 10% mo 33% , TOOTO CyKyII-
HIiCTb € OJZHOPiMTHOIO CepemgHbOI MIiHJIMBOCTH, a CepemgHEe 3HAUYeHHS
1,0423-107° ¢ THIIOBUM piBHEM O3HAKMU I[i€l CYKYIIHOCTH.

Or:xe, mMIyKaHe PiBHAHHA 0araTodaKTOPHOTO €MIIiPHUYHOTO MO0
MHOKHHHOI KOPeJIAIlil, BU3HAUeHe 3a eKCIePUMEHTAJbHUMU JaHUMU,
Oyme MaTu BUTJIAM:

Eqp =1,0423 .10 - (68,8778 - 0,9975")(12,5312¢%%%2) x
x(120,3544567 — 0,1956411C + 0,00014C? — 3,00373 -10°C*) x  (5)
x (51, 6509¢ >°%2%) [F2 . m?].

Y rabauni 8 maBemeHo 3HaueHHSA eHeprii Euux v, BU3HAUEHi 3a piB-
HAHHAM 0araTodaKTOPHOTO MOJEJI0, Ta BeJIMUYNHN BiIHOCHOI MOXMOKM
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TABJINIIA 6. SHauenua KoeditienTa B; 118 BCixX OCHiAiB MIaHOBAHOTO €KC-
nepumeHTy (4t Enuk).

TABLE 6. The value of the coefficient B; for all the results of the planned ex-
periment (for Enux).

1 [ 2 | 3 4 5 6

B: 1,4033-10 1,3232.10~ 0,8816-10-° 1,1386-10~" 0,9928-10~* 1,0658-10~
N7 8 9 10 11 12

B: 1,0822:10 0,9118.10~° 0,7054-10° 1,0832-10~" 1,1044-10~* 1,1058-10~
N 13 14 15 16

Bi 0,6350-10 0,6346-10° 1,1657-10° 1,4429-10°

(BII) mixk muMy 3HAaYEeHHAMU U €KCHEPUMEHTAJbHUMU 3HAUEHHAMU
ILJIAHOBAHOT'O eKcepuMeHTy Enug 3 Ta0i. 1, 3HaiimeHi 3a GopMyJIoio

E..-E
BII (%) = —%_ T NY . 100%. (6)

HYK

Ha pucynxyl 3ob6paskeHo rpadiku YaCTHHHUX 3ajJeKHOCTEH
Ewur = f(FCT), Eyug = f(n), Eyug = f(B) i Exug = f(C), HO6y,I[OBaHi 3a 3Ha-
YeHHAMU eMIIipUYHUX PiBHAHL perpecii, HaBegeHuMu B Ta0JI. 5.

3.2. BaraTodakTopHMii eMIIi pUYHUI MOZEIb MHOSKMHHOI HeTiHiiTHOT
KOpeJdaIrii eHeprii 3y01eBMX KOJNBAHb IMHAMIYHOTO CKJIATHUKA 00ep-
TOBOTO MOMEHTY Ha J0JIOTi

Tax camo, K i B momepegHbOMY BUIIAAKY, eMIIIPUUYHUIN MOAEJb 3y0Iie-
BUX KOJIMBAHL OyAeMO ITIYKATH Y BUTJIAII

ESIC = Bcpf(ng )f(E:T)f(B)f(C) [I_I2 : MZ] .

Y rabaunax 9, 10 maBemeHo pe3yJbTaTy BU3HAUEHHS eHeprii Eag,

TABJIUIIA 7. CratucTuuni xapakTepuCcTUKY BUOIpKY Ta pe3yJbTaTu Bigbdpa-
KyBaHHA apredaKTis (1ia Enux). B, Dy, 0, — CTATUCTUYHI XaPaKTEePUCTUKH
BuOipKU 3HAUEeHb KoedirieunTa B; 6e3 apredakTis.

TABLE 7. Statistical characteristics of the selection and the results of the re-
jection of artefacts (for Enux). B, Dy,c); —statistical characteristics of a
sample of values of the B; coefficient without artefacts.

’
cSB

Bep ‘ Dg ‘ OB ‘ Ket ‘ApTe(l)aRTI/I‘ BC'p
1,0423-107° 5,9780-107'2 0,2445-10° 1,75 (. =0,1) - -

Dy
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TABJINIA 8. ExciiepuMenTanbHi 3HaUueHHsA eHeprii Enxyk mpoiecy 3sMiHU qu-
HaMiYHOTO CKJIaJHUKA 00epTOBOTO MOMEHTY Ha J0JIOTi Ta 3HAUEHHA, BUSHAUEHI
3a eMIiPpUYHUM MOJEJIeM MHOXKUHHOI HeliHitHOI Kopenanii. CepeHe 3HAUEH-
Hs BigHocuol moxmubku Bll, =21,1%.

TABLE 8. Experimental energy values Ewuux of the process of changing the
dynamic storage of the torque on the bit and the value, which is the value for
the empirical model of the multiple non-linear correlation. The average value
of the relative error BIlc, = 21.1%.

Ne |n, xB.7Y| For, xH | €, xH/m | B, xH-¢/ |Enes, H2w?| Ernc w, H2-2[BII, %

1 82 10 400 0,1 63,879 47,45 25,7
2 82 15 2500 40 39,524 31,13 21,4
3 82 20 800 70 40,275 47,616 -18,2
4 82 25 1700 90 81,764 74,848 8,5
5 133 10 800 90 19,112 20,065 -5,0
6 133 15 1700 70 35,826 35,034 2,2
7 133 20 400 40 77,378 74,528 3,7
8 133 25 2500 0,1 60,119 68,725 -14,3
9 188 10 1700 40 15,877 23,461 -47,8
10 188 15 800 0,1 32,382 31,608 2,4
11 188 20 2500 90 38,621 33,618 13
12 188 25 400 70 89,693 84,543 5,7
13 285 10 2500 70 8,5435 14,231 —66,6
14 285 15 400 90 19,331 31,751 -64,2
15 285 20 1700 0,1 45,281 40,487 10,6
16 285 25 800 40 60,386 43,620 27,8

ycepengHeHi BiAIOBiTHO 3a pe:KMMHUMU HapamMerpaMu n, F.. Ta mapame-
Tpamu OypuasHOTO iHCTpy™MeHTa C i P.

PesynbraTu migbopy YacTUHHUX eMIIipUUYHMX 3aJIeKHOCTell (3a yce-
peIHeHUMUN eKCIepHMMEeHTaJbHUMU 3HAUeHHAMHN) eHeprii Esgx IIpoliecy
3MiHM JUHAMiYHOTO CKJIAJHUKA 00ePTOBOrO MOMEHTY BiJl 3MiHHUX UMH-
HUKIB i mepeBipKy YMOB 3a/I0BiJIbHOI allpOKcUMAIlil IUMHU 3aJI€KHOCT -
MU eKCIIePUMEHTAIbLHIX JaHUX HaBemeHo y Tabi. 11. ITosHauennsa B it
TAOJMUIIL TaKi K, AK i B Ta0J1. 4. BugHo, 1110 AIMOBipHiCTh icHyBaHHA Yac-
TUHHUX eMIipUYHUX 3aJeKHOCTeN MisK Euuk Ta 30BHINTHIMU He3alexX-
HUMU 3MiHHUMU YMHHUKaMHu Oinemia 3a 0,95. YMoBa icHyBaHHA TaKuX
sasieskHOCTel G, < 0,1E,, TaKOX BUKOHYeThCA. 3a1eKHOCTL Esk = f(Fer),
Ezx={(n) i Ezx=f(B) 3a00BiIbHO OIUCYIOTECA eleMEeHTAPHUMU TJIAJK -
MU «PO3YMHUMMN» KpuBUMHU. g ampoxcumaiiii sane:xkuoctu Ezx = f(C)
BUKOPHUCTAHO MOJIiHOM IPYTOro CTeHeHs, AKUHA XapaKTepua3yeThCcsa Hasd-
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BHICTIO JIOKaAJIBHOTO MakcuMyMy. ¥ Ta0Juili 12 momaHo ycepeaHeHi exc-
nepuMeHTaJbHI 3HaueHHA eHeprii Ezx IIpolecy 3MiHU IMHAMidHOIO
CKJATHUKA 00epTOBOT'O MOMEHTY Ha JOJIOTI Ta 3HaUYeHHs, 3HAUAEHi 3a
PiBHAHHAMM per'pecii YaCTUHHUX eMIIi pUYHUX 3aJIeKHOCTEH.

Or:ke, HA OCHOBI eKCIIePIMEHTAILHUX JaHUX ONEPKYEMO eMIIi PUUHUH
MOZeJb MHOXKMHHOI HEJHINHOI KopeJsdllil MiK eHeprieio Ejzg mporiecy
3MiHM 06ePTOBOr0 MOMEHTY Ta 3MiHHUMM YMHHUKAMU €KCIIePUMEHTY :

E,. = B, f(n)I(E)f(B)f(C) = B,,(5,6786 -1,0025") x
x (11,50061n F, — 23,31175)(3, 437581 + 0,008865C — (7
~2,59269-10°C?)(13,059 — 1,121909 - 10*f2) [H2 - M].

Y Tabaumni 13 HaBemeHo 3HaueHHA Koedimienra B;, BusHaueHi 3a ¢o-
pMYy.JI0I0

72,0

]
AN \/

ﬁ A\\ 2
TIsT
I

14,4
0

2 9
HYK® H%m

8 16 24 32
F_,xH
0 80 160 240 320
n, xg.!
0 24 48 72 96
B, kH-c/m
0 800 1600 2400 3200
C, kH/m

Puc. 1. T'padiku yacTHUHHUX 3aJT€KHOCTEH, OJEPKAHNX METOIOM IIJIAHOBAHOTO
ekcnepumenTy: I (¢) — Enug=f(Fe), 2 () — Enux = f(n), 3 (™) — Euux = f(C), 4
(A) — Enuk = f(p).

Fig. 1. Graphs of partial dependences obtained by the method of a planned ex-
periment: 1 (¢)—Ewnuk = f(Fer), 2 (¢)—Ewnux = f(n), 3 (™ )—Eunux=f(C), 4 (A)—
Enur =f(p).
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TABJIHNIIA 9. PesynbraTé eKcoepuMeHTyY 3 BUSHAUeHHs eHeprii Eszk, ycepen-
HEHi 3a BHAUEHHAMY PEKUMHUX ITapaMeTpiB.

TABLE 9. The results of the experiment with the assignment of energy Esk
averaged over the values of the regime parameters.

1

i KI;‘ ) X8 82 133 188 285 Cyma | Cepexme
10 5,9711 1,5665 4,8208 2,1259 14,4843 3,62
15 8,4178 6,0765 10,8289 11,4984 26,8216 6,71
20 4,868 8,35647 13,5633 20,6741 47,4601 11,86
25 9,56207 14,4342 7,9125 22,7872 54,6546 13,66
Cyma 28,7776 30,4319 37,1255 47,0856 143,4206 35,85
Cepente 7,19 7,61 9,28 11,77 35,85 8,9625
Bi _ ESICi , (8)
f(E, ) (m)F(CIFB,)
Ie Esx; — eKcIepuMeHTAJbHI 3HaUeHHA eHeprii 3y0IeBux KOJIMBaHb 3a

nanuMu Tabi. 1, axa Bigmosigae i-my gocaimy, f(F,. ) (n)f(C)Hf(B,) —
ITOOYTOK YaCTHHHUX €MIIIPUUHNX 3aJIe;KHOCTeH, AKi BiATIOBiZaI0Th YMO-
BaM i-T0 JOCJiAy Ta BumijieHi y Tadi. 12.

Y rabauii 14 HaBeZeHO CTATUCTUUYHI XapaKTEPUCTUKU CYKYIHOCTU
3HaAUeHb B; Ta pe3yJIibTaTu BU3HAUEHHS apTe(aKTiB, AKi 3HAXOOATHC 34
meskamMu iHTepBauy (Bep — A, Bep + A).

OckinbKu

TABJINIIA 10. PesynbTaTu eKCIIEPUMEHTY 3 BUSHAUEHHA eHeprii Esk, ycepe-
HeHi 3a BHAUEHHAMU IIapaMeTpPiB OypUIBHOIO iHCTPYyMeHTA.

TABLE 10. The results of the experiment with the designation of energy Esk
averaged over the values of the parameters of the drilling tool.

B, RHC(;,/ H/m 400 800 1700 2500 Cyma Cepenne
0,1 5,9711 10,8289 20,6741 14,4342 51,9083 12,98
40 8,3547 22,7872 4,8208 8,4178 44,3805 11,10
70 7,9125 4,868 6,0765 13,5633 32,4203 8,10
90 1,4984 1,5665 9,5207 2,1259 14,7115 3,68

Cyma 23,7367 40,0506 41,0921 38,5412 143,4206
Cepenne 5,93 10,01 10,27 9,64
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TABJINIA 11. PesynasraTu nigdopy YaCTUHHUX €MIIIPUYHUX 3aJIEKHOCTEH i ITe-
PeBipKa yMOB 33/I0BiTBHOI aITPOKCUMATLil eKCIIEPUMEHTAIBHUX NaHuX (171 Esxk).

TABLE 11. The results of the selection of partial empirical dependences and
the reverification of the predetermined approximation conditions of experi-
mental data (for Ezx).

Bubiproge I .
SMinHuMA . . . . 3HAQUYEHHI KO- €PeBIPKa
YactuHHi emuipuyHi 3amesxHOCTI o yMOBU
daxTop e(pinierTa Ko- =
G, < 0,1E,,
pensii
82 133 188 285 0.0805
-1 9
n, XB. 7,19 7,61 9,28 1L,7T () 0o "¢ g9 0,250,896
Esx=5,6786-1,0025"
10 15 20 25
Fe.xH 3,62 6,71 11,86 13,66 . 2984 5 513.0,806
’ ’ ’ 00 9 98<P<0,99 " ’
Esx=11,5006InF.. — 23,31175
400 800 1700 2500
5,93 10,01 10,27 9,64 0,95
C,xkHm 2 ’ ’ ’ ’ 0,88 < 0,896
Esx=3,437581 +0,008865C —  0,99<P<0,98
—2,59269C2
; 0,1 40 70 90 0,006
o 12,98 11,1 81  3.68 (g9 pe0 99369 <0,896

Esx=13,059-1,121909-1073p2

A=t _oJ(N+1)/N =1,75-0,8115-10°/17 /16 = 1,4638-10°, (9)

TO iHTepBaa BuAijgeHHA apTedaxTis — (0,0781-1073, 3,0057-1073).
KoedimienT Bapiaiii ckiaamae:

K, =-B100% = 0,4046
" B 1,2805

cp

-100% = 31,6%. (10)

Ockinbku 3Haiinene sHaueHHA K., sHaxomuThesa B inTepBati Big 10%
10 33% , TO CYKYIIHICTD € OMHOPiAHOIO CePeIHbOI MiHINBOCTH, a CePeqHE
sHauenHs 1,2805-107% € TumoBUM piBHEM O3HAKH ITi€l CYKYIHOCTH.
Or:xe, piBHAHHA 6araTopaKTOPHOTO EMIiPUUHOTO MOLEII0 MHOMKIH-
HOI KOpeJIsllii, BU3HaUeHe 3a JaHNMU eKCIePUMEHTY, MaTUMe BUTJIA:

E, =1,2805-10"-(5,6786-1,0025")(11,50061n F, — 23,31175) x
% (3,437581 + 0,008865C — 2,59269 - 107°C?) x (11)
x (13,059 —1,121909 - 10°p?) [H2 - m2].
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TABJINAIA 12. YcepegHeHi eKcliepuMeHTAIbHI 3HaUeHHA eHeprii Ezk mporecy
3MiHM AUHAMIYHOTO CKJIaIZHUKAa 00epTOBOrO MOMEHTY Ha JOJIOTi Ta 3HAYEHHIT,
3HANIEH]i 3a PIBHAHHAMY per'pecii YaCTHHHUX eMITipUYHUX 3aJIeKHOCTEH.

TABLE 12. Average experimental energy values Esx the process of changing
the dynamic storage of the torque on the bit and the value found in the regres-
sion of partial empirical deposits.

n, xB.! 82 133 188 285
YcepenueHi ekcrnepuMeHTATbHI 7.19 7.61 9,28 11,77
sHaueHHdA Esx
Es3x=5,6786-1,0025" 6,97 7,92 9,08 11,57
Fe, xH 10 15 20 25
Ycepenueni ekcnepumMeHTATbH 3,62 6,71 11,86 13,66
sHaueHHdA Esx
E3x=11,5006InF..—23,31175 3,17 7,83 11,14 13,71
C, kH/m 400 800 1700 2500

Ycepenueni ekcnepumMeHTATbHI
3HaYeHH Ezx

Esk=3,437581 +0,008865C —

5,93 10,01 10,27 9,64

- 2,59269C2 6,57 8,87 11,02 9,4
B, kH-c/m 0,1 40 70 90
Ycepenueni ekcnepumMeHTaATbHL 12,98 1.1 8.1 5,68
sHaueHHdA Esx
Esx=13,059-1,121909-10%3* 13,06 11,26 7,56 3,97

B Tabaumi 15 maBemeHo 3HAUeHHs eHeprii Eskxm, BU3HAUEHi 3a piB-
HAHHAM O0araTodaKTopHOTO MoAesio, Ta BeanunHu BII mix mumu 3Ha-
YeHHAMU H eKCIepUMEeHTAJbHUMY 3HAUeHHAMU IIJIaHOBAHOTO eKCIIepu-
MeHTY Esg 3 TabJ1. 1, 3HaligeHi 3a popMyI0i0

E, - E
BII [%] = %-100%. (6)

3K

Ha pucynky2 3o0paskeHo rpadiku YaCTHHHUX 3ajeKHOCTeH
Esx=f(Fer), Esx=f(n), Ezx=f(B) i Esx = f(C), nobynoBaHi 3a 3BHaUeHHAMU
eMIIipYHUX PiBHAHB per'pecii, HaBemenumu B Tabd. 11.

3.3. AHariza YaCTUHHUX 3aJI€;KHOCTEMH, OJIePKaHNX 32 eMITiPUIHUMI
piBHIHHSIMU perpecii

Ha pucynkax 3—6 300paskeHo rpad)iky YaCTUHHUX eMIIipUUYHUX 3aJIeK-
HOCTeM eHeprii HU3LKOYACTOTHUX 1 3yOIeBUX KOJMBAHDL BiJf KOMKHOTO
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TABJINIIA 13. Suauenua KoedimienTa B; A4 BCiX JOCIiIiB IJIaHOBAHOTO €KC-
nepuMeHTy (1 Ezx).

TABLE 13. The value of the coefficient B; for all the results of the planned
experiment (for Ezk).

N 1 | 2 | 3 4 5 6

Bi 3,14959-10%1,45726-10%0,93495-10°% 2,27733-10° 1,77187.10° 1,1761510°
N7 8 9 10 11 12

B 1,2800210%1,08283-101,34975-10% 1,31483-10 3,5031610° 1,27968.10°
N 13 14 15 16

B 0,81564:10%0,63413-101,11451-10 1,43833-10°

30BHINITHBOT'O YNHHUKA OKPEeMO.

YacturHi emnipuyHi 3anexHOCTi Enug = f(Fer) 1 Esx = f(Fer) (ZuB. puc.
3) € MOHOTOHHO 3pPOCTAJbHUMM, TOOTO 3i B30iJBIMEHHAM CTATUYHOT'O
0ChOBOT'O HaBaHTaKEHH Ha I0JIOTO eHePTid mpollecy SMiHU AMHaAMiYHO-
o CKJIAIHUKA 00ePTOBOr0O MOMEHTY HA YACTOTaX «I'PYHTOBUX» i 3yOIre-
BUX KOJIMBaHb 30i7bITyeThCcsa. BeanunHa eHeprii HUBLKOUYAaCTOTHUX KO-
JUBaHb 3HAYHO OiJIbIIIA 32 eHepriio 3y0IeB1UX KOJInNBaHb. TaK, I 0ChO-
Boro HaBaHTakeHHsa y 25 kKH Bignomrenns Enuk/Esk ckaagae 5,3. Excr-
pemMyMu eHeprii Ha rpadikax IIuX 3aJIeKHOCTEH He CIIOCTepiraroTheA.

Ax cBimuuTh puc. 4, XapakTep 3MiHU eHeprii IMHaAMiYHOTO CKJIATHU-
Ka IJIs HU3BKOUYACTOTHUX i 3yOIleBUX KOJMBAHL ii CIIEKTPY € AiAMeTpa-
JIbHO TMPOTUJIEKHUM. 3i 30iJbIITEHHAM YacTOTH 00epTaHHS eHeprid Hu-
3bKOYACTOTHUX KOJMBAHL 3MEHIITYETLCH, a eHeprisa 3y0IeBux — HaBIIa-
K", 30imb11yeThCcA. Ile moACHIOEThCA Pi3HOI0 IPUPOAOI0 YTBOPEHHS ITUX
KoauBaHb. HU3bKOUACTOTHI KOJIMBAaHHA BUHUKAIOTH ITiJl Uac IIEpeKouy-
BaHHA I1APOIIOK J0J0Ta AK I'IaJKUX KOHYCIiB II0 HEPiBHil moBepXHi BU-
OMBauUKM Ta 3i 3MEHIIIEHHAM Yacy KOHTAKTY JOJOTA 3 BUOMBAUKOIO, Bif-
TIOBiTHO, 3MEHIITYETLCA I eHeprid MUX KoJuBaHb. 3y0IeBi K KOJIMBaH-
HA BUHUKAIOTH Hif Yac yaapiB 3yOIliB IIapoOIIOK A0JIOTa 00 MOBEPXHIO

TABJINIA 14. CratucTryHi XapaKTepUCTUKY BUOIpKM Ta pesyiabTaTy Bind-
pakyBaHHdA apredarTiB (zaa Esx). B, ,D,,c, — cTaTUCTUYHI XapaKTePUCTH-

KU BUOipKU 3HaUeHb KoeditienTa B; 6633 apredakTis.
TABLE 14. Statistical characteristics of the selection and the results of the
rejection of artefacts (for Esx). B, ,D;,c, —statistical characteristics of a

cp?

sample of values of the B; coefficient without artefacts.

B, ‘ Ds ‘ OB ‘ K. ‘ApTe(baRTI/I‘ B ‘ D, ‘ o'

1,5419-10°0,6585-10°0,8115-10° 1,75 3,14959-1071,2805-10-°0,1637-107%0,4046-103
(=0,1) 3,59316-103
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TABJUIIA 15. ExciepumenTanbHi 3HaueHHA eHeprii Esg mpoilecy 3MiHu qu-
HaMiYHOTO CKJIATHUKA 00epPTOBOT0 MOMEHTY Ha JOJIOTi Ta 3HAUEHHdA, 3HANIeHi
3a eMIiPpUYHUM MOJEJIeM MHOXKUHHOI HeliHitHOI Kopenanii. CepeHe 3HAUEH-
Hs BimHOoCcHOI moxMOKM 6e3 BifOpaKkoBaHUX Pe3yJabTATIB MEPIIIOTO M OAUHAIIISI-
Toro gocainis Bl =18,2%.

TABLE 15. Experimental energy values Ezx of the process of changing the
dynamic storage of the torque on the bit and the values found for the empiri-
cal model of the multiple non-linear correlation. The average value of the rel-
ative error without rejected results of the first and eleventh experiments
BIl.,=18.2%.

Ne| n,x8.? | For,xH | €, xH/m |B, kH-/m| Eax, H2M? | Esw, H2M? |BIL, %

1 82 10 400 0,1 5,9711 He Bu3HaueHo —

2 82 15 2500 40 8,4178 7,3968 12,1
3 82 20 800 70 4,868 6,667 -37
4 82 25 1700 90 9,5207 5,3533 43,8
5 133 10 800 90 1,5665 1,1422 27,1
6 133 15 1700 70 6,0765 6,6156 -8,9
7 133 20 400 40 8,3547 8,3579 -0,04
8 133 25 2500 0,1 14,4342 17,0692 -18,3
9 188 10 1700 40 4,8208 4,5735 5,1
10 188 15 800 0,1 10,8289 10,5462 2,6
11 188 20 2500 90 13,5633 ©He BU3HAUEHO —
12 188 25 400 70 7,9125 7,9176 -0,06
13 285 10 2500 70 2,1259 3,3375 -57
14 285 15 400 90 1,4984 3,0257 -101,9
15 285 20 1700 0,1 20,6741 23,7534 -14,9
16 285 25 800 40 22,7872 20,2868 11

BUOMBAYKM CBEPAJOBUHU B IIporieci ii (moBepxHi) pylinyBauua. 3i 30i-
JBIIEHHAM YacTOTH O0epTaHHA MOJOTa YMCJIO IIMX yIAapiB 3pocTae Ta,
BiZITIOBiAHO, 30iMBITYETHLCA eHeprid 3yOIeBuX KOJMBAHL. YaCcTUHHI eM-
mipmuni 3anesxHOCTL Enuk = f(n) i Esk=f(n), rpadikm axux momzaxHo Ha
puc. 3, € MOHOTOHHUMU, TOOTO MiHIMyMH Ta MakCUMyMHu eHeprii me
cIiocTepiramThcA.

I'padiku sanexuocren Enuk = f(B) i Esx = f(B), 306pakeni Ha puc. 5, €
MOHOTOHHO CIIaAHUMHU, TOOTO MiHIMyMHU Ta MAaKCUMYMH eHeprii B poar-
JANYBAaHOMY [IifAiTa30Hi 3HAYEHb [ He crocrepiraroTbcda. Brme 3minm
KoedimienTa meMnyBaHHA Ha I[i KOJTUBAHHSA € MPAKTUYHO OTHAKOBUM.
3i 30iybIIEeHHAM BeJNUYNHY 3 eHeprisa KoJnBaHb 3HAYHO 3MEHIIIYEThC.
Tak, giaa p=90 kH-c/m Besimunza Enug 3MeHImmIaca B 1,27 pasu, a Ezk
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— B 3,29 pasu. Yactuuni emmipuusi samexkuocTi Enxux = f(C) i Ezx = f(C),
rpadgiky AKX IOJAHO HA puc. 6, IpeacTaBIeHO IIOJiHOMAMU TPETHOTrO
Ta IPYroro CTelleHiB, AKi XapaKTepu3yeThCs HAABHICTIO MiHiMaKCiB.
MaxkcuMaJibHI 3HaUeHHs eHeprii Epuk i Esg 3ad)ikcoBaHO IPaKTUYHO 34
omHakoBoro 3uaueHHs ynkoctu C. [[asa Exug BoHo cKaamae 1722 kH/wm,
annsa Esg — 1710 xH/m.

Haininmmum BapisaTOM mig6opy eMOipuuHOI YaCTMHHOI eeMeHTap-
Hoi s3ase:kHocTu 3a [108] e samemuicts Enux=C/(0,28C —4,31424).
VMOBipHiCTh icHYBaHHA TaKoi 3aJIEXKHOCTU 3HAXOAUTHLCA (32 eMITipuy-
HUM 3HaUeHHAM KoedimieHTa mapuoi Hedinifinoi Kopenaiii y 0,9899) B
mesxax 0,98-0,99. 3a 1miero 3a/IeKHICTIO eHeprid HU3bKOUACTOTHUX KO-
JUBAHb MOHOTOHHO 3MEHIIYETHC 31 30iJbIMeHHAM ITYIIKOCTH OyPUJIb-
HoOro iHcTpyMmenTa. HemomikoM mig0opy Takoi 3ajIe:KHOCTH € 3HAUHA OC-
HOBHa MmOXMOKa ampokcuMallii, 3a AKOI He BHKOHYETLCSI yMOBa

1>//
o 18}—2 s > 0
2
T A 9
P
4
S AN
9
3
[ — \
¢
0 8 16 24 32
F_, xH
[1] 80 160 240 320
n, xB.!
0 24 48 72 96
B, kH-c/m
0 800 1600 2400 3200
C, kH/m

Puc. 2. T'padiku yacTHUHHUX 3aJIEIKHOCTEH, OJEPKAHUX METOIOM IIJIAHOBAHOTO
exkcrnepumenty: I () — Ezg=f(F«), 2 (¢) — Ezx=f(n), 3 (A) — Ezx=/(C), 4
(¢) — Esx=f(p).

Fig. 2. Graphs of partial dependences obtained by the method of planned ex-
periment: I (»)—Eszk=f(Fcx), 2 (¢)—Eszx=f(n), 3 (A)—Eszx=f(C), 4 (¢)—
Esx = f(B).
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Puc. 3. I'padiku yacTUHHUX 3aJIE}KHOCTEH, OJEPKAHUX 34 €MIIIPUUYHUMU PiB-
HaHaaMu perpecii: 1 — Euug = f(Fer), 2 — E3zk = f(Fer).

Fig. 3. Graphs of partial dependences obtained by empirical regression equa-
tions: 1 —Ewug = f(Fer), 2—E3k = f(Fex).
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Puc. 4. I'padiku yacTUHHUX 3aJIE}KHOCTEH, OJEPIKAHUX 34 €MIIIPUUYHUMU DiB-
HAHHAMU perpecii: I — Enuk = f(n), 2 — Esk = f(n).

Fig. 4. Graphs of partial dependences obtained by empirical regression equa-
tions: I —Enuk = f(n), 2—Esk = f(n).

c, <0, IEHqK (5,42>0,1-45,5). HeBukoHaHHs 11iei yMoBHu i OyJio mpu-
YMHOIO allPOKCHUMAIIil eKCIIepUMEeHTAILHUX JaHUX IIOJiHOMOM 3-TO CTe-
mmeHd.

Ha pucynky 6 300paxxeHo rpaik 3ajJeKHOCTH eHeproeMHOCTH W,
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Puc. 5. I'padiku yacTUHHUX 3aJ€KHOCTEHN OJEePIKAHUX, 38 eMIIIPUUYHUMU PiB-
Hauaamu perpecii: I — Euux = f(B), 2 — Ezx = f(p).

Fig. 5. Graphs of partial dependences obtained by empirical regression equa-
tions: I—Euuk = f(B), 2—Eszx = f(B).

IpoIlecy PYHHYBAHHS TipChbKOI IMOPOAM Bif IYIIKOCTH OYPUJIBHOTO iH-
CTPpyMeHTa, 3HaueHHA Kol HaBemeHo B [107]. Ilio samexxuicTs mpencra-
BJIEHO IIOJIIHOMOM JAPYTOro cTeleHd. JIoKaJIbHUN MiHIMyM eHepProeMHO-
cTu ofepskano 3a 3HaveHHAa C = 1375 kH/m. 3rigmo 3 pucyakom 6, miHi-
MYM eHEePTOEMHOCTHU He 30iraeTheA 3 MAKCUMYyMaMU eHeprii Hu3bKovac-
TOTHUX i 3yOIleBUX KOJMBAHL, TOOTO IX OJep:KaHO 3a Pi3HMX 3HAUEHb
IYIIKOCTU OYPUJIBHOTO iHCTPYMEHTA, IIONIPaBaa, I PLsKHUIA € He3Hau-
HoMo Ta cKkJaamae 1710 - 1375=335 xH/m.

s 6iIBITT JeTambHOI aHATi3W IPOIOHYEMO BBeCTH KpUTepiit K, OIri-
HKU iHTEHCUBHOCTHU BILJINBY 30BHIITHBOTO YMHHUKA Ha €HePriio KOJUB-
HOT'O IPOoIiecy, AKUI IpeIcTaBJIsge cO0O0I0 BiHOIIIeHHA 3HAUEHH eHeprii
3a MEeBHOTI'0 PiBHA YMHHUKA 0 MiHiMaJbHOTO 3HAUEHHS eHepril B TOCJIi-
I:KYBAaHOMY HifAIa30HI 3HaUYeHb 30BHIITHHOT'0 YNHHUKA.

Hanpuxaan, nnsa suHauennsa C=400xH/m xoedimient K, ckiaamae
C100/Cuix =62,568/36,92=1,695. S3uauenns exeprii 6epemo 3a eMIripuu-
HUM YaCTUHHUM PiBHAHHAM perpecii. B rabauri 16 HaBemeHo 3HaUeHHS
KPUTEPiio AJId BCiX PiBHIB 30BHINTHIX YNHHUKIB.

3rigmo 3 gapumu Tadbauni 16, HaliBaroMiimii BILINB HA €HePriio HU3b-
KOYaCTOTHUX i 3yOIeBUX KOJMBAHbL Ma€ OChbOBe HaBaHTAKEHHS Ha T0JO-
To. 3i 30ibIIIeHHAM HaBaHTaxKeHHs F.. Big 10 KH go 25 kH eneprisa au-
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Puc. 6. 'padiku uacTHEHUX 3a/IeKHOCTEl, OfeP:KaHUX 34 eMIipUYHUMU DPiB-
HAHHAME perpecii: I — Enux = f(C), 2 — Eszx=f(C), 3 — W, = f(C).

Fig. 6. Graphs of partial dependences obtained by empirical regression equa-
tions: 1 —Ewux = f(C), 2—Esx = f(C), 3— W,, = f(C) .

3BLKOUYACTOTHUX KOJHBaHb 30iabIIyeThCsa B 2,79 pa3u, a 3yOIeBUX — B
4,325 paszu.

[ Beix iHINIMX 30BHIITHIX YMHHUKIB, a caMe, YaCTOTH O0epTaHHS,
KoedimienTa meMmndyBaHHA Ta IIYIKOCTH OYpPUJILHOTO iHCTPyMeHTA,
eHepriag HU3bKOYACTOTHUX KOJIMBAHDb 3MEHIITYEThCA. 3i 3MiHOI0 YacTOTH
obeprauua Big 82 xB.™! 10 285 xB.™! Exux 3MeHIIyeThesa B 1,662 pasu, 3i
3MmiHoI0 Koepimienra nemndysanusa Bix 0,1 7o 90 kH-c/m — B 1,266 pa-
3u, a 3i sminoro mynkoctu Bix 400 7o 2500 kH/Mm — B 1,695 paswu.

3i 3minoro yacToTu obepranud Bif 82 mo 285 xB.™! eneprisa 3ybieBux
KoJinBaHb 30iabpmmiaaca B 1,66 pasu, a 3i aMiHo0 KoedilienTa nemMady-
BauHA Bix 0,1 1o 90 kH-c/M — smenmunaca B 3,29 pasu.

3MiHa IYIKOCTH HEOJHO3HAYHO BILINBAE HA €HePriio 3y0IleBUX KOJIH-
BaHb. 3i 3minoio mynkoctu Big 400 kH/m mo 1700 kH /M emepria 36iab-
myeTbcsa B 1,677 pasm; 3 HOZaJdbIIMM 30iJBIIEHHAM I[YIIKOCTH IO
2500 kH/m BimbyBaeTnes il smenmienusa B 1,172 paswu.

4. BUICHOBRKH

1. fx cBiguaTh rpadiku s3amexkuocreil Enug = f(Fer) i Esk = f(Fer), eHepris
AK HU3BKOUYACTOTHUX, TAK i 3y0IleBUX KOJMBAHDb JMHAMIUYHOTO CKJIATHU-
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Ka 00epTOBOr0 MOMEHTY Ha KPHUIIEBOMY IOJIOTi 3 POCTOM OCHOBOT'O HAaBaH-
TaxkeHHs F., 30iab1TyeThCs. 301ILINIEHHA eHeprii X KOJIuBaHb HEOHO-
3HAYHO BILJINBAE Ha IIpoIiec Oypinusa. 3i 30inbienaam Exgx 3pocTae HMo-
BipHIiCTH IPUITBUIIIIEHOrO 3HOITYBAHHSA OIIOP JOJIOTA U eJIeMeHTiB Oypu-
JbHOI KoJIoHU. 3 iHITOro O0KY, 30iMbIteHusa Kk 30iJbITye CUIYy yAapiB
3yOIIiB IIIAPOIIOK 00 MOBEPXHIO BUOMBAUKY, iHTeHCU(DIKYIOUN TAKUM UN-
HOM IIpoIlec PyHHYBaHHS IOpoar. Builieckasane BKasye Ha HeOOXigHIiCTE
paitioHaIbHOrO BUOOPY BEJIMUNHY OCHOBOT'O HaBaHTAMKEHH HA JOJIOTO.

2. 3rigno 3 rpadikamu Exuk = f(n) i Esx = f(n), 3i 36iabIeHHaAM YacTOTH
o0epTaHHs HOJIOTa eHeprid Epuxy 3MeHIIIyeThCcA, a eHepria Esk 3pocrae.
3arajioMm MOKHA KOHCTATyBaTH, IO 30iJLIITEHHA YaCTOTH O00epPTaHHA N
MO3UTHUBHO BIIJIMBAE HA IIPOIlEC B3a€EMOJii J0JI0Ta 3 BUOMBAUYKOIO. 3 OJ-
HOTO OOKY, 3MEHIITYETHCSA BILJIMB HM3bKOYACTOTHUX KOJHBAHbL Ha 3HO-
IITYBAHHS JOJIOTA 1 eJIeMeHTiB OypHUILHOI KOJOHHU, a 3 iHIIIOro O0KY, M-
CUJIIOETHhCA iIHTEHCUBHICTD TpoIlecy pyHHYBaHHA TOPOIN.

3. I'padiru sasmerxnocredn Exux =f(B) i Esx=f(B) cBiguars, mo 3i 36i1b-
meHHAM KoedilieHTa neMu@yBaHHA 3 eHeprisad KoJuBaHb JUHAMIYHOTO
CKJATHUKA 00epTOBOT'O MOMEHTY 3MEHIITyeThCsA. [I[prnunHOIO IIHOTO € He-
3BOPOTHI BTPATU YaCTUHU €Heprii BHACJIIJOK AucuIlalii B gemMIirpyBaib-
HOMY BY3JIi mpucTporo. BidposaxucT 0ypoBoro o0JagHAHHSA IIOJIIIIITY-
€ThCSA, IPOTEe MeXaHiuHa MIBUAKICTE OYPiHHA, AKa € OGHUM 3 OCHOBHUX
TeXHIKO-eKOHOMIUHUX ITOKasHUKIB IIpoIlecy PyWHYBaHHA TipCbKOI 1O-
ponu, 3SMEHIITY€EThCS.

4. I'padik zamesxuocTu Enug = f(C), He3BarKaou1 Ha HAABHICTD JIOKAJb-
HUX MiHiMakKcCiB, YMOJKJIMBIIIOE CTBEPAKYBATH, IO 3arajioM 3i 30iJb-
mreHHAM nynkocTu C eHeprisga HM3bKOYACTOTHUX KOJMBAHL JUHAMIUHO-
o CKJIAIHUKA 00epTOBOr0O MOMEHTY Ha MOJIOTi 3MEHIITyeThcA. A OT rpa-
dix samesxnocTu Ejzg=f(C) Mae 4iTKO BUpaXKeHUN JOKAJbHUI MaKCH-
MyM. S3HAUEHHS IIYIOKOCTH, 3a AKUM 3adiKcoBaHo Iieii MaKCUMyM, He
3b6iraerned 3i 3HAUEHHAM, 3a AKUM 3a()iKCOBAHO MiHIiMyM eHeproeMHOC-
TH IPOIleCcy PyHHYBaHHA TipchbKoi mopoau (auB. puc. 6). [llompasaa pi-
JKHUIIS MisK HUMHY € He3HavHOoIo i ckJazae 335 kH /M.

5. TakuM YMHOM, OJEP:KaHi Pe3yJabTATH CBiJUATHL IPO MOMKJINUBICTHL BU-
00py IMYIKOCTH OyPUJIBHOTO iHCTPYMEHTA, 3a AKOI eHepProeMHICTL IPO-
Iecy pyiHyBaHHA TipchbKol mopoau O0yne MiHiManbHOO. IIpakTHuHa pe-
aJIisalidg Iboro TBEPAKEeHHA BUMAarae HaCTyIIHINX KPOKiB.

— 3adikcyBaTu mpolec 3MiHI 00epPTOBOTO MOMEHTY Ha CTOJIi poTopa
OypoBoi mig uac OypiHHS meKijTbkoMa (He MeHIe TPhOX) KOMIIOHYBAaH-
HAMU HI3Y OYPUJIBHOI KOJOHU, A0 CKJIAAY AKUX BXOAATH IPUCTPOI 3Mi-
HU IIYIKOCTH PisdHOI KOHCTPYKILii. OmHouacHO ikcyBaTu 3HAUEHHA Me-
XaHiuHOl IMBUAKOCTH OypiHHA. BU3HAUNTH eHeproeMHIiCTh IIpoIllecy
PyiHYBaHHSA IOPOIMN.

— 3a HAABHOCTU MiHIMyMYy eHeproeMHOCTHU 3ad)iKcyBaTu HAUOJIMIKUIE
IO 10T0 BEIMYNHY 3HAUEHHSA ITYIKOCTA KOMIOHYBAHHA HU3Y OYPUILHOL
kosouu (KHBK), 3a axoro exeprisa 3y6ieBux KOJWBaHb JOCATAE JOKA-
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TABJINIA 16. 3uauenns kputepio K: OMiHKY iHTEHCUBHOCTY BILJINBY 30BHi-
ITHiX YMHHWKIB HA €HePrito HU3bKOYACTOTHUX i 3yOIeBMX KOJIMBAaHb JUHAMIU-
HOTO CKJIATHUKA IIPOIleCcy 3MiHM 00€PTOBOI'0 MOMEHTY Ha JOJIOTi.

TABLE 16. The value of the impact intensity evaluation criterion K; of exter-
nal factors on the energy of the low-frequency and tooth oscillations of dy-
namic storage process of changing the torque on the bit.

Fer, kH | 10 | 15 | 20 | 25
Erc = 12,6703exp(0,0684F ) 25,11 35,35 49,76 70,05
Ka 1,0 1,408 1,982 2,79
n, xs.1 82 133 188 285
Enux = 68,8778-0,9975" 56,097 49,37 43,03 33,75
K. 1,662 1,463 1,275 1,0
B, xH-c/m 0,1 40 70 90
Erac = 51,6509exp(-0,00262p) 51,64 46,51 43,0 40,80
Ka 1,266 1,140 1,054 1,0
C, xH/m 400 800 1700 2500

Ewur=120,3544567 - 0,1956411C +

+0,00014C? - 3,00373-10-°C? 62,58 38,06 44,79 36,9

K; 1,695 1,031 1,213 1

Fer, kH 10 15 20 25
Ezx=11,5006InFc. —23,31175 3,17 7,83 11,14 13,71
K; 1,0 2,47 3,514 4,325

n, xB.7! 82 133 188 285
Ezx=5,6786-1,0025" 6,97 7,92 9,08 11,57
K; 1,0 1,136 1,303 1,660

B, kH-c/m 0,1 40 70 90
Esx=13,059-1,121909-1073p2 13,06 11,26 7,56 3,97
K; 3,290 2,836 1,904 1,0
C, kH/m 400 800 1700 2500
Esx=3,437581 +0,008865C — 2,59269C* 6,57 8,87 11,02 9,4
K; 1,0 1,35 1,677 1,431

JBHOT'O MaKCUMyMYy. ITpoBOAUTH ITOZANBIINH ITPOIlEC IOTIN0JIEHHS CBe-
paaoBuun Tinsku micro KHBK.

— Oninutu edpextuBHicTh Bukopuctanusa KHBK iz npucrpoem aminu
IIYIIKOCTH, IIOPiBHIOIOUM 3aTPaTH HOTYKHOCTH Iix uac Oypinasa 3 KHBK
0e3 IPUCTPOIO 3MiHM IIYIIKOCTH TA 3a OT0 BUKOPHUCTAHHSA.

Opmep:kaHi pe3ysabTaTH y MOJAJBINIOMY IJIAHYEMO BUKOPUCTATHU IJIA
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JOCJiMKeHHs eHeprii HM3bKOUYACTOTHUX i 3yOIeBUX KOJMBAHBL JUHAMI-
YHOT'O CKJIALHNKA 00epPTOBOTO MOMEHTY Ha JOJIOTI IIiJ yac KOMIOHYBAH-
Hs OypUJILHOI KOJIOHY i3 TPYO 3 pi3HUX MaTepisaiis.

IODUTOBAHA JIITEPATYPA—REFERENCES

1.

10.

11.
12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

S. Lashari, A. Takbiri-Borujeni, and E. Fathi, J. Petrol. Explor. Prod. Technol.,
9: 2747 (2019).

C. Sridharan and G. Suresh Kumar, Int.J. Math. Eng. Management Sci., 5: 381
(2020).

Y. Xu, H. Zhang, and Z. Guan, Energies, 14: 229 (2021).

V.M. Moisyshyn, M. V. Lyskanych, L. V. Borysevych, N. B. Kolych, and

R. A. Zhovniruk, Metallofiz. Noveishie Tekhnol., 41, No. 8: 1087 (2019) (in
Ukrainian).

A. S.Velichkovich and T. M. Dalyak, Chem. Petroleum Eng., 51: 188 (2015).

A. 1. Riznychuk, Ya. M. Famyak, V. V. Fedoriv, V. M. Charkovskyi,

R. 0. Deineha, and R. B. Stetsiuk, 15" Int. Conf. Monitoring of Geological Pro-
cesses and Ecological Condition of the Environment (Nov.17-19, 2021 ) (Kyiv:
2021).

I. Kessai, S. Benammar, M. Z. Doghmane, and K. F. Tee, Appl. Sci., 10: 6523
(2020).

V.M. Moisyshyn and O. O. Slabyi, Metallofiz. Noveishie Tekhnol., 40, No. 4:
541 (2018) (in Ukrainian).

A. S. Velichkovich, I. I. Popadyuk, and V. M. Shopa, Chem. Petroleum Eng., 46,
Nos. 9-10: 518 (2011).

K. G. Levchuk, V. M. Moisyshyn, and I. V. Tsidylo, Metallofiz. Noveishie
Tekhnol., 38, No. 12: 1655 (2016) (in Ukrainian).

H. Tong and Y. Shao, Appl. Sci., 12, No. 6: 3145 (2022).

0. Vlasiy, V. Mazurenko, L. Ropyak, and A. Rogal, Eastern-European J. Enter-
prise Technol., 1, No. 7 (85): 25 (2017).

J. Grydzhuk, I. Chudyk, A. Velychkovych, and A. Andrusyak, Eastern-
European J. Enterprise Technol., 1, No. 7(97): 6 (2019).

0. Bazaluk, A. Velychkovych, L. Ropyak, M. Pashechko, T. Pryhorovska, and
V. Lozynskyi, Energies, 14, No. 14: 4198 (2021).

Wei Liu and Deli Gao, Int.J. Refractory Metals Hard Mater., 98: 105537
(2021).

L. Ya. Ropyak, T. O. Pryhorovska, and K. H. Levchuk, Prog. Phys. Met., 21,
No. 2: 274 (2020).

R. K. Abbas, Eng. Failure Analysis, 90: 554 (2018).

A. Slipchuk, R. Jakym, V. Lebedev, and E. Kurkchi, Advanced Manufacturing
Processes II (Eds. V. Tonkonogyi, V. Ivanov, J. Trojanowska, G. Oborskyi,

A. Grabchenko, I. Pavlenko, M. Edl, I. Kuric, and P. Dasic) (Springer: 2021),
p. 443.

R.S. Yakym and D. Yu. Petryna, Metallofiz. Noveishie Tekhnol., 42, No. 5: 731
(2020).

L. Ropyak, I. Schuliar, and O. Bohachenko, Eastern-European J. Enterprise
Technol., 1, No. 5 (59): 53 (2016) (in Ukrainian).

C. Wang, X.Li, Y.Li, W. Xu, and W. Liao, Shock and Vibration, 2021:


https://doi.org/10.1007/s13202-019-0657-2
https://doi.org/10.1007/s13202-019-0657-2
https://doi.org/10.33889/IJMEMS.2020.5.3.032
https://doi.org/10.33889/IJMEMS.2020.5.3.032
https://doi.org/10.3390/en14010229
https://doi.org/10.15407/mfint.41.08.1087
https://doi.org/10.1007/s10556-015-0022-3
https://doi.org/10.3997/2214-4609.20215K2041
https://doi.org/10.3997/2214-4609.20215K2041
https://doi.org/10.3997/2214-4609.20215K2041
https://doi.org/10.3390/app10186523
https://doi.org/10.3390/app10186523
https://doi.org/10.15407/mfint.40.04.0541
https://doi.org/10.15407/mfint.40.04.0541
https://doi.org/10.1007/s10556-011-9370-9
https://doi.org/10.1007/s10556-011-9370-9
https://doi.org/10.15407/mfint.38.12.1655
https://doi.org/10.15407/mfint.38.12.1655
https://doi.org/10.3390/app12063145
https://doi.org/10.15587/1729-4061.2017.65718
https://doi.org/10.15587/1729-4061.2017.65718
https://doi.org/10.15587/1729-4061.2019.154827
https://doi.org/10.15587/1729-4061.2019.154827
https://doi.org/10.3390/en14144198
https://doi.org/10.1016/j.ijrmhm.2021.105537
https://doi.org/10.1016/j.ijrmhm.2021.105537
https://doi.org/10.15407/ufm.21.02.274
https://doi.org/10.15407/ufm.21.02.274
https://doi.org/10.1016/j.engfailanal.2018.03.026
https://doi.org/10.1007/978-3-030-68014-5_44
https://doi.org/10.1007/978-3-030-68014-5_44
https://doi.org/10.1007/978-3-030-68014-5_44
https://doi.org/10.1007/978-3-030-68014-5_44
https://doi.org/10.15407/mfint.42.05.0731
https://doi.org/10.15407/mfint.42.05.0731
https://doi.org/10.15587/1729-4061.2016.59850
https://doi.org/10.15587/1729-4061.2016.59850
https://doi.org/10.1155/2021/6666767

1232 B. M. MOVMICHIIIWH, A. T1. IBACIOTWH, JI. B. BOPUCEBIY, O. M. BUTBUITLKA

22.

238.
24.

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

6666767 (2021).

0. Bazaluk, O. Slabyi, V. Vekeryk, A. Velychkovych, L. Ropyak, and

V. Lozynskyi, Energies, 14, No. 12: 3514 (2021).

C. Teodoriu and O. Bello, Energies, 14: 4499 (2021).

L. Ropyak, T. Shihab, A. Velychkovych, V. Bilinskyi, V. Malinin, and

M. Romaniv, Ceramics, 6: 146 (2023).

M. Bembenek, P. Prysyazhnyuk, T. Shihab, R. Machnik, O. Ivanov, and

L. Ropyak, Materials, 15, No. 14: 5074 (2022).

V. 1. Dzyuba and Yu. M. Danil’chenko, Sov. Eng. Research, 6, No. 12: 30 (1986).
V. Martsinkovsky, V. Yurko, V. Tarelnik, and Y. Filonenko, Procedia Eng., 39:
148 (2012).

P. Prysyazhnyuk, M. Molenda, T. Romanyshyn, L. Ropyak, L. Romanyshyn,
and V. Vytvytskyi, Acta Montanistica Slovaca, 27, No. 3: 685 (2022).

V. B. Tarelnyk, O. P. Gaponova, Ye. V. Konoplyanchenko, N. S. Yevtushenko,
and V. O. Herasymenko, Metallofiz. Noveishie Tekhnol., 40, No. 6: 795 (2018).
V.M. Holubets, M. I. Pashechko, K. Dzedzic, J. Borc, and A. V. Tisov, J. Fric-
tion Wear, 41, No. 5: 443 (2020).

M. Zeng, Y. Zhou, and Y. Ma, Adv. Mech. Eng., 10, No. 5: 1 (2018).

V. Kotsyubynsky, L. Shyyko, T. Shihab, P. Prysyazhnyuk, V. Aulin, and

V. Boichuk, Mater. Today: Proc., 35: 538 (2019).

V. Kosarchuk, M. Chausov, A. Pylypenko, V. Tverdomed, P. Maruschak, and
V. Vasylkiv, Lubricants, 10, No. 4: 64 (2022).

Yu. M. Danil’chenko, Sov. Eng. Research, 7, No. 7: 61 (1987).

A. Krivosheya, J. Danilchenko, M. Storchak, and S. Pasternak, Mechanisms
Machine Sci., 34: 425 (2016).

D. Wheeler, Lubricants, 6, No. 3: 84 (2018).

Y. Wang, C. Qian, L. Kong, Q. Zhou, and J. Gong, Appl. Sci., 10, No. 8: 2669
(2020).

0. Onysko, L. Borushchak, V. Kopei, T. Lukan, I. Medvid, and V. Vryukalo,
New Technologies, Development and Applications III (Ed. I. Karabegovic)
(Springer: 2020), p. 720.

T. Pryhorovska and L. Ropyak, Proc. Int. Conf. Adv. Optoelectronics Lasers
(Sept.6-8,2019, Sozopol ), p. 493.

0. Onysko, V. Panchuk, V. Kopei, Y. Havryliv, and I. Schuliar, JJ. Phys.: Conf.
Series, 1781: 012028 (2021).

L. Ropyak, V. Vytvytskyi, A. Velychkovych, T. Pryhorovska, and

M. Shovkoplias, IOP Conf. Series: Mater. Sci. Eng., 1018: 012014 (2021).

V. Kopei, O. Onysko, C. Barz, P. Dasi¢, and V. Panchuk, Machines, 11, No. 2:
263 (2023).

I. Shatskyi, L. Ropyak, and A. Velychkovych, Eng. Solid Mechan., 8, No. 4: 301
(2020).

Y. Y. Striletskyi, S. I. Melnychuk, V. M. Gryga, and O. P. Pashkevych,
Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, No. 3: 19 (2020).
L. S. Saakiyan, A. P. Efremov, L. Ya. Ropyak, and A. V. Gorbatskii, Sov. Ma-
ter. Sci., 23, No. 3: 267 (1987).

L. S. Saakiyan, A. P. Efremov, and L.. Ya. Ropyak, Protection of Metals, 25,
No. 2: 185 (1989).

Y. L. Ivanytskyj, T. M. Lenkovskiy, Y. V. Molkov, V. V. Kulyk, and
Z.A.Duriagina, Archives Mater. Sci. Eng., 82, No. 2: 49 (2016).


https://doi.org/10.1155/2021/6666767
https://doi.org/10.3390/en14123514
https://doi.org/10.3390/en14154499
https://doi.org/10.3390/ceramics6010010
https://doi.org/10.3390/ma15145074
https://doi.org/10.1016/j.proeng.2012.07.019
https://doi.org/10.1016/j.proeng.2012.07.019
https://doi.org/10.46544/AMS.v27i3.09
https://doi.org/10.15407/mfint.40.06.0795
https://doi.org/10.3103/S1068366620050128
https://doi.org/10.3103/S1068366620050128
https://doi.org/10.1177/1687814018774187
https://doi.org/10.1016/j.matpr.2019.10.021
https://doi.org/10.3390/lubricants10040064
https://doi.org/10.1007/978-3-319-19740-1_21
https://doi.org/10.1007/978-3-319-19740-1_21
https://doi.org/10.3390/lubricants6030084
https://doi.org/10.3390/app10082669
https://doi.org/10.3390/app10082669
https://doi.org/10.1007/978-3-030-46817-0_82
https://doi.org/10.1007/978-3-030-46817-0_82
https://doi.org/10.1109/CAOL46282.2019.9019544
https://doi.org/10.1109/CAOL46282.2019.9019544
https://doi.org/10.1088/1742-6596/1781/1/012028
https://doi.org/10.1088/1742-6596/1781/1/012028
https://doi.org/10.1088/1757-899X/1018/1/012014
https://doi.org/10.3390/machines11020263
https://doi.org/10.3390/machines11020263
https://doi.org/10.5267/j.esm.2020.4.002
https://doi.org/10.5267/j.esm.2020.4.002
https://doi.org/10.33271/nvngu/2020-3/019
https://doi.org/10.1007/BF00720884
https://doi.org/10.1007/BF00720884
https://doi.org/10.5604/01.3001.0009.7103

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

BATATO®AKTOPHI EMIITPUYHI MOJIEJII EHEPTTE 1233

V. Tyrlych and V. Moisyshyn, Mining of Mineral Deposits, 13, No. 3: 127
(2019).

M. Bembenek, T. Mandziy, I. Ivasenko, O. Berehulyak, R. Vorobel,

Z. Slobodyan, and L. Ropyak, Sensors, 22, No. 19: 7600 (2022).

I. P. Shatskii, J. Appl. Mech. Technol. Phys., 30, No. 5: 828 (1989).

T. O. Pryhorovska, Machining Sci. Technol., 21, No. 1: 37 (2017).

D. A.Panevnik and A. S. Velichkovich, Neftyanoye Khozyaystvo, 2017, No. 1:
70 (2017) (in Russian).

0. Bazaluk, O. Dubei, L. Ropyak, M. Shovkoplias, T. Pryhorovska, and

V. Lozynskyi, Energies, 15: 83 (2022).

V. B. Tarelnyk, O. P. Gaponova, Ye. V. Konoplyanchenko, N. S. Yevtushenko,
and V. O. Herasymenko, Metallofiz. Noveishie Tekhnol., 40, No. 6: 795 (2018).
S. Prakash and A. Mukhopadhyay, Int.J. Mining, Reclamation and Environ-
ment, 34, No. 2: 101 (2020).

S. I. Kryshtopa, D. Yu. Petryna, I. M. Bogatchuk, I. B. Prun’ko, and

V.M. Mel’nyk, Alloying Mater. Sci., 53, No. 3: 351 (2017).

0. Ivanov, P. Prysyazhnyuk, D. Lutsak, O. Matviienkiv, and V. Aulin,
Management Systems in Production Eng., 28, No. 3: 178 (2020).

T. M. Radchenko, O. S. Gatsenko, V. V. Lizunov, and V. A. Tatarenko, Prog.
Phys. Met., 21, No. 4: 580 (2020).

P. Prysyazhnyuk, R. Bishchak, S. Korniy, M. Panchuk, and V. Kaspruk, CEUR
Workshop Proc., 3039: 300 (2021).

K. H. Levchuk, T. M. Radchenko, and V. A. Tatarenko, Metallofiz. Noveishie
Tekhnol., 43, No. 1: 1 (2021) (in Ukrainian).

Ya. Kusyi, V. Stupnytskyy, O. Onysko, E. Dragasius, S. Baskutis, and

R. Chatys, Eksploatacja i Niezawodnos¢, 24, No. 4: 655 (2022).

Y. M. Kusyi and A. M. Kuk, J. Phys.: Conf. Series, 1426, No. 1: 012034 (2020).
V.I. Lavrinenko, G. D. Il’nyts’ka, and V. V. Smokvyna, J. Superhard Mater.,
33, No. 4: 261 (2011).

V. B. Kopei, 0. R. Onysko, and V. G. Panchuk, J. Phys.: Conf. Ser., 1426, No. 1:
012033 (2020).

P. Prysyazhnyuk, D. Lutsak, L. Shlapak, V. Aulin, L. Lutsak, L. Borushchak,
and T. Shihab, Eastern-European J. Enterprise Technol., 6, No. 12: 43 (2018).
I. P. Shatskyi, M. V. Makoviichuk, and A. B. Shcherbii, Shell Structures: Theo-
ry and Applications (Eds. W. Pietraszkiewicz and W. Witkowski) (London: CRC
Press: 2017), vol. 4, p. 594.

L. Ropyak and V. Ostapovych, Eastern-European J. Enterprise Technol., 2,
No. 5(80): 50 (2016) (in Ukrainian).

I. P. Shatskyi, L. Ya. Ropyak, and M. V. Makoviichuk, Strength Mater., 48,
No. 5: 726 (2016).

I. P. Shatskyi, V. V. Perepichka, and L. Y. Ropyak, Metallofiz. Noveishie
Tekhnol., 42, No. 1: 69 (2020) (in Ukrainian).

T. O. Pryhorovska, S. S. Chaplinskiy, and I. O. Kudriavtsev, Petroleum Explo-
ration and Development, 42, No. 6: 812 (2015).

K. G. Levchuk, SOCAR Proc., No. 2: 23 (2017).

V. Moisyshyn, I. Voyevidko, and V. Tokaruk, Mining of Mineral Deposits, 14,
No. 3:128 (2020).

R. M. Tatsiy, O. Y. Pazen, S. Y. Vovk, L. Y. Ropyak, and T. O. Pryhorovska,
J. Serbian Society for Computational Mechanics, 13, No. 2: 36 (2019).


https://doi.org/10.33271/mining13.03.127
https://doi.org/10.33271/mining13.03.127
https://doi.org/10.3390/s22197600
https://doi.org/10.1007/BF00851435
https://doi.org/10.1080/10910344.2016.1260429
https://doi.org/10.3390/en15010083
https://doi.org/10.15407/mfint.40.06.0795
https://doi.org/10.1080/17480930.2018.1530055
https://doi.org/10.1080/17480930.2018.1530055
https://doi.org/10.1007/s11003-017-0082-y
https://doi.org/10.2478/mspe-2020-0026
https://doi.org/10.15407/ufm.21.04.580
https://doi.org/10.15407/ufm.21.04.580
https://doi.org/10.15407/mfint.43.01.0001
https://doi.org/10.15407/mfint.43.01.0001
https://doi.org/10.17531/ein.2022.4.6
https://doi.org/10.1088/1742-6596/1426/1/012034
https://doi.org/10.3103/S106345761104006X
https://doi.org/10.3103/S106345761104006X
https://doi.org/10.1088/1742-6596/1426/1/012033
https://doi.org/10.1088/1742-6596/1426/1/012033
https://doi.org/10.15587/1729-4061.2018.150807
https://doi.org/10.1201/9781315166605-34
https://doi.org/10.1201/9781315166605-34
https://doi.org/10.1201/9781315166605-34
https://doi.org/10.15587/1729-4061.2016.65719
https://doi.org/10.15587/1729-4061.2016.65719
https://doi.org/10.1007/s11223-016-9817-5
https://doi.org/10.1007/s11223-016-9817-5
https://doi.org/10.15407/mfint.42.01.0069
https://doi.org/10.15407/mfint.42.01.0069
https://doi.org/10.1016/S1876-3804(15)30087-2
https://doi.org/10.1016/S1876-3804(15)30087-2
https://doi.org/10.5510/OGP20170200312
https://doi.org/10.33271/mining14.03.119
https://doi.org/10.33271/mining14.03.119
https://doi.org/10.24874/jsscm.2019.13.02.04

1234 B. M. MOVICHIIIH, A. T1. IBACIOTWH, JI. B. BOPUCEBIY, O. M. BUTBUITLKA

74.

75.

76.
7.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

0. Vytyaz, I. Chudyk, and V. Mykhailiuk, New Developments in Mining Engi-
neering 2015: Theoretical and Practical Solutions of Mineral Resources Mining
(Eds. P. Kharlashin, R. Kuzemko, and V. Sinelnikov) (CRC Press: 2015),

p- 591.

M. Dutkiewicz, A. Velychkovych, I. Shatskyi, and V. Shopa, Materials, 15,

No. 13: 4671 (2022).

A. S. Velichkovich, Chem. Petrol. Eng., 41: 544 (2005).

A. A. Bedzir, I. P. Shatskii, and V. M. Shopa, Int. Appl. Mech., 31, No. 5: 351
(1995).

I. Yo. Popadyuk, I. P. Shats’kyi, V. M. Shopa, and A. S. Velychkovych, J. Math.
Sci., 215, No. 2: 243 (2016).

V. M. Shopa, I. P. Shatskii, and I. I. Popadyuk, Sov. Eng. Research, 9, No. 3: 42
(1989).

I. P. Shats’kyi, V. M. Shopa, and A. S. Velychkovych, Strength Mater., 53: 277
(2021).

V.Royzman, I. Drach, and A. Bubulis, 21 Int. Sci. Conf.: Mechanika (2016),
p. 222,

V. Moisyshyn and K. Levchuk, Mining of Mineral Deposits, 10, No. 3: 65
(2016).

K. G. Levchuk, Metallofiz. Noveishie Tekhnol., 40, No. 5: 701 (2018) (in
Ukrainian).

V. Moisyshyn and K. Levchuk, Oil Gas Sci. Technol., 72, No. 5: 27 (2017).

I. P. Shatskii and V. V. Perepichka, J. Appl. Mech. Techn. Phys., 54, No. 6: 1016
(2013).

I. Shatskyi and V. Perepichka, Dynamical Systems in Applications (Ed.

J. Awrejcewicz) (Springer: 2017), p. 335.

I. Shatskyi, V. Perepichka, and M. Vaskovskyi, Theor. Appl. Mech., 48, No. 1:
29 (2021).

M. Dutkiewicz, T. Dalyak, I. Shatskyi, T. Venhrynyuk, and A. Velychkovych,
Appl. Sci., 11, No. 22: 10676 (2021).

I. P. Shats’kyi and A. B. Struk, Strength Mater., 41, No. 5: 548 (2009).

A. S. Velychkovych, A. V. Andrusyak, T. O. Pryhorovska, and L. Y. Ropyak,
Oil Gas Sci. Technol., 74: 2019039 (2019).

I. I. Vytvytskyi, M. V. Seniushkovych, and I. P. Shatskyi, Naukovyi Visnyk
Natsionalnoho Hirnychoho Universytetu, 28, No. 5: 29 (2017).

I. Shatskyi, I. Vytvytskyi, M. Seniushkovych, and A. Velychkovych, IOP Conf.
Series: Mater. Sci. Eng., 564: 012073 (2019).

I. Shatskyi, A. Velychkovych, I. Vytvytskyi, and M. Seniushkovych, Eng. Solid
Mechanics, 7, No. 4: 355 (2019).

C. Liao, B. Balachandran, M. Karkoub, and Y. L. Abdel-Magid, «J. Vibration
Acoustic, 133, No. 4: 041008 (2011).

Sunit K. Gupta and Pankaj Wahi, J. Sound Vibration, 375: 332 (2016).

M. Moisyshyn, B. Borysevych, and R. Shcherbiy, Mining of Mineral Deposits
(Eds. G. Pivnyak, V. Bondarenko, I. Kovalevs’ka, and M. Illiashov) (CRC Press:
2013), p. 359.

V.M. Moysyshyn, M. V. Lyskanych, L. V. Borysevych, and R. A. Zhovniruk,
Metallofiz. Noveishie Tekhnol., 42, No. 12: 1729 (2020).

V.M. Moysyshyn, M. V. Lyskanych, L. V. Borysevych, O. Yu. Vytyaz, and

1. 1. Voznyi, Metallofiz. Noveishie Tekhnol., 43, No. 5: 689 (2021) (in Ukraini-


https://doi.org/10.1201/b19901-102
https://doi.org/10.1201/b19901-102
https://doi.org/10.1201/b19901-102
https://doi.org/10.1201/b19901-102
https://doi.org/10.3390/ma15134671
https://doi.org/10.3390/ma15134671
https://doi.org/10.1007/s10556-006-0015-3
https://doi.org/10.1007/BF00846842
https://doi.org/10.1007/BF00846842
https://doi.org/10.1007/s10958-016-2834-x
https://doi.org/10.1007/s10958-016-2834-x
https://doi.org/10.1007/s11223-021-00286-y
https://doi.org/10.1007/s11223-021-00286-y
https://doi.org/10.15407/mining10.03.065
https://doi.org/10.15407/mining10.03.065
https://doi.org/10.15407/mfint.40.05.0701
https://doi.org/10.2516/ogst/2017024
https://doi.org/10.1134/S0021894413060163
https://doi.org/10.1134/S0021894413060163
https://doi.org/10.1007/978-3-319-96601-4_30
https://doi.org/10.1007/978-3-319-96601-4_30
https://doi.org/10.2298/TAM200615001S
https://doi.org/10.2298/TAM200615001S
https://doi.org/10.3390/app112210676
https://doi.org/10.1007/s11223-009-9165-9
https://doi.org/10.2516/ogst/2019039
https://doi.org/10.1088/1757-899X/564/1/012073
https://doi.org/10.1088/1757-899X/564/1/012073
https://doi.org/10.5267/j.esm.2019.6.002
https://doi.org/10.5267/j.esm.2019.6.002
https://doi.org/10.1115/1.4003406
https://doi.org/10.1115/1.4003406
https://doi.org/10.1016/j.jsv.2016.04.021
https://doi.org/10.1201/b16354-65
https://doi.org/10.1201/b16354-65
https://doi.org/10.1201/b16354-65
https://doi.org/10.15407/mfint.42.12.1729
https://doi.org/10.15407/mfint.43.05.0689

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

BATATO®AKTOPHI EMIITPUYHI MOJIEJII EHEPTTE 1235

an).

V.M. Mojsyshyn, O. M. Lyskanych, and A. I. Mas’ovs’kyj, Precarpathian Bul-
letin of the Shevchenko Scientific Society, No. 1 (29): 228 (2015) (in Ukrainian).
Guangjian Dong and Ping Chen, Shock and Vibration, 2016: 7418635 (2016).
D. A. Castello and T. G. Ritto, J. Sound Vibration, 547: 117537 (2023).
F.F.Real, D. M. Lobo, T. G. Ritto, and F. A. Pinto, J. Petroleum Sci. Eng., 170:
755 (2018).

V. 1. Gulyaev, S. N. Khudolii, and O. V. Glushakova, Strength Mater., 41: 613
(2009).

M. Kapitaniak, V. Vaziri, J. P. Chavez, and M. Wiercigroch, Mechanical Sys-
tems and Signal Processing, 100: 454 (2018).

Guangjian Dong and Ping Chen, Shock and Vibration, 2016: 7418635 (2016).
V.M. Moisyshyn, M. V. Lyskanych, R. A. Zhovniruk, and Ye. P. Majkovych,
Precarpathian Bulletin of the Shevchenko Scientific Society, No. 1 (53): 81
(2019) (in Ukrainian).

V.M. Moisyshyn, B. D. Borysevych, Yu. L. Havryliv, and S. A. Zinchenko,
Stiykist’ i Kolyvannya Buryl’noyi Kolony (Ivano-Frankivsk: Lileya-NV: 2013)
(in Ukrainian).

V.M. Mojsyshyn, A. P. Ivasjutyn, V. R. Procjuk, and I. I. Voznyj, Precarpathi-
an Bulletin of the Shevchenko Scientific Society, No. 1 (62): 75(2022) (in
Ukrainian).

V.M. Mojsyshyn and A. P. Ivasjutyn, Komp’yuterna Programa ‘Vyznachennya
Empirychnykh Rivnyan’ Regresiy (Programa ‘App. 1’ )’, Svidotstvo pro
Reyestratsiyu Avtors’kogo Prava na Tvir No. 115868 (January 17, 2023) (in
Ukrainian).


https://doi.org/10.1155/2016/7418635
https://doi.org/10.1016/j.jsv.2022.117537
https://doi.org/10.1016/j.petrol.2018.07.008
https://doi.org/10.1016/j.petrol.2018.07.008
https://doi.org/10.1007/s11223-009-9174-8
https://doi.org/10.1007/s11223-009-9174-8
https://doi.org/10.1016/j.ymssp.2017.07.014
https://doi.org/10.1016/j.ymssp.2017.07.014
https://doi.org/10.1155/2016/7418635
https://doi.org/10.31471/2304-7399-2019-1(53)-81-93
https://doi.org/10.31471/2304-7399-2019-1(53)-81-93
https://doi.org/10.31471/2304-7399-2022-17(64)-75-95
https://doi.org/10.31471/2304-7399-2022-17(64)-75-95




3acHoBHuK: HAIIIOHAJIbHA AKAJIEMISI HAVK YKPATHU, IHCTUTYT METAJIO®ISUKY IM. T'. B. KyP1ioMOBA HAH YKPATHI
Bupaseus: Bl « Akagemnepioguka» HAH Vipaiau

Ilepenmuarauii ingexc/Subscription index: 74312 ISSN 1024-1809

Indopmanisa qia nmepesIIaTHUKIB JKYPHAIY
«METAJIO®I3UKA TA HOBITHI TEXHOJIOI'TI»

Pepaxuis :kypuany MHT noBigomiisie yuTaduiB mpo mepeamiary (1[0 MOYMHAETHCH 3 OYAL-IKOro Mics-
usa Bunycky). JKypranx MHT Bxoauts 3a ingexkcom 74312 no «Karasory Bugaus YKpainu». PexomeH-
AyeMo OOPMUTH IlepeAIIiaTy
1) y BigaimeHHsAX moimToBoro 3B’s3Ky uepes meHTpasizoBane arenrctso IIIPIIB «IIPECA» (Byxa. I'eo-
pria Kupnu, 6yx. 22, 03999 Kui, Vkpaina; tenedaxcu: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406); e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) a6o
2) uepes Internet:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html? ___ SID=U
(mepenmtatanii ingexke MHT: 74312) a6o
3) GesmocepeaHim nmepepaxyBanusaM Big 170 rpu. 3a oxgus Bunyck n0 2040 rpH. 3a oquua Tom (12 Bumy-
CKiB Ha piK):
«OTPUMYBAYY»: Incruryr meranodisuku im. I'. B. KypmiomoBa HAH Ykpainu
Ha po3paxyHKoBU paxyHOK Ne UA058201720313291001201001901 B 6anky 'VIKCY B M. Kueni
Kop 6auky: 820172
Kopn equHOro mep’kaBHOTO pPeecTpy HiAIpUeMCTB i opranisaniit Ykpainu (EJPIIOY): 05417331
Huna «ITIOCTAYAJIBHUKA» — IncturyTry mMeranodisuku im. I'. B. Kyparomosa HAH Vkpaianu
CBiZonTBO MIaTHUKa NOJATKY Ha goxaHy BapricTh (IIIB) Ne 36283185, inamBiAyanbHU MOZATKOBUI
uomep (ITITH) 054173326066
Kop npusnauenna niatexy: 25010100
TIPUBHAYEHHSA IIJIATEXKY: 3a KypHan «Meranodisuka Ta HOBiITHI TexHojorii» (tom(u), HOMep(u),
pik(pokn)) ana PBB IM® HAHY
TIICTABA: nepegpomaara 100% .

INFORMATION FOR FOREIGN SUBSCRIBERS

Editorial Board of a Monthly Research Journal ‘Metallophysics and Advanced Technologies’
(transliteration: ‘Metallofizika i Noveishie Tekhnologii’) (CODEN: MNTEEU; ISSN: 1024-1809)
advertises the subscription on an annual basis. Orders should be placed through one of the methods
described below. Besides the subscription via the centralized service by State Enterprise ‘PRESA’
(28 Georgiy Kyrpa Str., UA-03999 Kyiv, Ukraine; faxes: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406 / 2487809; e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) or via Inter-
net:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___ SID=U
the Editorial Board will take orders sent directly to the Editorial Board. To obtain our journal, the
persons and institutions, interested in this title, should made the definite payment sent, according
to the order, to the account of the Publisher—G. V. Kurdyumov Institute for Metal Physics of the
N.A.S. of Ukraine.
The journal frequency is 12 issues per year. The annual subscription rate for ‘Metallophysics and
Advanced Technologies’ is 156 USD (or 132 EUR), including airmail postage, packing and handling
charges. All other-currency payments should be made using the current conversion rate set by the
Publisher (subscribers should contact the Editorial Board).
Subscription is valid after obtaining by the Editorial Board of banker’s order. Banker’s order
should be sent to the address:
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
currency account No. UA603223130000025308000000067, MFO 322313,
in the Kyiv’s Branch of JSC ‘The State Export-Import Bank of Ukraine’ (Public Joint Stock Com-
pany ‘Ukreximbank’) (11° Bulvarno-Kudryavska Str., UA-04053 Kyiv, Ukraine)
simultaneously with written notice providing the Editorial Board with a copy of banker’s order for
subscription and detailed address for mailing.
Prepayment is 100% .
Address of the Editorial Board: G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine.
E-mail: mfint@imp.kiev.ua (with subject beginning by word ‘mfint’)
Fax: +380 44 4242561. Phone: +380 44 4249042.
After receiving of banker’s order, the Editorial Board will send the guarantee letter to the sub-
scriber’s address for mailing the journal for a corresponding term.

The Editorial Board of this journal hopes for effective co-operation with its present and future
readers and requests to promote the maximum information about its contents to persons and organ-
izations concerned.


mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U

	MNT_Cover_2023_10
	MFiNT_First page
	Metallofiz. Noveishie Tekhnol. 2023, vol. 45, No. 10_Akademperiodyka
	CONT_45.10._v2 ВАТ
	MNT_INFORMATION_V-VIII
	01_MARTYNENKO (1)
	02_GAURAV
	03_KIRIAN
	Belka 1178
	04_LARBAOUI
	Belka 1188
	05_GAIDAMAK
	06_MOISYSHYN

	Belka 1188
	MFiNT_Last page



