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On the Nature of Positive Hydrogen and Nitrogen Effects
on Fatigue of Austenitic Steels

V. G. Gavriljuk, V. M. Shyvaniuk, and S. M. Teus

G.V.Kurdyumov Institute for Metal Physics N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The hydrogen and nitrogen effects on fatigue life of austenitic steels are dis-
cussed using the ab initio calculations of electron structure, analysis of atom-
ic distribution and dislocation substructure. As shown, both elements in-
crease the concentration of free electrons in the f.c.c. iron softening thereby
the crystal lattice, decreasing specific energy of dislocations and increasing
their mobility. As a result, the dominant occurrence of short-range atomic
order in the metal solid solutions causes localization of plastic deformation
and consequent formation of dislocation slip bands. A combination of these
factors realizes in the localized reversible planar slip of dislocations, which
prevents their intersection with nucleation of submicrocracks and decreases
the crack growth rate during fatigue tests, i.e., prolongs the fatigue life.

Key words: austenitic steel, fatigue life, hydrogen, nitrogen, interatomic
interactions, dislocations.

Bnyue BogHIO Ta a30Ty Ha BTOMHICTH ayCTEHITHUX KPUIlhL aHAJIi3yeThcsa 0asy-
ounch Ha ab initio po3paxyHKaxX eJIeKTPOHHOI CTPYKTYPH, OJIU3BKOMY aTOMO-
BOMY MOPAIKY i AUCIOKaIifiHiil cTpyKTypi. Ogep:kaHo, 1110 o6uaBa eJIeMeHTH
MiABUIIYIOTh  KOHIIEHTpaIlifo BimbHuMX  emexkTpouiB B  ['T[K-zamisi,
oM’ AKITYIOUYN KPUCTANIUYHY I'PATHUIIO, 3SMEHIITYIOUN TUTOMY €HEepTiio AMCIIO0-
Kalliii Ta 36iJIbIIYyIOUM iX PyXOMicTh. 3a HASIBHOCTi 6JIM3BKOTO aTOMOBOTO TO-
PAAKY TBepJIOMY PO3UMHI Ile IPUBOAUTD 0 JOKaJizallii miaacTuanoi gepopma-
mii i popMyBaHHIO AUCIOKAIIMHNX CMYT KOoB3aHHsA. Kom0OiHAIliS ITUX YMHHU-
KiB peasidyeThca y JIOKAJIi30BaHOMY 3BOPOTHBOMY ILIAHAPHOMY KOB3aHHIO
OUCJIOKAIIil, 110 MIPOTHUIi€ IX B3A€MHOMY II€PETHHY i3 3apOAKeHHSIM CYOMiK-

Corresponding author: Valentyn Gennadiyovych Gavriljuk
E-mail: gavr@imp.kiev.ua

Citation: V. G. Gavriljuk, V. M. Shyvaniuk, and S. M. Teus, On the Nature of Positive

Hydrogen and Nitrogen Effects on Fatigue of Austenitic Steels, Metallofiz. Noveishie
Tekhnol., 44, No. 11: 1395-1405 (2022). DOI: 10.15407/mfint.44.11.1395

1395


mailto:gavr@imp.kiev.ua
https://doi.org/10.15407/mfint.44.11.1395
https://doi.org/10.15407/mfint.44.11.1395

1396 V.G.GAVRILJUK, V. M. SHYVANIUK, and S. M. TEUS

POTPIillIH, 3MEHIIYIOUM THM CAMHUM HIBUAKICTH POCTY BTOMHOI TPiIllMHU B
MpOoIleci ITUKJIIYHOTO MeXaHIYHOTO HaBaHTAKEeHHS.

KarouoBi croBa: aycreHiTHA Kpulisg, BTOMa, BOJEeHb, a30T, Mi»KaTOMOBi B3ae-
MoOgii, fucaoKaIrii.
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1.INTRODUCTION

While studying hydrogen effect on fatigue of the gaseous hydrogen
charged AISI type 304 and 316L austenitic steels using the compres-
sion-tension tests, Murakami et al. [1] found out the unexpected phe-
nomenon of hydrogen-increased fatigue life. For example, see Fig. 1,
the hydrogen-caused accelerated growth of the fatigue crack in steel
304 containing 23.9 wt.ppm of hydrogen was replaced by its slowing
down with further increase of hydrogen concentration. The authors
interpreted this result in terms of hydrogen-caused softening-
hardening supposing the pinning of dislocations by hydrogen atoms
located at dislocation core and the increase in their mobility when dis-
locations are released from hydrogen.

According to this model, hydrogen atoms diffuse into the zone of high
hydrostatic tensile stresses ahead of the crack tip and, before their
trapping by dislocations, enhance dislocation mobility causing slip lo-
calization. Outside the plastic zone, hydrogen produces the increased
yield stress pinning the dislocations and, thereby, blocking the en-
largement of plastic zone and retarding the growth of fatigue crack.

Discussing this interpretation, it is worth noting that all available
data on the hydrogen-induced hardening in iron and austenitic steels
were obtained using the only electrochemical hydrogen charging; see,
e.g., [2—5]. However, as shown by Mogilny et al. [6, 7], electrochemical
charging is accompanied by plastic deformation, which causes harden-
ing, whereas the hydrogen-induced softening occurs in the case of gas-
eous hydrogenation[7, 8].

A quite different interpretation was proposed by Kirchheim [9]
based on his concept of formation and motion of kinks under the effect
of mobile solute atoms. According to Kirchheim, two factors control
the strain rate: time 1, for double kink generation and time t,, needed to
move the kinks to the ends of a dislocation segment. Solute atoms seg-
regated at dislocations reduce the energy for kinks formation and,
therefore, decrease t,. On the condition of t, < 1, still being valid, it
leads to the increased strain rate, i.e., to softening. With increasing
contents of solutes, they enhance the dragging force on the moving
kinks, which increases t,, and results in t, > 1. In the case of austenitic
steels supersaturated by hydrogen atoms, their drag on the kinks dom-
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inates over hydrogen-caused enhancement of kink formation leading
to the decreased strain rate, i.e., to the hardening.

However, the Peierls relief is rather shallow in the f.c.c. crystal lat-
tice of austenitic steels. Moreover, hydrogen causes a further decrease
of the Peierls relief, see [10, 11] for hydrogen in iron, so that for-
mation of kinks on the dislocations becomes insubstantial. For exam-
ple, just for this reason, the Snoek—Koster relaxation interpreted by
Seeger [12] as formation and motion of paired kinks does not occur in
the f.c.c. metallic solid solutions including austenitic steels. The ex-
ceptional case, see [13], is the hydrogen S—K relaxation in nickel hav-
ing the high stacking fault energy, SFE, of = 120-130 mJ/m?[14] and,
consequently, narrow dislocations where kinks are easily formed.

Moreover, because of the shallow Peierls relief, mobility of disloca-
tions under applied stress in the f.c.c. metals are controlled by their
intersections, not by kink formation and motion, see, e.g., Seeger’s
theory for the yield stress in the f.c.c. crystals [15, 16] and its experi-
mental confirmation for austenitic steels by Obst and Nyilas [17], Nyi-
las et al. [18], Gavriljuk et al. [19] and for Cu, CuNiMn and AIMgMn
alloys by Obst [20].

A more appropriate analysis of hydrogen effect on the fatigue life of
austenitic steels can be performed taking into account a specific char-
acter of plastic deformation during the fatigue tests. Margolin et al.
[21] were possibly the first to analyse the fatigue crack initiation in the
compression-tension tests depending on the dislocation slip character.
The reversed cycling during fatigue tests produces formation of folds
accompanying the wavy slip in Cu and Al, whereas these folds disap-
pear in the case of Cu—7.5Al alloy characterized by the planar slip
mode. As a result, the reversible gliding of dislocations on the same
slip planes is accompanied by the annihilation of dislocations having
the opposite signs.

The planar slip of dislocations and formation of parallel slip bands is a
feature of the cold worked hydrogen-charged austenitic steels. Just the
same dislocation substructure is formed in the nitrogen austenitic steels
during plastic deformation, see, e.g., [22]. This similarity in the pro-
duced dislocation substructure makes reasonable the comparison of hy-
drogen and nitrogen effects on the fatigue crack rate in austenitic steels
searching for a reason of the prolonged fatigue life in both cases.

2. FATIGUE CRACK LIFE AND FATIGUE STRESS
IN NITROGEN AUSTENITIC STEELS

Like hydrogen effect detected by Murakami et al. [1], the fatigue crack
propagation rate da/dN with the crack length a and cycle number N
measured at 295 K in the AISI 304 type steel Cr18Nil0 steel was earli-
er found to decrease by Tobler and Reed [23] with increasing nitrogen
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content from 0.039 to 0.240 wt.% . The residual carbon content in the
several studied heats statistically varied between 0.028 and 0.094
wt.% and did not dominantly change the effect of nitrogen.

The opposite nitrogen effect, namely the nitrogen-increased crack
propagation rate was observed by Tobler and Reed in the tests per-
formed at 76 K and 4 K, where the y > o and y—¢ transformations oc-
curred. In contrast to these data, Vogt et al. [24] observed a decreased
crack propagation rate with increasing nitrogen content from 0.033
wt.% in austenitic steel 316L to 0.235 wt.% in the more stable steel
316LN, see comparison of the data mentioned by Tobler and Reed and
Vogtin Fig. 2.

The nitrogen-increased low temperature fatigue life was also
demonstrated by Nyilas et al. [18] by comparing the crack propagation
rate in the high nitrogen austenitic steel CSUS-JN1
(Cr25Ni15Mn4N0.35) and in the low nitrogen steel 316LN
(Cr17Nil3Mo3NO0.15), see Fig. 3.

These studies were continued by Taillard and Foct [25] and
Degallaix et al. [26] combined with a thorough analysis of dislocation
substructure in steel AISI 316 alloyed with 0.08 or 0.25% of nitrogen.
Presented in Fig. 4 are their fatigue stress data at two levels of strain

Type 304 steel, o =280 MPa

¢ — [ ]
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Curve A( O)
m O A Uncharged, 1Hz L
2500 + . / (2.2 wt.ppm) °
| o Curve B( m )
- ] H-charged, 1Hz L4
g 2000 - . O A — (239 wtppm) ]
= m © Curve C ( A ) ®
N fo) A H-charged, 1Hz
=] n (70.4 wt.ppm) °
B 15001 o0 A=
g o Curve C(®) ®
= =5 H-charged, 1Hz [ ]
—é "5 a (89.2 wt.ppm) °
& 10004 m 9 f 4
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I 4
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Fig. 1. Effect of hydrogen content on fatigue crack growth as redrawn from
Murakami et al.[1].
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Fig. 2. Nitrogen effect on the fatigue crack growth rate at 77 K in steel
Cr18Nil0 after Tobler and Reed [23] and steel Cr17Nil4Mo2 after Vogt [24].

amplitudes and characteristics of ensembles.

At the strain amplitude of 2%, softening of the nitrogen steel starts
already above 10 cycles of the tests, whereas hardening continues up to
the end of fatigue life if the steel is insignificantly alloyed with nitro-
gen. The observed softening is promoted by the dense planar disloca-
tion arrays which can just be expected for reversible cyclic slip.

The presented data allow to see that hydrogen effect against hydro-
gen embrittlement found by Murakami et al. [1] is identical to that in
the nitrogen austenitic steels. One can suppose that, in the both cases,
it is caused by the reversibility of dislocation slip during fatigue tests
provided that slip planarity occurs.

3. CONDITIONS FOR REVERSIBILITY
OF PLASTIC DEFORMATION DURING FATIGUE TESTS

To shed light on the nature of crystal lattice softening, the hydrogen
and nitrogen effects on atomic interactions was studied using ab initio
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Fig. 3. Fatigue crack growth rate versus stress intensity factor at 12 K in
steels Cr25Nil15N0.35 (filled circles) and AISI 316LN (solid line). After Nyi-
laset al.[17].

calculations of the electron structure in the iron.

Calculated were the atomic clusters containing 32 iron and 1 hydro-
gen or nitrogen atoms. As hydrogen induces ferromagnetism in the
f.c.c. iron, the calculations for the Fes:H system were performed tak-
ing into account the spin polarization, see [27] for details. Important
for the interpretation of nitrogen- and hydrogen-caused softening is a
similar effect of hydrogen and nitrogen on the electron structure of
austenitic steels, see Fig. 5.

As follows from these calculations, see the bound states at the bot-
tom of the d band, the binding between interstitial and iron atoms is
provided by the overlapping of Fe-3d and H-1s electrons for the Fe—H
bonds and Fe-3d and N-2p electrons for the Fe—N bonds. The most sig-
nificant is that, in contrast to the effect of carbon [28], the density of
electron states at the Fermi level increases by hydrogen and nitrogen,
see insets in the upper corners of Fig. 5.

This result suggests an increase in the concentration of free elec-
trons, which was earlier observed in the experimental measurements
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Fig. 4. Fatigue stress versus number of cycles for two austenitic steels with
nitrogen contents 0.08 (dashed lines) and 0.25 mass% (solid lines) tested at
ambient temperature with the strain amplitudes 0.6 and 2 (2.5)% . Dislocation
substructures formed at different stages of fatigue tests are characterized in
rectangles. Modified from Taillard et al. [25] and Degallaix et al. [26].

for hydrogen [29] and nitrogen [30] in the austenitic steels. The conse-
quent weakening of interatomic bonds decreases the specific energy of
dislocations, i.e., their line tension, which enhances mobility of disloca-
tions. These hydrogen and nitrogen effects on the atomic interactions
are confirmed by the increased Snoek—Koster relaxation strength in
the iron-based interstitial solid solutions; see, e.g., [31], and by the en-
hanced strain dependence of internal friction; see, e.g., [32].

The local increase of metallic character of interatomic bonds within
the hydrogen or nitrogen atmospheres around the dislocations com-
pensates the generally harmful effect of interstitial atoms and acceler-
ates dislocation movement. Just for this reason, as shown in Fig. 1, a
small amount of hydrogen, 23.9 wt.ppm, blocks dislocations and as-
sists embrittlement, whereas the further increase of hydrogen concen-
tration becomes sufficient for improving plasticity.

Thus, the softening of the crystal lattice caused by the increased
concentration of free electrons is a common feature of hydrogen- and
nitrogen-doped iron alloys. At the same time, the planar slip of disloca-
tions in the hydrogen-charged and nitrogen-alloyed austenitic steels
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has a quite different origin. The hydrogen-caused formation of slip
bands is often attributed to a decrease in the stacking fault energy re-
ferring to the measurements performed by Pontini and Hermida [33]
in their x-ray diffraction studies of the 304 type austenitic steel and by
Ferreira et al. [34] based on the in-situ TEM observations of a 310S
steel. The former authors obtained a decrease in the SFE of ~ 40% at
the hydrogen content of 18 ppm, while the latter reported the hydro-
gen effect of = 20% at its pressure of 40 Torr. The expected result
amounts to easing the movement of split dislocations in their slip
planes and retarding the cross slip. However, it remains unclear why
the separate parallel slip planes should be accumulated into the slip
bands.

A more realistic mechanism for localization of plastic deformation
was proposed by Gerold and Karnthaler [35], according to which the
short-range atomic order is responsible for the localized slip of disloca-
tions regardless the stacking fault energy decreases or increases.

Relating to the hydrogen effect in austenitic steels, the inherently
existing short-range atomic order, namely the short-range decomposi-
tion of the f.c.c. iron-based solid solutions, results in localization of

.E 6.3 N
- = b by 3 $
_éﬂa_‘\j ,39-& é% spin up
— 404 @ ", F ™ $
T‘J ] i:‘ 5.7 \.\ *0-_\0.\ g Qf%o #
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E C 27 r
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a

Fig. 5. Effect of hydrogen (a) and nitrogen (b) on the density of electron states
at the Fermi level in the f.c.c. iron. The spin polarization, spin up and spin
down, was taken into account during the calculations of electron structure of
the Fe—H system. The situation at the Fermi level is shown in the insets on the
both Figures.
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Continuation of Fig. 5.

plastic deformation which is merely enhanced by hydrogen due to its
different solubility in the submicrovolumes of different chemical com-
positions and, consequently, the increased mobility of dislocations in
those of locally higher hydrogen concentration, see about details Gav-
riljuk et al. [36].

Slip planarity in the nitrogen austenitic steels is caused by the ni-
trogen-induced short range atomic ordering which is characterized by
the prevailing nearest neighbourhood of the atoms of different kinds;
see, e.g., [37] about a correlation between the short-range atomic order
and the electron structure. Despite the difference in the kinds of short-
range atomic order, the slip bands in the both nitrogen and hydrogen
cases are formed because the atomic order is destroyed by the first
emitted dislocations so that movement of the next dislocations within
the same areas requires a smaller expended energy.

It is also worth noting that Cu—Al solid solutions, where Margolin et
al. [21] noted slip planarity, are also characterized by the short-range
atomic order with formation of highly ordered atomic configurations
including even separate SRO domains; see, e.g., Epperson et al. [38].

Therefore, the high concentration of free electrons in combination
with the short-range atomic order cause the slip planarity and en-
hanced dislocation mobility, which finally results in the prolonged re-
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versible cyclic deformation.

4. SUMMARY

A decrease in the fatigue crack growth rate by hydrogen and nitrogen
in austenitic steels is caused by reversibility of plastic deformation
combined with localization of dislocation slip. Among possible mecha-
nisms of the localized slip enhanced by hydrogen and induced by nitro-
gen, the short-range atomic order seems to be the most realistic. The
reversible slip of dislocations is facilitated by softening of the f.c.c.
crystal lattice caused in turn by the increase in the concentration of
free electrons due to alloying of the iron-based solid solutions with ni-
trogen or charged with hydrogen.
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OcoobauBocTi hopmMyBaHHS cyab(diTHUX ILTiBOK HA MMOBEPXHi
kpuii 17I'1CY y cipkoBogHEeBMiCHHX cepegoBHIIAX

M. C. Xowma, H. B. Panska, X. B. Bacuuis, B. M. Jlariko

Disukxo-mexarnivnuil incmumym im. I'. B. Kapnenka HAH Ykpainu,
sys. Hayroea, 5,
79060 Jlveis, Yrpaina

IIpoanasrizoBaro ocobJymBoCTi (popMyBaHHA CYJAb(PIIHMX IJIIBOK Ha IIOBEpPXHi
Kpuri 17T1CY micas exkcmosuiii 150, 480 Tta 720 roguH y XJI0pUIHOAIETATHO-
My po3uuHi 3a pisHOI KOHIlEHTpalil cipkoBogHI0. IlocaimKeHO BILIUB BMicCTy
ciprosozuio (100, 500 i 1500 mr/am?%) y KOPO3UBHOMY CepefoBUILI Ha XapaKkTep
Kopo3sii i maBogHIOBaHHA Kpuili. MeTom00 BaKyyMHOI €KCTpPaKI[ii BOJHIO BU-
ABUJIN, 1[0 00°eM Au(PY3iiHO aKTUBHOIO BOAHIO 3HAUHO OiIBINNHI, HiXK 3aJIHIII-
KoBoro i cranoBuTh 70—-80% . BecTanoBiaeHo, 110 3i 30iIbIIIeHHAM €KCIO3HUILil
Kpui Big 150 mo 720 rogux 3arajbHa KiTbKicTh a6COPOOBAHOIO BOAHIO 3POCTAE
3a KOHIIEHTpAaIii CipKoBOAHIO y KOopo3uBHOMY cepegosuirii 100 mr/am? v 2,8 pa-
3u, 3a 500 i 1500 mr/am3 — y = 1,6 pasu. Po3BuUTOK KOpo3il 3a/1eKuTh Bif BMic-
Ty CipKOBOJHIO, TPMBAJOCTH BUTPUMKU KPHUI[i Ta BU3HAYAETHCS IIPUPOIOIO Cy-
JAb(PiTHUX IIIIBOK, 10 (hOpMYIOThECA Ha TOBepxXHi. BeTanoBIIeHO, 1110 32 KOHITEH-
Tpanii ciprosogao 500 Mr/am® micaa ekcnosuiii 480 roauH HA IOBEPXHi yTBO-
pIOIOThCA BOAHEM iHiIifioBaHi TpimuuM, a iX KiJTbKicTh icTOTHO 3pocTae 3i 30i-
abiteHHASM BMicTy HoS i yacy BUTPpUMKM KPHUIli y KOPO3UBHOMY CEPEIOBUIIII.

Karouosi cioBa: cynndigHi miriBku, cipKkoBogeHb, TPyOHA KPUIA, HABOMHIO-
BaHHS, CipKOBOJHEBa KOPO3is.

The peculiarities of the formation of sulphide films on the surface of 17T'1CY
steel after exposure for 150, 480, and 720 hours in a chloride-acetate solution
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with different concentrations of hydrogen sulphide are analysed. The influ-
ence of the content of hydrogen sulphide (100, 500 and 1500 mg/dm?) in a
corrosive environment on the nature of corrosion and flooding of steel is
studied. Using the method of vacuum extraction of hydrogen, it is found that
the volume of diffusion-active hydrogen is much larger than that of residual
hydrogen and amounts to 70-80% . As established, with an increase in the
exposure of steel from 150 to 720 hours, the total amount of absorbed hydro-
gen increases by 2.8 times at a concentration of hydrogen sulphide in a corro-
sive environment of 100 mg/dm3, by = 1.6 times at 500 and 1500 mg/dm?3.
The development of corrosion depends on the content of hydrogen sulphide,
the duration of exposure of the steel and is determined by the nature of the
sulphide films formed on the surface. As established, at a concentration of
hydrogen sulphide of 500 mg/dm? after exposure for 480 hours, hydrogen-
initiated cracks form on the surface, and their number increases significant-
ly with an increase in the H2S content and the time the steel is exposed to a
corrosive environment.

Key words: sulphide films, hydrogen sulphide, pipe steel, flooding, hydrogen
sulphide corrosion.

(Ompumano 28 runus 2022 p.; ocmamour. eapiaum — 16 cepnnsa 2022 p.)

1. BCTYII

IIpamesgaTHicTh oOJagHAHHS Ha(TOrasoBoi IIPOMHCJIIOBOCTH CYTTEBO
MMOHMKYETHCA 3a IMMPUCYTHOCTH Yy POOOUMX CEpPemoBHUINAX CipKOBOTHIO,
AKUY cripusae pyHHYBaHHIO MeTaJIeBUX KOHCTPYKIIifl B pe3yabTaTi ejiek-
TpoxXeMiyHOI Ta XeMiuHOI KOpo3ii, a TaKOyX BOJHEBOI'O0 OKPUXUYEHHI.
CTymiHb arpPeCUBHOCTH TEXHOJOTIUHUX CEePemOBUIL], BU3HAUAETHCA IIPU-
CYTHICTIO Yy HbOMY ¥ iHITNX KOPO3iHUX JOMIIIIOK, 30KpeMa ByTJIEKUCIIO-
ro ra3y, XJOpOpraHiuHmX cmoayk ToIo [1, 3—5]. OgauM i3 ocHOBHUX
YMHHUKIB, 1110 BILIMBAIOTh HA KiHETUKY CipKOBOHEBOI KOpO3il i hopmy-
BaHHA CYyJb(PiTHNX ILIIBOK, € KOHIIEHTPAIlisd CipKkoBOAHIO. BpaxoByounu
BILIMB CiPKOBOJIHIO Pi3HOI KOHIIEHTPAIlil Ha XapaKkTep (OpMyBaHHS IIPO-
IYKTiB Kopo3ii Ha moBepxHi Kpuii 17T'1CY moxxHa mepexndaunTy Hebdes-
eKy PYMHYBaHHA TPYOHUX CHCTEM IIiJ Uac TPAHCIIOPTYBAaHHSA KOPO3UB-
HUX CepeIOBUIII.

3aJIe)kXHO Bil XapaKTepHCTUK CepegOBUIIA i BIaCTUBOCTEH KPUILi, Ta-
KUX AK (Pa3oBUM CKJIAL, CTPYKTypPa, HAABHICTh AOMIIIOK, KiJbKicTh i
MopgoJiorid HeMeTajleBUX BKJIOUYEHBb, (DOPMHU KOPO3iiHUX pyHHYBaHb
MOJKYTBH OyTH PisHMMU: 3arajbHa i TOUKOBa KOpo3ida (miTuHr), Koposia y
BUTJIALL IIPOTAKHUX KAaHABOK, KOPO3iiiHe po3TpicKyBauusA, BIOipKOBa
Kopo3ia Ta in. Bimomo, 110 JIOKaJIbHA KOPO3id KPUILL CYIIPOBOIKYETHCS
HABOJHIOBAHHAM METAJY HABKOJIO 3aPOAKiB BUPA30K, IKi MPUBOAATH 10
ii oKpUXUyBaHHS, AKe IIOJETIIYe 3aPOIKeHHA i PO3IOBCIOAYKEHHS TPi-
miuH. [IpoTe mpupoay KOPO3ifiHOro MOIIKOAKeHH A II0OBEPXHI KpuIli, 30-
KpeMa y cepeaoBUINaX i3 PisHMM BMiCTOM CipKOBOJHIO Ta ITiCJId TPUBA-
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JI0i eKcILTyaTailii Tpyo BUBUEHO HEJOCTATHLO. ToMYy JOCTiAKeHHI KOPO-
3iliHUX ImpoIleciB TPyOHOI KPHUIIi 3a BILIMBY CipPKOBOIHIO aKTyaJIbHi, IO
CIIPUATUME IIOJINIIIEHHI0 ITPOTUKOPO3iMHOTO 3aXUCTy HPOMUCIOBUX
Tpy0 i JacTh 3MOT'y MPOTHO3YBATH iX eKCIIyaTalliliHu# pecypc.

Meta pob60TH — BUBUMTHU BILINB KOHIIEHTPAIlil CipKOBOIHIO ITiCJIsS Pis-
HOi ekcmosuitii Kpuiri 17I'1CY y xJopuaHoaleTaTHOMY PO3UMHI Ha 0C00-
JuBOCTi h)opMyBaHHA CyJAb(GiIHUX IJIIBOK Ta OI[iHUTHU XapakTep ii Kopo-
3ii.

2. METOOJUKA ERKCIIEPUMEHTAJBHUX TOCJIIIAKEHD

Hocmimxenta mpoBoguau Ha 3paskax kpuili 17T1CY (pucyHok 1) pos-
Mipom 25x20x9 MM micia ekcmoautii 150, 480 Ta 720 roguH y po3unHi
5% NaCl+0,5% CH3;COOH (pH=2,9) 3 KoHIleHTpaIli€l0 CiPKOBOIHIO
100, 500, 1500 mr/am?, BigxuIeHHA BiJ KOHIEHTpPAIlil CKIamaao He 6i-
abitre 10% .

IIpogyKTu KOpo3ii micjsa BUTPUMKHM Y CipKOBOJHEBOMY CepPeIOBUIIT i3
MIOBEPXHi KPUIh 3aUUINAIN, 3Ppa3Ky IPOMUBAJINA BOAOIO i peTeJbLHO BU-
CYIITyBaJIU.

CipkoBoaHEeBi PO3UMHU TOTYBaJU, MPOIYCKAIOUYM Ta30BYy CYMIIll cip-
KOBOJHIO Ta aproHy BiATIOBiAHMX KOHIIEHTPAIIill uepes poOOUMIAl PO3ULH;
eKCIIePUMEHTH HmoumHaJu micas 2 rogmu 6apooryBaHHsa. CipKoBomeHb
olep:KyBaJIHU TigpoJisoM cyb(pimy aJaioMiHiIO, IITO rapaHTyBaJIO HOIO
ypucToTy. KOHIIeHTpAI[il0 CipKOBOAHIO B PO3UMHI BU3HAUYAINA (DOTOKOJIO-
PUMETPUYHOI0O METOAOK 3 BHKOpuUcTaHHAM N, N-mTuMeTuJj-n-
(eminenmiaminy sa ioro Bmicty y 50 Mr/am?® Ta #0ZOMETPUUYHOIO — 34

i
‘ :é‘!
‘%i

Puc. 1. MikpocTpyKkTrypa Kpuii 17T1CY.
Fig. 1. Microstructure of 17T'1CY steel.
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Buniux KoHeuTpamnii ('OCT 22387.2-97).

MeTomo010 BaKyyMHOI €KCTPaKI[ii BCTAHOBJIIOBAJIU KIJIbKiCTb AuQPY-
3iHfHO aKTHBHOI'O BOAHIO B KPUILAX, 1110 AecopoyeTrbess mpu 200°C (Cqoo),
sdanumikoBoro (Cseo), AKMi mecopbyerbesa npu 800°C i cymapumit ix
BMmicrt (Cs).

Hia meranmorpadiuHmX AOCTilKeHb BUKOPUCTOBYBAJIN OINTUUYHUMN
Mmikpockor METAM PB-2, ocHallleH1nit KaMepoIo i3 BUBeJeHHAM Ta (pik-
carieo 300paskeHb HA MOHiTOpi. ['MTOMHY KOPO3iiiHOTO yparkeHHA BU-
3HayaJiu Ha MeTajiorpagiunomy 1nurigi 3a gomomoroio Mikpockotna. Ilo-
XMOKa BUMIpIOBaHHS TJIHMOMHM KOPO3iMHOrO ypasKeHHA He OiabIile
+10%.

3. PESYJIBTATH JOCJJIIKEHHA TA IX OBTOBOPEHHS

Y cipxoBomgHEBMiCHOMY cepeqoBUIIlI Pi3HOI ar'peCMBHOCTH HA IIOBEPXHi
TpyoHoi Kpuiii 17T'1CY posBuBaeThca HepiBHOMiIpHA KOopo3is. Bizyauab-
Ha aHaJiza 3paskiB Kpuili micas ekcmosuiii 150 rogmu y XJOPHUIHO-
aIeTaTHOMY PO3UMHI IIOKasaja, III0 He3aJeKHO Bil KOHIIeHTpaIrii cip-
KOBOJHIO, X IIOBepXHs HaOyBae TeMHOTro 3a0apBJIEHHS B Pe3yJbTaTi
YTBOPEHHS CYIJILHUX CYJAb(QigZHMX IIiBOK 3i ciabKoio aaresiero, aKi
JIETKO BUAAJISAIOTEC. IIpoayKkTi KOposii cKJIamaThCsa 3 KOMIIO3UIIil Cy-
abdini rpoismit—marinaiBit (FeS—Fe1..S) [5, 7], posamip ix kpucrasmiTis
cTaHoBUTL 10 20 HM i BOHU AEIo raJbMyIoTh audysito BogHio (puc. 2,
a).

3i 30iIbIIIeHHAM TPUBAJOCTH BUTPUMKN Kpuili 10 480 rogmH Kopo-
3itiHi mpomecu iHTeHCU(PiKYIOTHCA, IO IIOB’I3aHO i3 POPMYBAHHAM He-
IIIIBHUX PUXJINX IPOAYKTIB KOpo3ii, aAKi micTaATh Kau3ut FeySs i3
yTpuui 6iabimuM po3mipom kpuctaiiTis [7]. Koposifizi mpomecu mposas-

a 6-' ‘ 6

Puc. 2. Mikpogororpadii mosepxHi kpuii 17T'1CY micisa exkcmosuirii 150 (a),
480 (0) i 720 roguH (8) y XJIOPUIHOAIIETATHOMY PO3UYMHI 3 KOHIIEHTPAIII€IO Cip-
kosogHIo 1500 mr/am3 (x50).

Fig. 2. Photomicrographs of the surface of 17T'1CVY steel after exposure for
150 (a), 480 (6), and 720 hours (8) in a chloride-acetate solution with a hydro-
gen sulphide concentration of 1500 mg/dm? (x50).
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JIAIOTHLCS He3HAUHO 3a BMicTy cipkoBoguio 100 mr/am3. 3a KoHIleHTpAaIrii
ciproBoguio 1500 Mr/amM? Koposisa Kpulli Mae GiabIn BUPAKeHN XapaK-
Tep, Hixk 3a 500 Mr/aM?, Ha IIOBEPXHIi CIOCTEPIraloThHCA MOOAUMHOKI ITy-
XHUPi, ITT0 € 03HAKOIO IPOHNKHEHHA BOAHIO B INIMOMHY Kpuiti (puc. 2, 6).

ITicna excomosuirii 720 roguH Mo BCili MOBepXHi 3pasKiB KPHUIli yTBO-
POIOTHCA OLIBINT PUXJIiI IPOAYKTH KOPO3ii y cepegoBHUIIi 3a BMicTy cip-
koBogH0 500 mr/am?® i B Ginbiniit mipi sa 1500 mr/am® (puc. 2, 8). 3a
koHmeHTpaii 100 mr/am® cyTTeBuX 3MiH HA IIOBEPXHI He BUABWIIM.
BceranosiaeHo, 1o 3i 30iJMbIIEeHHAM KOHIEHTPAIlil CipKOBOIHIO BHIA-
JeHHS IIPOAYKTIB KOposii yCKIagHIOEThCA. 3HAUHE HABOIHIOBAHHS
Kpuii 3a BmicTy ciprosoguio 500 mr/am?® i 1500 mr/am? 3a6esneuyeTnes
(opMyBaHHAM ILIIBOK CyJabQPiAiB 3 HiABUIIIEHNM BMiCTOM KaH3UTY, AKi
BigirpaioTh poJb pe3epByapiB BOMHIO, IO MPUIIIBUAIIIYE H0r0 abcopOiIrito
meTajiom [6].

Ilicna BumaneHHA Cyab(iIHMX MJIIBOK Ha IIOBEPXHi 3paskiB KpHILi
BUSBJIEHO IIOMIKOIKEHHSI BHACIAOK IIiJIIOBEePXHEBOI KOPO3ii, mpumuomy
3i 30iIBIIIEHHAM KOHIIEHTPAIlil CIDKOBOAHIO Y XJIOPHUAHOAIIETATOMY PO3-
YMHI iX KiJIbKicTh 3pocTae. 30KpeMa, Micaa BUTPUMKM KPHUIi BIIPOTOBIK
150 roguH Ha MOBEepPXHi 3pas3KiB 3adikcoBaHO JOKaJIbHI BUPa3KH i iX um-
ceJbHICTD HaMbiIbIIA 3a BMicTy cipkoBoauio 1500 mr/am? (puc. 3). ITic-
Jaa exkcmoauirii 480 roguH — KpiM JOKaJbHUX BUPA3OK BUABUJIM IIOIII-
KO KeHHS y BUIVIAAI KaHABOK, 3a BMicTy HaS 100 mr/am? ix KinbKicTs
MinimanbHa. Pasom 3 TuM, 3a KoHmenTtpaiii 500 i 1500 mr/am?® cmocre-
piraroThbCcs TOOAWHOKI TPIIUHY, AKi yTBOPUINCHA, OUEBUIHO, BHACTIIOK
3’eIHAHHA MOIIKOAKeHb., 3i 301JIbIIIeHHAM Yacy BUTpuUMKHU g0 720 ro-
OUH KOPO3ilHi IIpoliecy IIPUIIBUAINYIOTECS, HA HOBEPXHi CYTTEBO 3pOC-
Tae KiJIbKiCTh MOIIKOMMKEHDb YV BUTJIALL KaHaBoOK. 3a KoHIeHTpalii H.S
500 i 1500 mr/aqm?® 36iIbIIYyETHCA YNCEAbHICTD Ta IINPUHA TPIIUH, AKL

Puc. 3. Mikpodororpadii mosepxHi kpuni 17I'1CY 6e3 npoayKTiB Kopoaii mic-
aa exkcrosuii 150 (a), 480 (6) i 720 roguH (8) y XJIOPUAHOAIIETATHOMY PO3UMHI
3 KOHIleHTpanico ciprosogaoo 1500 mr/am® (x50).

Fig. 3. Photomicrographs of the surface of 17T'1CY steel without corrosion
products after exposure for 150 (a), 480 (6), and 720 hours (8) in a chloride-
acetate solution with a hydrogen sulphide concentration of 1500 mg/dm3
(x50).
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3a BmicTy ciproBozuio 100 mr/am? He 3adikcoBanHo. Y TBOPEHHA TPII[UH
MOJKHa IIOSICHUTU abcopOITieio i3 HACTyIHOO A1(y3ieio B KPUILIO BOSHIO,
AKUU BUOLIAECTHCA B PE3yJbTaTi XeMiuHOI peaKIlil CipKOBOOHIO 3 3aJIi-
30M 3 YTBOPEHHAM cyabdinis [2, 5]. Hakomuuyiounch B MOJIEKYJIAPHIH
¢dopMi Ha TOBEPXHI r'PaHUILL 3€PEH Ta iHINNX BHYTPIIMHIX gedeKTiB, BO-
IeHb iHimiroe (popMyBaHHSA TPIITWH, III0 HaJaJ i MOYKe IIPUBECTH JIO Cip-
KOBOIHEBOTO KOPO3iiiHOro poarpickyBamuA. CTyIiHb HAaBOAHIOBAHHS
3aJIeKUTH BiJl KOHIIeHTPAILil CipKOBOAHIO ¥ KOPOBUBHOMY CE€PEJIOBUIIII.
MeTom010 BAaKYYMHOI eKCTpaKIlil BOOHIO BUABUJIMN, IIT0 00’eM Audy-
3il1HO aKTUBHOTO BOAHIO 3HAYHO OiIBINMNI, HijK 3aJHUIIIKOBOTO i piBHMI
70—-80% . 3anmesxkuocTi gecopbirii Boguo Bij KoumenTpaiii HeS 3a pismoi
eKCHOOo3uIlii cBiguaTs, mio nicaa 150 roguu sarajbHa KiabKicTs abcop6o-
BAaHOroO rady 3a BwmicTy cipxoBoguio 100 wMr/mm® mocsrae 3HaueHb
3,19mur?! i spocrac mo 9,11 mum!'. 3a =xommenrpamii 500 Ta
1500 Mr/am?® HaA IOYATKY AOCIiIKeHb KiIbKicTh a6cOp6OBAHOIO BOLHIO
CTAaHOBUTS Bixmosimzmo 7,771 10,01 mar!, Tobro y 2,4 i 3,1 pasu 6iab-
ma, "HixK 3a KormenTpamnii 100 mr/aqm3. Ilicaa 480 roguH eKCIO3UIIii e
CIIiBBigHOIIIEeHHs 30iabIIyeThea i micaa 720 rogmH 3pocTae 3a BMiCTy
H,S 500 mr/am® y = 4 pasu ta 3a 1500 mr/am® y — 8 pasis (puc. 4).
Meranorpadiuna ananisa moBepxHeBux 1mapiB kpuiii 17T'1CY moxa-

0 500 1000 1500

C'HKS , Mr/om®

Puc. 4. 3anexxHicTh KoHIleHTpAaIii aGcopboanoro soauio B Kpuri 17T1CY Bix
BMicTy cipkoBoauo y posumHi 5% NaCl+0,5% CH3;COOH za excmosuirii, ro-
auua: 1 — 150, 2 — 480, 3 — 720.

Fig. 4. Dependence of the concentration of absorbed hydrogen in 17T'1CY steel
on the content of hydrogen sulphide in a solution of 5% NaCl+0.5%
CH;COOH during exposure, hours: 1—150, 2—480, 3—720.
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Puc. 5. I'mubuna xopositaux momkomxensb Kpuili 17T'1CY 3a exkcmoaurii 150
roguH (a) i 720 roauu (6) y XJIOPUAHOAIIETATHOMY PO3YHNHI 3 Pi3HOI0 KOHIIEHT-
pairiero cipKOBOIHIO.

Fig. 5. The depth of corrosion damage of 17T'1CVY steel after exposure for 150
hours (a) and 720 hours (6) in a chloride-acetate solution with different con-
centrations of hydrogen sulphide.

3aJa, 10 y XJIOPUAHOAIIeTATHOMY PO3UMHi mmicisa ekcmosuii 150 rogun
cepeqHs IIuOMHA BUPA30K 31 30ibIIIeHHAM KOHIIEHTPAIlil CipKOBOIHIO
Big 100 mo 1500 mr/am?® spocrae Ginbie, Hixk yasiui (puc. 5, 6). Mak-
cuMAaJbHA IVIMOMHA 34 IIUX YMOB CTAHOBUTH H0—80 MKM.

3i 36iIbIIIEHHAM TPUBAJOCTH €KCIIO3UIlil KPUI[l ¥ KOPO3UBHOMY PO3-
ypHi go 720 roauH raAMOMHA BHUPA30K CTAHOBUTHL B CEPEeIHLOMY
~100 MKM i TpaKTHUYHO He 3aJIEKUTh BiJf BMiCTy CipKOBOIHIO. 3a KOH-

50 MEM

50 MM
—

a 0

Puc. 6. MikpodoTrorpagii kopositinux momro:xenb kpuii 17I'1CY micia Bu-
TpuMKHU 720 roauH y XJIOPUTHOAIIETATHOMY PO3UMHI 3 PidHOIO KOHIIEHTPAIII€I0
ciprosoguio, mr/am3: 100 (a), 500 (6), 1500 (8).

Fig. 6. Photomicrographs of corrosion damage of 17T'1CV steel after exposure
for 720 hours in a chloride-acetate solution with different concentrations of
hydrogen sulphide, mg/dm?3: 100 (a), 500 (6), 1500 ().
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Puc. 7. Mikpodororpapia kpumi 17T'1CY nicas surpumru 480 roguH y XJio-
pUAHOAIIETATHOMY PO3UYMHI 3 KOHIleHTpaIlieo cipkosoguaiol500 mr/am3.

Fig. 7. Photomicrograph of 17T'1CV steel after exposure for 480 hours in a
chloride-acetate solution with a hydrogen sulphide concentration of
1500 mg/dm3.

mentpanii HeS 100 mr/am2 6118 1HA BUPA30K BUABJICHO 3aPOAKU BOJHEM
iHiniftoBaHMX TPiMIUH JOBKUHOIO 10 10 MKM.

3a BUINUX KOHIleHTpaliil ciprosoguio (500 i 1500 mr/am?®) Bupasku
MAaloTh CKPaBO BUPAKeHU I KJIUMHOMOAIOHWH XapaKkTep, CIIocTepiraeTbes
MOJAJIBIIIUYA PO3BUTOK TPIITUH, MOoB:KHHA AKX nepepurmrye 200 MKEM
(puc. 5, 6) [3, 4]. llupuHa TpimMH pisHa 3aBAAKU MOJIAPU3aIlii BOgHIO,
1110 CYIIPOBOIKYETHCS 30i/IBIIIEHHAM 10r0 00’ eMy i JedopMalricro meTausy.

ITosiBa KOPOBifiHMX MOIIIKOMKEHb HepPiBHOMiPHO Ha MOBEPXHi TPyOHOIL
KpHuIli 0B’ I3aHa i3 HEOAHOPiAHICTIO CTPYKTYPH V BUTJISII ILIACTHH IIeMe-
HTUTY i hepuTy, posMillleHnuX MoUeproBo IapaiejbHO 0 HAIPIMKY 00po-
OyieHHA. Y CipKOBOIHEBOMY CEpeIOBHUIIli, 30KpeMa, 3a eKCIIO3UIil BIPO-
moB:k 480 rommH Yy cCcepemoBUIN i3 KOHIIEHTPAIIi€l0 CipKOBOIHIO
1500 mr/am3, yTBOpEeHHSA 1 PO3BUTOK BUPA30K CIIOCTEPiracThCA HacaMIle-
pen B3IOB:K HANPAMKY OOpPOOJIEHHS MisK CTPYKTYPHUMH CKJIaZOBUMU
(puc. 7).

Or:xe, (opMyBaHHA CYJb(MiZHMX TMJIIBOK i POSBUTOK KOPO3iMHUX
MIpoIleciB Ha IMOBEPXHi 3aJIe;KUTh Bil KOHIIeHTpAIil CipKOBOAHIO Ta eKcC-
MO3UILil KPpUIli y XJopuaHoaIeTaTHOMYy po3unHi. Ilicasa BUTpUMKMN KPU-
mi 150 roxwmu, 3a KoHIeHTpaIii cipkoBomuio y posumui 100, 500 i
1500 mr/am3, Ha moBepxHiI POPMYIOTHCA CyabMiAHI ImIiBKM HMOBipHO
THUIIY TPOiTiT—-MaKiHaiBiT, Ki € He3HAUHUM O0ap’€pHUM IIIAPOM, IIO Je-
110 TaJIbMY€ aHOAHE PO3UMHeHHA Kpuili. OgHaK i ITiBKU JIeTKO BUIA-
JAOTHBCA i HA MOBEPXHI KPUIIL cIocTepiraeThbcs 3pPOCTAHHA Bia moomu-
HOKUX JIOKAJbHUX IOIIKOAKeHb 3a HMKUNX KOHIIEHTpAILill CipKOBOI-
HIO Y KOPOSUBHOMY CEePEeOBHUIIl, Ta A0 3HAUHO 0iJbI0] IXHBOI KilbKOC-
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TH Ta TJINOMHU 34 BUIITUX.

ITicna excmosuirii 480 roguH i BucoOKoro BMicTy cipkoBoguio 500 i
1500 mr/am3, Koau CKJa[ MPOAYKTIB CipKOBOAHEBOI KOPO3ii 3MiHIOETh-
csI, CIOCTEepiraeThbCcsa PYHMHYBaHHS ILJIiBOK, SAKi CTUMYJIOIOTH 3HAUHE
aHOJHE PO3UYMHEHHS, OCKLIbKN MAalOTh HOSUTHUBHIINNNA HOTEHITiAJJ Bif
Kpuii. Taxk BUHIKAIOTEH TaJIbBAHOIIAPU, ¥ AKUX CYJAbQPLI CIYKUTEL KATO-
JIOI0 i IPOBOKYE aHOAHE PO3UMHEHHSA OTOUYBAJILHOTO MeTaay. BogmHouac
Ha MOJKJIUBICTH YTBOPEHHA Ta PO3BUTOK TPIIUH, KPpiM KOpO3iiiHOTO
YMHHNKA MAa€ BILINB i BOTHEBU.

Y pesyiabTaTi BUTPUMKMN KpUIi BOpomoB:xk 720 roguH Ha TOBEpXHi
dopMyIOTHCSI BUPa3KU (BUPA3KOBi KaHABKM) pisHoi raubuHM, a 3a KOH-
meutpamnii HeS 500 mr/am3 i 3 Ginbimoro fimosipuicTio 3a 1500 mr/am?
BUHMUKAIOTH BOAHEM iHIIiAOBaHi TPIIMUHN, SKi MOKYTH CIPUATHA KOPO-
3ififHOMY po3TpicKyBamHI0 MaTepiany [1, 7].

4. BUCHOBKH

1. 3a exkcmoauitii Kpuiii 17T'1CY Bupoxmos:x 150 roguu y xJopugHoalie-
TATHOMY PO3YMHi PidHOI KOHIIEHTPAIlil CIpKOBOAHIO (DOPMYIOTHCS IiJIb-
Hi smimaHi mIiBKKM TpoiJdiT—-MaKiHaiBiT, AKi mepemKomxaoThL abcopo-
il BOOHIO i KOPOBiliHi IIOMIKOMKeHHI MaTepPidJy HaliMeHIIIi 3a KOHIIEH-
rpamii HoS 100 mr/am?. 3a BurpuMiu Bpogos:x 480 i 720 rogun y pos-
yyHaX 3 KOHIeHTpamicio cipkosomuio 100 mr/mm® Koposiiini mpomecu
CYTTEBO He IPUIIBUAIIYIOTHCS, IIPOTE 3a IPUCYTHOCTH Y PO3UMHI CipKoO-
Boguio 500 i 1500 mr/aqm® Ha mMOBEpPXHiI KpHIli (POPMYIOTHCS HEIiIbHI
IUIiBKYU, SAKi MicTATHL KaH3UT, 1[0 iCTOTHO 3MiHIOE XapaKTep Kopoasil
KPHIIi.

2. Kpuna y cepemoBuilii 3a KouieHTparlii cipxosoguio 100, 500 Ta
1500 mr/mm? i excmosumii 720 roguH MakcuMaabHO abGcopbye, Bimmmo-
Bizmo, 9,2, 14,1 Ta 16,3 Mmar! BogHIO, B sKOMY JUPY3iiHO PyXJIMBOTO
70-80% .

3. llocaimsxeHo xapaKTep CipKOBOAHEBOI KOpPoa3ii TpyOHOI KpuIli i BuaB-
JIEHO, IITO 3i 3POCTAaHHAM y KOPO3WBHOMY CEPEIOBHIII KOHIIeHTPAIil ci-
PKOBOAHIO HA MOBEPXHi 30iNbIMTyeThcA KiJIbKicThL i rambuHA BHPa30K
(£140 MmxM™), aKi posMimyoThea BUOIPKOBO. 3a BMiCTy CipKOBOAHIO V
posunHi 500 i 1500 mr/am? i3 3pocTaHHAM Yacy BUTPUMKU PO3BHUBAIOThH-
ca tpimuuy (monax 200 MKM) He Julile B INIMOMHY KPUIILi, aje i 1o moBe-
PXHi, BHACJIiJOK BILJINBY BOJHIO.
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Structure—Phase State and Properties of AI-Cu—Fe
Quasi-Crystalline HVAF Coating Produced from
Water-Atomized Powder
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High-velocity air fuel (HVAF) spraying is used to produce an Al-Cu—Fe qua-
si-crystalline (QC) coating from a water-atomized powder on a low-carbon
steel (A284Gr.D/SS330). As shown, HVAF method shows a good efficiency in
the production of protective coatings with acceptable porosity, needed thick-
ness, sufficiently high mechanical characteristics, and anti-corrosion prop-
erties. As shown, HVAF process allows controlling the volume fraction of
AlssCugsFers quasi-crystalline phase in the produced coating. The produced
QC coating possesses a high cohesion strength (= 565 MPa) and good adhesion
to the steel substrate providing avoidance of the coating detachment at bend-
ing. As shown, the AlgsCussFei2 quasi-crystalline coating has satisfactory re-
sistance and hindered formation of surface corrosion damage in artificial sea
water due to the formation of a passivating oxide film based on aluminium
oxide.

Key words: Al-Cu—-Fe quasi-crystal, mechanical properties, coating, high-
velocity oxygen fuel spraying, water-atomized powder.
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HO IJIA ofep:KaHHA KBasukpucraidiuaoro mokpurta Al-Cu—Fe 3 poamoporire-
HOTO BOJIOIO IIOPOIIIKY Ha HU3bKOBYyTJIeneBiil Kpuitli (cranp Ct3). Ilokasana xo-
poiia edextuBHicTs Meroau HVAF y BupoOHUIITBI 3aXMCHUX TOKPUTTIB 3
MPUNHATHOIO TOPYBATiCTIO, HEOOXiAHOI0 TOBIIMHOIO, MOCTATHHO BUCOKUMU
MeXaHIYHMMHU XapaKTepUCTUKaMH Ta aHTUKOPO3iMHUMU BaacTuBocTAMU. I10-
KasaHo, 1o npoitec HVAF gae 3Mory KOHTPOJIOBATH 00’€MHY YaCTKY KBasu-
Kpucraniuuoi gasu AlssCussFerz vy Burorosienomy mokputri. Omep:rane KBa-
BUKPHUCTAJiUHe IIOKPUTTS Ma€ BUCOKY KoresiitHy MimHicTh (= 565 MIla) i xo-
poIly anresiimo g0 KPUIEBOi OCHOBU, IO Ja€ 3MOTY VHUKHYTH BiAlllapyBaHHSA
TMOKPUTTA 3a BUIPOOyBaHb Ha BUTHH. IlokasaHo, IIT0 KBa3UKPUCTATIUHE TTOK-
puttsa AlgsCugsFers Mmae 3a10BiibHY CTIHIKIiCTE 40 YTBOPEHHSA MOBEPXHEBUX KO-
PO3iHUX MOIIKOAMKEHb Y IITYYHIN MOPCHKiil BOJi 3aBAAKM YTBOPEHHIO MaCH-
BYBaJIbHOI OKCUAHOI IJIIBKM Ha OCHOBI OKCUAY aJIOMiHifO.

Karouosi croBa: kBasukpucran Al-Cu—Fe, mexaniuni BiacTuBoCTi, IOKPUT-
Ts1, BUCOKOIIIBUKiCHE IMOBiTPAHO-IAJIMBHE HAIIOPOIIYBAHHSA, PO3IUJIEHUI BO-
JIOTO TIOPOIIIOK.

(Received August 17,2022; in final version, September 12,2022 )

1.INTRODUCTION

Metallic materials with a quasi-crystalline atomic structure are char-
acterized by a number of unique properties, namely high hardness,
stiffness, wear resistance, and thermal barrier properties, which are of
great interest to researchers in the point view of possible industrial
application [1-3]. However, very low fracture toughness Kic[4] causes
rather low plasticity and thus brittleness of quasi-crystals at room
temperature, which limit the possibility of obtaining the final prod-
ucts from quasi-crystalline (QC) materials by plastic deformation.
Hardness and fracture toughness measurements, for example, have
been performed by means of indentation technique on the decagonal
Al-Cu—Co—Si and the icosahedral Al-Cu-Li, Al-Cu—Fe, Al-Fe—Cr
quasi-crystals [2—6].

At the same time, a number of recent works are devoted to the re-
search of composite protective layers strengthened by quasi-
crystalline particles, which demonstrate increased operational charac-
teristics. This applies both to the so-called natural composites contain-
ing QC particles [6], and to artificially manufactured layers of compo-
site strengthened by QC particles during severe plastic deformation of
the matrix material surface [7—12]. However, such protective compo-
site layers may only be effective in providing sufficient wear re-
sistance, but are less suitable for the surfaces operating in aggressive
environments and thus subjected to corrosion attack.

Another approach, which is based on the formation of protective
coatings with a QC structure, may be more promising, as it simultane-
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ously provides increased resistance to corrosion and wear [13, 14].
However, the specified operational characteristics largely depend on a
number of parameters of the resulting coating, such as the coating
thickness, porosity, adhesion, as well as physical and mechanical prop-
erties, which, in turn, depend on the production method of the protec-
tive coating.

The literature survey shows that a number of atomic deposition
methods are currently used to obtain QC coatings, including thermal
spraying [13, 14], air plasma spraying [15] magnetron sputtering [16,
17], electron beam (EB) PVD technique [18,19], etc. The listed methods
make it possible to form coatings of different thickness, structural
phase state and properties.

Recently, one of the most promising approaches are the methods
that use a pre-made powder of a given composition and structural
phase state. For instance, for the manufacturing of the 3D-built prod-
ucts, laser or electron beams are frequently used in laser powder bed
fusion (L-PBF), selective laser melting (SLM), or electron beam melt-
ing (EBM) techniques.

Quasi-crystalline powders were reported can be produced by me-
chanical milling [20, 21], gas-atomization [7], and/or water atomiza-
tion [22—24]. The sequence of solid-state phase transformations in
high-energy ball-milled Al1-Cu—Fe alloy powders upon constant-rate
heating were examined by in situ synchrotron radiation diffraction
and thermal analysis (DSC/DTA) methods. The as-milled Al-Cu-Fe
nanopowders were consolidated into disk-shape pellets using field-
activated spark-plasma sintering (FAST/SPS) [25]. It was also report-
ed that gas-atomized powders of an Al-2.6Cr—1.6Co—1.5Mn—0.5Zr al-
loy (at.%) exhibited a nano-composite microstructure consisting of a
face cantered cubic (f.c.c.) Al matrix with ~ 35% by volume of icosahe-
dral quasi-crystalline dispersoids. Powders of three more dilute Al-
Cr—Mn—Co—Zr alloys were studied in [26]. As shown, the same main
phases (f.c.c. Al and I phase) were produced in these three alloys, but
that the size, morphology, and distribution of the I-phase vary signifi-
cantly with both the alloy composition and the cooling rate, i.e., with
the powder particle size. A water-atomization method was developed in
IPMS, NAS of Ukraine [22]. It was shown that QC powders and QC con-
taining powders of various systems (Al-Cu—Fe, Al-Fe—Ti—Cr) can be
obtained.

Accounting for some limitations for QC powder remelting or heating
up to the temperature higher than some critical one, a high-velocity
air-fuel (HVAF) technique can be considered as a prospective method
for QC coating production. This method allows controlling the temper-
ature applied during the deposition process, and this feature permits
producing the coatings with different contents of QC phase starting
from the QC powder.
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This work aims to characterize the quasi-crystalline AlssCussFers
coating produced by HVAF method. The coating microstructure and
phase state, porosity, hardness, and cohesion/adhesion are particular-
ly assessed for the coating obtained by the optimized HVAF regime.

2. EXPERIMENTAL DETAILS

To produce a quasi-crystalline coating, powders of the AlI-Cu—Fe sys-
tem obtained by spraying the melt with a high-pressure water jet were
used [22, 24]. The melt was prepared from A5 aluminium (99.95%),
cathode copper (99.99% ), and Armco iron (99.92% ). Estimates of the
cooling rate of powders for this type of production gives 10° K /s [22].
The SEM image of the powders is shown in Fig. 1, and their size distri-
bution is shown in Table 1. To obtain coatings, powders with a size
ranges 40—80 um were used. The use of special inhibitors makes it pos-
sible to almost completely eliminate the oxidation of powders.

Coatings were deposited on a low-carbon steel
(Cr3/A284Gr.D/SS330) substrate by the HVAF spraying method,
which is successfully used to obtain heat- and wear-resistant metal and
composite coatings [27]. To provide higher adhesion, the shot peening
treatment was performed prior the HVAF deposition to form a clean
and rough enough substrate surface. Coatings were applied to samples
in the form of disks 25.4 mm in diameter and 10 mm high (coating
thickness was 225 + 25 um), as well as stripes 100x25x2 mm in size
(coating thickness was 100—125 um).

The phase composition of the water-atomized powders and produced
coatings was controlled by x-ray diffraction analysis using a DART-
UM1 diffractometer in CuK, irradiation. The amount of the icosahe-
dral QC phase was determined in accordance with the calibration curve
proposed in [14] (correlation of the phase structure with the intensity
of x-ray maxima from the quasi-crystalline and b.c.c. B-phases). The
structure of the resulting coatings was monitored by scanning electron

Fig. 1. SEM images of the water-atomized powder AlssCuzsFess.
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TABLE 1. Size distribution and chemical composition of the water-atomized
QC powder used for production of QC Al-Cu—Fe coating.

Obtained powder Chemical composition, % wt./at.%
Is){azﬁcxf fr;/cc:clil;zl,e% Al Cu Fe o

-40 7.5 42.4/62.6 39.6/24.7 17.8/12.6 0.2/0.5
-80+40 50 42.5/62.3 40.3/25.1 17.0/12.1 0.2/1.2
-100+80 13.5 42.1/62.0 40.2/25.2 17.5/12.4 0.18/0.45

+100 29 - - - -

microscopy (SEM) (using a Superbrobe microscope). The porosity of
the resulting coatings was evaluated using optical microscopy (Neo-
phot 32) using the secant method, as well as using ImagePro software
for the image analysis.

The microhardness of the produced QC coatings before and after an-
nealing was measured using a PMT-3 device with a load of 100 g on a
Vickers diamond indenter. The hardness values were averages on the
base of 10—15 measurements.

c

Fig. 2. The upper (fixed) and lower (movable) grips of the P-5 tensile machine
(a), scheme and photo of the sample tested for assessment of the adhesion
strength (b), scheme for three-point bending test (c¢), and view of the bend
samples with QC coating (d). P is the load.
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The disc-shaped specimens were used to assess the adhesive strength
of the ‘coating-substrate’ complex samples through the tensile tests on
a R-5 testing machine (Fig. 2, a). The fastening of the sample was car-
ried out by gluing the coated sample between the punches (Fig. 2, b),
which, in turn, were fastened with threads in the upper (fixed) and
lower (movable) grips. Adhesion was determined using the formula:
6= Punax/S, where S =nd?/4 is the area of the coated surface, Pu.x is the
maximum tensile force.

Additionally, the adhesive strength of the coating-substrate pair
was assessed by using the three-point bending tests, the test base was
23 mm (Fig. 2, c¢). Samples in the form of strips with QC coating were
used. The moving gripper speed was 0.25 mm/min. During mechanical
testing of both types, the loading curves were recorded in the ‘load—
displacement’ coordinates.

Assessment of the corrosion resistance was performed on the base of
visual analysis of the coating surface after holding in the artificial sea
water (3% NaCl) for various times (up to 10 days). Metallographic mi-
croscope Neophot 32 was used to reveal any corrosion damage after
holding in aggressive medium.

3. RESULTS AND DISCUSSION

Figure 3 shows the SEM images of the surface topography (Fig. 3, f)
and cross-section appearance (Fig. 3, b) of the QC coating produced on
the Steel Ct3 substrate. It is seen that the powder particles appear as
deformed plates of irregular shape after the HVAF spraying. The sur-
face integrity is high enough since no visible cracks and/or defects are
visible. The surface roughness is seen to be not very high. The formed
surface volleys are broad and shallow, i.e., the maximum surface

3 W" J" ‘m

.xn,r

a b
Fig. 3. SEM images of the surface morphology (a) and cross-section (b) of the

AlssCugsFerzs HVAF-coating produced on the substrate made of low-carbon
steel.
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Fig. 4. Examples of the measurements of the porosity of QC coating on low-
carbon steel substrate using a secant method (a) and analysis by the computer-
aided ImagePro software (b). Evaluated porosity is about 6%.

roughness R is relatively low and the average spacing of adjacent
peaks in the surface roughness profile D, is large. It thus can be con-
sidered that the stress concentration factor Ki=1+ 4(R;/D,)'*=1.103
(Ry= 7.2 um, D, ~ 120 um) is well allowable in the sense of the avoid of
probable deterioration of the overall properties of the coating. Similar
stress concentration factor was reported for the Ni-based HVAF coat-
ing (K;~1.089)[27], while it even lower than that assessed for the sur-
face formed by the electric discharge surface alloying (K~ 1.17) [28].
The thickness of the formed QC coating is about 100-130 um (Fig. 3,
b). The transition zone between the coating and the steel substrate can
supply a good adhesion because of the purposely performed shot peen-
ing treatment prior the HVAF spraying. Such preparative shot peen-
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Fig. 5. X-ray patterns from the water-atomized Als;CuzsFers powder (75% QC)
(1), from the Als;CugsFers coating (2) deposited on a substrate from steel Ct3
(a) and after annealing at 400°C for 60 min (3), 725°C for 20 min (4) and
725°C for 60 min (5) (b).
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Fig. 6. Dependence of microhardness HV (a) and phase composition (b) of the
Al-Cu—Fe QC coating on the heat-treatment regime.

ing provides appearance of some irregularities that further play a role
of specific sites of coupling (Fig. 3, b).

One of the important characteristics of the resulting coatings is
their porosity. Usually, the pore sizes ranges in a fairly wide interval.
Figure 4 shows the outcomes of the application of two methods for
measuring porosity of the coatings deposited on the steel Ct3 sub-
strate: a secant method (Fig. 4, a) and analysis by the computer-aided
ImagePro software (Fig. 4, b).

Both methods lead to similar results—porosity of the formed QC
coating was assessed to be 2 6-7% (a secant method) and 5.78% (Im-
agePro). The latter analysis allows considering the size and quantity of
the observed pores (see histogram in Fig. 4, b) as well as their shape
characteristics of various types (not shown). A vast majority of the
pores are lower than 2 um in size, while some portion of slightly lager
pores is also observed. Nevertheless, analysis of the average pore size
allows expecting their low influence on the mechanical properties of
the coating. Additional annealing at 400°C was also used to perform
the relaxation of residual stress formed in the coating during the
HVAF-induced warm deformation of the water-atomized powder fol-
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lowed by natural cooling.

Determination of the volume fraction of QC phase in both the water-
atomized powder and the HVAF produced coating was performed using
the XRD data and a calibration graph suggested by Sordelet [14] that
established the correlation between the intensity of appropriate XRD
peaks and the volume fractions of the QC and beta- phases in the Al-
Cu—Fe samples. Naturally, the volume fraction of QC phase in the ana-
lysed coating may vary dependently on the HVAF regime. In this
study, the HVAF spraying regime used allowed to sustained the vol-
ume fraction of QC phase to be 75% wt. (Fig. 5, a). However, a few
coatings were produced with some overheating during the HVAF
spraying process resulting in the 50-55% wt. content of QC phase in
the coating to examine of the effects of further thermal treatments on
the phase composition.

XRD data shown in Figure 5, a confirm that the used HVAF spray-
ing regime allows obtaining the coating with the same content of the
QC phase in comparison with that in the water-atomized powder. The
effects of thermal treatments were studied for two temperatures,
namely 400°C and 725°C. The first heat treatment (at 400°C) is only
providing some stress-relieving effect on the HVAF coating, which
manifests itself by slight increase in the microhardness of the QC coat-
ing (Fig. 6, a). Additionally, the coatings were annealed at 725°C for
various durations. In accordance with the Al-Cu—Fe phase diagram
[29], this temperature is just beneath the critical upper temperature
limiting the existence of the QC phase. Measurements show that after
this annealing at 725°C for 20 and 60 min, microhardness of the coat-
ing increases to 6.9 GPa and 7.13 GPa, respectively (Fig. 6, a). XRD
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Fig. 7. Loading diagrams for the ‘Al-Cu—Fe coating—substrate’ complex spec-
imen at bending test (1) and AlI-Cu—Fe coating at tensile (adhesion) tests (2).
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a b

Fig. 8. Optical images of ‘Al-Cu—Fe coating—substrate’ complex specimen
before (a) and after (b) three-point bend testing. Arrows indicate the cracks
formed in the coating normally to the substrate surface.

data shows that the coating undergoes the transition from QC + beta
two-phase state to mono-phase QC state after holding at 725°C for 20
min. Further holding at this temperature does not effect on the phase
composition, but slightly increase the microhardness.

The results of an experimental study of the strength of the quasi-
crystalline ‘QC coating—steel substrate’ (sample hereafter) system are
shown in Fig. 5, and the nature of crack propagation in the coating and
substrate at different loading stages is shown in Fig. 6. Tests have
shown that several areas can be distinguished on the load diagrams,
which correspond to separate stages of deformation and destruction of
the sample (the beginning and end of the regions are indicated by let-
ters).

The stress-strain diagram registered during bending (Figure 7)
shows that from the beginning of loading to point A, corresponding to
the yield strength of the steel substrate, the sample is elastically de-
formed without a noticeable discontinuity of the coating and sub-
strate. After point A, plastic deformation of the substrate material be-
gins oys=231 MPa. The presence of the coating does not significantly
affect the curve in section A—B due to its small thickness compared to
the thickness of the steel substrate. In the B—B' interval, a significant
stress drop occurs (from 260 to 249 MPa), due to the initiation and
propagation of a crack. Repeatedly, the process of formation of a crack
in the coating occurs near points C and D, but with a much smaller load
drop. Further exposure was stopped to determine the relationship be-
tween adhesion and cohesion characteristics of the coating.

Microscopic examination of the cross-section of the coating after
bending tests showed that flexural failure occurs perpendicular to the
substrate, earlier than the detachment of the coating begins (Fig. 8, b).
Thus, the adhesion strength of the ‘coating—substrate’ pair is higher
than the cohesive strength of the QC coating itself. In addition, the
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TABLE 2. Adhesion of the AI-Cu—Fe QC coating on low-carbon steel.

Test method QC Vs, % Sample state Adhesion, MPa
Bent tests 75 As-coated >
As-coated 8.1
75 Annealing at 400°C
. 7.4
. for 60 min
Tensile test
As-coated 16.7
90-55 Annealing at 400°C
. 15.5
for 60 min

quasi-crystalline coating is sufficiently strong and withstands stresses
in the region of elastic deformation of the substrate before the sub-
strate begins to flow. The destruction of the coating occurs almost im-
mediately after the start of the flow of the substrate material. The de-
formation transferred from the plastic matrix to the elastic coating
after reaching the yield point, but not leading to cracking in the coat-
ing, is e=0.003.

The cohesive strength of the coating can be estimated [30] by the
sum oys+ Ac, where oys is the yield strength of the substrate, and
Ac = Ee is the increase in elastic stresses in the coating. To estimate
this increase, it is necessary to know the value of the elasticity modu-
lus QC of the coating E. However, various authors report different
values of elastic modulus for QC of Al-Cu—Fe system. If we take the
coverage modulus = 100 GPa [30], then the value of Ac can be estimat-
ed as 300 MPa. If we would follow Ref. [5], then the elastic modulus for
icosahedral QC of Al-Cu—Fe would be 171 GPa, and thus Ac would be
513 MPa. According to the calculations from the melting tempera-
tures, E=110GPa and Ac =330 MPa [4]. Therefore, dependently on
the elastic modulus for Al1-Cu—Fe QC used the cohesion strength of the
coating would be different. Based on the magnitude obtained from the
calculations [4] and experimentally observed strain (e=0.003) the co-
hesion strength (565 MPa) would be very close to the similar estima-
tion (560 MPa) obtained for QC coating on the 5056-aluminum alloy
substrate in [30]. Relatively high cohesion is seemingly related to the
irregular surface of the particles of the water-atomized QC powder
(Fig. 1, b), which provides additional coupling sites and so-called ‘cold
welding’ of the powder particles during plastic deformation induced by
the collisions of the particles flight particles by the substrate surface
at HVAF process.

To assess the adhesion of the QC coating to the steel substrate the
tensile tests were performed using the clue fabricated samples (see Fig.
2, b). Example of the registered tensile curve is shown in Fig. 7 (curve
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2). It demonstrates that during tensile loading the tested sample un-
derwent only elastic deformation and fractured at a certain stress re-
lated to the coating cohesion strength and residual porosity of the coat-
ing, which might slightly decrease the real area of the tensile sample.
The registered adhesion characteristics are listed in Table 2 for the
tested coatings with various volume fractions of the QC phase and var-
ious states (as-coated, stress-relieving annealed at 400°C).

As shown by numerous studies [31, 32], plastic deformation in qua-
si-crystals is carried out by the movement and multiplication of dislo-
cations, however, this mechanism manifests itself at temperatures
above (0.7-0.8)Twat [5]. In a complex lattice of quasi-crystals, the acti-
vation energy of dislocation motion is very high (on the order of sever-
al eV [31]), and the temperature dependence of the yield stress is very
sharp. Therefore, at low temperatures quasi-crystals do not exhibit
microplasticity. For AlI-Cu—Fe quasi-crystals, the critical temperature
forbidding microplasticity is below 600°C. The fracture toughness of
the Al-Cu—Fe quasi-crystal was estimated as Kic=(1.7£0.2) MPa-m'/2
(at the ceramic level), but the presence of the I phase in Al-Cu—Fe al-
loys containing the A phase and © phase changed the character fracture
from a brittle cleavage to a quasi-cleavage [4].

Figure 9 shows the microscopic images of the fracture surface of the
tensile sample of QC coating. Optical micrograph (Fig. 9, a) shows that
the fracture surface is relatively uniform. SEM images confirm that
intercrystallite fracture is the main type of the destruction process of
the QC coating. Moreover, the residual pores mainly remain nearby the
intergranules areas after formation of HVAF coating appears to has
only alittle influence (Fig. 9, b, c).

The optical images describing the surface morphologies of the stud-
ied AlssCugsFers coatings containing 75% wt. of the quasi-crystalline

Fig. 9. Fracture surface of the tensile sample of QC containing coating on low-
carbon steel substrate.
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Fig. 10. Optical images of the QC containing coating surface in the as-coated
state (a) and after holding in artificial sea-water (3% NaCl) for 3 days (b) and
for 10 days (¢) resulting in the formation of passive film.

phase after corrosion tests in a 3% NaCl solution (artificial sea water)
for various holding times are shown in Fig. 10. After exposure to ag-
gressive medium, the studied coating became darker, but no corrosion
damage appeared on the coating surface. A metallographic study of the
surface of the thin section of the coating showed that it is covered with
a protective passivating film.

The study of corrosion properties of coatings should include the
analysis of a number of factors, namely: surface roughness of the coat-
ing, its open porosity, the presence of phases of different chemical
composition and the length of interphase boundaries, as well as residu-
al elastic stresses in the coating [33, 34]. The electrochemical process
of corrosion in electrolytes is very complex, it includes the selective
dissolution of various elements and the formation of new phases on the
surface, in particular oxide phases, which can create a strong passivat-
ing film.

Researches dwelt with the evaluation of corrosion behaviour of qua-
si-crystals based on the AlI-Cu—Fe system are relatively rare. For ex-
ample, the behaviour of quasi-crystalline Als;CussFers ingots was stud-
ied in comparison with different crystalline phases of the Al-Cu—Fe
system, and this comparison was performed in alkaline and acidic solu-
tions in the range of pH values of the hydrogen index from 0 to 13 [35].
In particular, as established, the corrosion resistance of the cast alloy
is significantly higher than that of coatings made of it due to the
greater perfection of the cast, and the significant difference in the
chemical composition of the  and A phases from the quasi-crystalline
and/or approximant phase causes galvanic effects at the interphase
boundaries and, accordingly, worsens the corrosion resistance. As
suggested, the increased corrosion resistance of the decagonal quasi-
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crystalline phase compared to the icosahedral phase is also of great im-
portance [36]. However, the authors of the work [35] believe that the
quasi-crystalline nature of the packing of atoms in the Alg;CugsFess lat-
tice does not affect the corrosion properties of the AlssCussFers ingot,
as they are very similar to the properties of the crystalline Al;CuzFe
intermetalide of similar composition.

In our case, the main factor that determines corrosion resistance is
the rapid formation of a passivation oxide film. Copper is known to in-
crease the corrosion resistance of aluminium alloys as an electroposi-
tive metal, while iron, having a fairly high standard electrode poten-
tial, i.e.,, not a very strong tendency to dissolve in general, exhibits
strong pitting corrosion in an environment with Cl- ions. The formed
passivation film mainly contains aluminium oxide. Aluminium, alt-
hough it is an electronegative metal, has a very high tendency to pas-
sivation in this solution, in the series of passivities it stands directly
behind titanium along with chromium [34]. The corrosion process is
limited by the diffusion of oxygen dissolved in the electrolyte to the
surface of the metal. The passivating oxide formed on aluminium has
low electronic conductivity. It almost completely inhibits not only the
anodic reaction of metal dissolution, but also the cathodic reduction of
oxygen dissolved in the electrolyte.

4. CONCLUSIONS

This study shows a good efficiency of the method of high-velocity oxy-
gen fuel spraying of water-atomized quasi-crystalline powders of the
Al-Cu—Fe system on a low-carbon steel substrate in the production of
protective coatings with sufficiently high mechanical characteristics
and anti-corrosion properties.

It has been established that the HVAF spraying process allows pro-
ducing the coating with controllable volume fraction of AlssCuzsFers
quasi-crystalline phase, varied thickness and acceptable porosity. The
produced QC coating possesses a high cohesion strength (~ 565 MPa)
and good adhesion to the steel substrate providing avoidance of the
coating detachment at bending.

A study of the behaviour of the AlssCugsFers quasi-crystalline coat-
ing in artificial sea water showed its satisfactory resistance to the for-
mation of surface corrosion damage due to the formation of a passivat-
ing oxide film based on aluminium oxide.
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taining HVAF coatings.
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Teepaicts 3pa3kiB crony Ti—6A1-4V (BT6), Burorosiaenux 3D-
IPYKOM Ha OCHOBI eJIEKTPOHHO-IIPOMEHEBOT0 TOIJIEHHA IPOTY

B. M. Mopaok ™™, M. O. Bacuabes”, C. M. Bomomxko™, H. I. Xpinra®

‘Themumym memanogizuxu im. I'. B. Kypdwomosa HAH Ykpainu,
6ynve. Akademira Bepradcvkozo, 36,
03142 Kuis, Ykpaina
“HauyioHaavHuil mexHivnuil yHisepcumem YKpainu
«Ruiscvrkuil noaimexnivnuil incmumym imeni Izops Cikopcovrozo»,
npocn. Ilepemozu, 37,
03056 Kuis, Ykpaina

B pob6ori gocaimxeno epexT aminuenHa mosepxHi crony Ti—6Al1-4V (BT6) me-
TOJ0I0 YJIBTPa3BYKOBOI'O yIapHOT0 00POOJIEHHA 3pa3KiB, 0Jep:KaHUX 34 CTaH-
IapTHOIO TEXHOJIOTi€I0 Ta HAAPYKOBAHUX 34 aAUTUBHOIO TeXHOJIOTiE0 «xBeam
3D Metal Printing». {14 Bu3HaUeHHA ONTHUMAJIBHOIO PiBHA HAaBaHTAXKEHHA
IS BUMiploBaHHSA MiKkpoTBepmoctu crtony Ti—6Al-4V (BT6) iioro smaueHHA
OIliHIOBaJIM 3a 3MiHM HaBaHTaXeHHA B inTepsBaJi 25—200 r. Opienraniiiai 3a-
JesKHOCTi MiKkporBepaoctu 3D-magpykosauoro crony Ti—6Al1-4V (BT6) maroTh
He3HauyHUH po3kuj 3HadeHs (+ 0,2 I'Tla). HocaigkeHo i mpoanasisoBaHO 3MiHU
MiKpOTBepAOCTH 000X THUIIB 3pas3KiB 3aJIeKHO BiJf TPUBAJIOCTH YJIbTPa3BYKO-
BOT'O YAAPHOT0 00pO0JIeHHS B CTPYMeHi aprony. 30ijibinenHd eeKTy 3MillHeH-
Ha 3paska 3D-Ti—6Al-4V (BT6) micas o6pobienns (qo ~ 6,5—7 I'lla) mopiBus-
HO 3 Bigmamenum 3paskom Ti—6A1-4V (BT6) MoxHA IIOACHUTH 3MIiHOI CTPYK-
TYPHOTO CTaHy, 3AJIUIITKOBUMY HAIPYKEHHAMU CTUCHEHHS, a TAKOXK e()eKTOM
iHgyKOBaHOTO AedopMalliel0 MeXaHO-XeMiUYHOTO OKUCHEeHHS IIoBepXHi. PisHu-
I B MiITHOCTi, TBEPAOCTi Ta IIJIACTUYHOCTI IPUIIOBEPXHEBUX INApiB Bele OO0
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3MiHM MeXaHiuHOI IOBEIiHKU, IO AA€ IMOTEHI[isJ IJs IIONAJIbIIIOr0 IIOKpa-
II[eHHS 3aXMCHUX XapaKTePUCTUK. BUMipIOBAHHSA TBEPLOCTH MOYKHA BUKOPUC-
TOBYBATH IJisi HpOoTrHOo3yBauHsa MinHocT 3D-Ti—6Al1-4V (BT6) B 3amexkHOCTL
BiJ BUAY aJMTUBHOI TEXHOJIOTil BUTOTOBJIEHHSA Ta 3a3BUUail HeoOXigHOI moma-
JIBIITOI MexaHiuHoro abo TepMiuHOro 00pPOOJIeHH.

KarouoBi ciaoBa: TuTaHOBi cTONM, aAUTUBHI TEXHOJOTII, YIBTPa3BYKOBE yIap-
He 00pO00JIeHHA, MeXaHiuHi XapaKTepUCTUKH.

Paper examines the effects of ultrasonic impact treatment on the surface
hardening of the Ti—-6Al-4V (BT6) alloy samples obtained by the standard
technology and printed by the additive technology ‘xBeam 3D Metal Print-
ing’. To determine the optimal level of the load on the indenter for the micro-
hardness measurements this level is estimated by changing the load in the
range of 25-200 g. Orientation dependences of the microhardness of the 3D-
printed Ti—-6Al1-4V (BT6) alloy have a slight spread of values (+ 0,2 GPa). The
changes in microhardness of both types of samples are investigated and ana-
lysed depending on the duration of ultrasonic impact treatment in the argon
stream. The increase in the ultrasonic impact treatment induced hardening
effect of the 3D-Ti—6A1-4V (BT6) sample as compared to the annealed Ti—
6Al1-4V (BT6) sample can be explained by the change in the structural state,
compressive residual stresses, as well as strain induced mechano-chemical
oxidation of the surface. The difference in the strength, hardness and plas-
ticity of the near-surface layers leads to a change in mechanical behaviour,
which gives the potential for further improvement of the protective charac-
teristics. Hardness measurements can be used to predict the strength of 3D-
Ti—6A1-4V (BT6) depending on the type of additive manufacturing technolo-
gy and on the usually required subsequent mechanical or heat treatment.

Key words: titanium alloys, additive technologies, ultrasonic impact treat-
ment, mechanical characteristics.

(Ompumano 2 aunnsa 2022 p.; ocmamoun. apisnm — 30 gepecna 2022 p.)

1. BCTYII

B ocraHHi poKu, BeJinKa yBara NpuAiJsgeThCAd BUSHAUYEHHIO JOKAIbHUX
MeXaHIYHMX XapaKTepUCTUK MeTaJleBUX 3pasKiB, BUTOTOBJEHUX CY-
YacHUMHU MeTomaMu amuTuBHuUX texuoJorii (AT, 3D-mpyk). 3oKpeMma,
e(eKTUBHUM CIIOCOOOM BWBUEHHS HEOTHOPiMTHOCTH MeXaHiuHMX BJac-
TUBOCTEH II0 TOBINUHI 3D-HaAPYKOBAHUX OJIOKIB y PisHHX HamIpAMKax,
€ BUMipIOBaHHSA TBepAocTH abo MikpoTBepgocTu 3a Bikkepcom. Taki
BUMIipIOBaHHA Jal0Th 3MOT'Y BCTAHOBUTH (PidMKO-XeMiuHi 3aKOHOMipHO-
ctu BuauBy pe:xkumiB AT, posmipis 3D-3paskiB, a Tak0K iX MiKPOCTPY-
KTypU Ha MeXaHiuHi BJIACTUBOCTi y BUXiTHOMY CTaHi, Ta ITicJisa mogaab-
IIUX TepMivHNX a00 JedopMaIlifHNX BILIUBIB.

3D-apyK MeTaJIeBUX BUPOOiB MIMPOKO BUKOPUCTOBYETHCA B 6AaraThbox
rajyssax TeXHiKu, Jaiouy 3MOT'y OJepP:;KyBaTH CKJIAAHI MeTaJeBi merasi
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BiTHOCHO HM3BKOI cOOiBapTOCTH, B IOPiBHAHHI 3 TPAAUIIHHIMU BIPOO-
HUYMMM IpoIlecaMu, 30KpeMa, B aepPOKOCMiuHill, aBTOMOOiIbHil, MOp-
CbKiil, BificbKOBili, MeguuHi# Ta iHmux chepax [1-7]. Ax mpasuio,
mporec 3D-IpYKY IIPOBAAUTHLCS 34 PAXYHOK JIOKAJBLHOTO TOILJIEHHSA BU-
XiTHOTO MeTaJIeBOT0 MaTePifANy YV BUTJIAII IOPOIIKY ab0 APOTY, 3 BUKO-
PHUCTAHHAM BUCOKOEHEPTEeTUUHOTO JKepesia, TAKoTo AK Ja3epHUH Ipo-
MiHb a60 c)OKYCOBaHUN eJIeKTPOHHUYN OIPOMiHb. ATUTUBHA TeXHOJIOTiA
(TexHOJOriA «AomaBaHHA») (ab6o 3D-IpyK) cTBOPIOE 3D-TIPOAYKT IILISA-
XOM TOILJIEHHS IITapy 3a IIIapoM Ha OOJHOMY eTalli, BiAIOBigHO M0 3a3ma-
Jerigb 3MomeboBaHol 3D-cucTeMu aBTOMATHM30BAHOTO IIPOEKTYBAHHI.
JlaHa MeToza CYTTEBO BiApisHAETHCA BiJ TPAgMIiIRHUX TEeXHOJOTIH
«BimmiMmaHHa» (PpesepyBaHusd, 3BaApIOBaHHA, JUTT, (GOPMYyBaHHA, KY-
BaHHsA, TOKApHOrO O0pOOJIeHHsS Ta iH.), 3aCHOBAHUX Ha MeXaHIYHOMY
BUAAJEHHI HEIIOTPiOHOI YacTUHMN MaTepidny aada opMyBaHHA OarKkaHO-
0 BUPOOY CKJIALHOI (DOPMH.

CejleKTUBHE Ja3epHe Ta eJeKTPOHHO-IIPOMEHEeBe TOILJIeHHSA € JBOMAa
HaANOOMINPEHIINMI TeXHoJoriaMu 3D-apyky MetagoMm. Komieniis
3D-apyKy MeTaJIOM 3 BUKOPUCTAHHSIM CHCTEM CEJIEKTUBHOTO JIa3ePHOTr0
CIiKaHHA Ta CeJeKTUBHOTO JIa3ePHOTO TOILJIEHH A BIepIlle OnrcaHa B Ia-
TeHTi [8].

Ha mannii uac, BeJuKi mepcueKTuBu 3D-IPYKY METAJIOM II0B’ A3YIOTh i3
3aCTOCYBAHHAM €JIeKTPOHHUX TYUKiB AJIA JIOKAJIHLHOTO TOILIEHHS APOTY.
ITeit crioci6 AT 6yB samarenroBanuii y CIITA [9, 10]. ¥V mi# i TexHomOrii
TPUBUMIiPHi 00’€KTH (GOPMYIOTHCS IIOIIAPOBO, MIJISIXOM TOILIEHHS €JIEKT-
POHHHM IPOMEHEM TOPILSI METAJEBOro APOTY Ta HMOTr0o KpHCTaJisallii Ha
MeTasJeBill migxJgaguHIl (a60 momepemubomy Irapi). IIpu mpomy enekT-
POHHMUI ITPOMiHBb CIPIMOBAHUHN HiJl AeAKUM KYTOM A0 HiTKJIaTUHKH.

ITomanbimii mporpec y po3BUTKY JaHOTO CIoco0y 3D-ApyKy MeTaJia-
MU II0B’sI3aHUH i3 3aIIaTeHTOBAHOIO B YKpaiHi TeXHOJIOTi€l0, B AKill BU-
KOPUCTOBYETHCA YHIKAJIBHUY NePHeHAUKYIAPHUMN eJIEKTPOHHUY TYYOK
Ta KoaKciaabHa momaua apory. Ilama meroma AT ozep:kana Has3By
«xBeam 3D Metal Printing» («<xBSDMP») [11]. [{ama TexHoJioTis GyJia
VCITIIITHO 3aCTOCOBAHA MIJIsI BUTOTOBJIEHHSA AETaJiB 3 TUTAHY KOMEPI[iii-
uol umcrotu (BT1-0) i turamoBoro cromy Ti—6Al-4V (BT6) piszoro
npusHaueHHsa [12—-16]. Ha nymKy musku ¢axiBmiB y ramxysi AT, HoBa
TeXHOJIOTiA BUpimIye 6araTo TeXHiUYHMUX i TeXHOJIOTIYHUX TPOO6JIeM Hasd-
BHIX aJUTUBHUX TEXHOJIOTiH, a TAKOXK YCYBa€ IIPOTUPIUUA MiK TOUHIC-
TI0O BUTOTOBJIEHHS Ta BICOKOIO IPoAyKTUBHicTIO. Ile mae 3mory 3abesme-
YUTHU CYTTEBE MOHUKEHHS c00iBapTOCTH BUTOTOBJIEHHS METAJIeBUX Je-
TaJliB BeJIMKUX PO3MipiB.

MexanisamMu  pisHOMaHiTHuUX  (isuKo-xemiuHux Ta  (isuKo-
MeXaHiuYHMX MpOoIleciB, IO BiZ0OyBAlOTLCA 3a OOPOOJIEHHS MeTAaJeBUX
JeTaJIiB Ta IX eKCILayaTallii icToOTHO 3aJ1eKaTh BiJf 0y 0B IX HANTOHIITIX
TIOBEPXHEBUX IapiB. ¥ 3B’ A3KY 3 IIUM, JOCJiAKEHHIO BJACTHUBOCTEMH II10-
BepPXHi KOHCTPYKIIMHNX MaTepidaiB B OCTaHHI POKU NMPUAITAETHCA Be-
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JUKa yBara, 30KpeMa, 3 TOYKH 30Py iX MIiIITHOCTH, 3HOCOCTiHKOCTH Ta
Kopo3siitaoi cTifikocTr. Ocob6IMBO aKTyaJIbHOIO € TPobJieMa OIIopy BTOMi,
AKUH 3aJI€KUTD BiJl CTPYKTYPH Ta MeXaHiYHMX BJIACTUBOCTEH IIOBEPXHi.
AKTyanbHICTD JiarHOCTHKY IIOBEPXHIi B OCTaHHI POKM 00yMOBJEHA Ta-
KOJK PO3BUTKOM HOBHUX CIIOCOOiB BUPOOHUIITBA METAJEBUX BUPOOiB, 3a-
cuoBaHux Ha AT 3D-gpyKy.

IIporsarom GaraThbox POKIB AJA OIIHKM MeEXaHiUYHMX BJIACTHUBOCTEI
MaTepidniB K y HayKOBO-JOCTiJHUX JabopaTopifdx, Tak i B IIPOMICJIO-
BOCTi IMIMPOKO BUKOPMCTOBYETHCS BUMipIOBaHHA TBEPAOCTU Ta MiKpOT-
BepmocTu. [laHa MeTo/la BBasKaeThCA MIBUAKUM 1 HEpYUHIBHUM BUIIPO-
OyBaHHAM BJIACTHUBOCTEH MOBEPXHi MaTepisany, IMo Aa€ YSABJIEHHS IIPO
TN KOMILIEKC MeXaHiuHUX BJIACTUBOCTEH MeTany (MeKi mIMHHOCTH,
Me:Ki MimHOoCcTH, IIacTUYHOCTH, MoayJia FOmra). ¥ BupobHMUiil chepi
BU3HAYEHHSA TBEPAOCTHU IIPOBOAUTHLCS YAaCTillle, HiK BUMipIOBaHHS iH-
HIMX MeXaHIYHNX XapaKTepucTuk. [loBeneHo, 1110 MiK BeJINUYNHOIO TBE-
PIOCTH IIJIaCTUYHUX MeTaJiB, KA BU3HAUAETHCA BIABJIIOBAHHAM TBEP-
IOro iHJeHTOpa, Ta IHNIMMN MEXaHIYHMMM XapaKTepHUCTUKaMM iCHYE
Kimbkicua xopensamia[17-23].

Cronu TuTany, 3okpema Ti—6Al-4V (BT6), € HaliBakIuBiImmu
KOHCTPYKI[IMHMEM MaTepisdjaMu, fAKi IMIMPOKO BUKOPHUCTOBYIOTHCS B
MaIInHOOYAyBaHHI, XeMiuHii IPOMMCIOBOCTi, aBiakocMiuHill TexHiIli,
menuituHi To1o. Ile 3ymMoBIeHO TTOETHAHHAM OIITUMAJIbHUX BJIaCTHUBOC-
Tell JaHNX MaTePisIiB, TAKUMHU K MaJia IINTOMAa Bara, HU3bKUHA MOIYJIb
MIPY:KHOCTH, BMCOKAa KOpO3iiiHa cTiliKicTh, GiocyMicHicTh, HeMarzer-
HicTh, BMCOKA INTOMAa MiIlHiCTh, KapoCTifiKicTh. 3 iHIITOr0 OOKY, Bifo-
MO, IO CTOIM HA OCHOBiI TMTAHY XapaKTepU3YyIOThCA HU3bBKUMU TPUOO-
JIOTIYHUMU BJIACTUBOCTAMHU 3 TOUKM 30Py BUCOKHX Ta HeCcTablIbHUX KO-
e(dimieHTIB TepTA B KOB3HUX KOHTAKTaX, CUJILHUM aATe3iiHNM 3HOIIY-
BaHHAM Ta CXUJIBHICTIO IO CTUPAHHS, IIT0 00MeKy€e IX BUKOPUCTAHHA Y
mapax TepTA. B ocTaHHI poKHM 114 IIpobJieMa BUPIIIYETHCA IIIAXOM 3Mi-
HU CTPYKTYPHU Ta CKJIAY ITOBEPXHIi 3a OIIOMOT'0I0 BUCOKOEHEPTeTUUYHMX
BILIUBiB [24, 25] 3 MeToOI0 MiABUINEHHSA MeXaHIYHUX BJIAaCTUBOCTEH TH-
TAHOBUX CTOIIiB 3aCTOCOBYIOTh, HAIIPUKJIAL, METOAM iHTEHCUBHOI IIJIac-
TUYHOI Aedopmalrii, AKi ar0ThL 3MOTy (POPMYBATH CYOMiKpO-i HAHOKPHU-
CTaJIiUHi CTPYKTYPH B IOBEPXHEBUX ITIapax, MOJIIIIIITyBaTH XapaKTepuc-
TUKM MiITHOCTHU 3a 30epeKeHHs BHMCOKOI IIJIaCTHMYHOCTH Ta 30iJbIITyBaTH
MeXKy BUTPHUBAJIOCTU 3a ITMKJIIYHOTO HaBaHTAKEHHS Ta OIIip 3HOIITYBaH-
HIO 32 YMOB TepTH.

B ocTamHi pOKM 3 METOIO 3HATTA HAIIPYKEHb, OINTHUMi3aIii Mikpo-
CTPYKTYPHU Ta BIACTUBOCTEN 3D-HaAPYKOBAHNX BUPOOiB JOCTIIKYETHCA
BILIUB 00’€MHUX iHTEeHCUBHUX AedopMailiii. ¥ MboMy MOMKHA BUIiINTHA
JIBa TaKUX IIPOIleCH, AK 3aCTOCYBaHHSA IapAdoro i30CTaTUYHOTO IIpecy-
BaHH4A [26, 27] i xomoaHO0I IpOKaTKM y mportieci Ipyky [28].

OxgauM 3 epeKTHBHUX CYUYACHHX CIIOCO0IB ITOBEPXHEBOI IJIACTUYHOI
medopmariii € yabTpasByKoBe yaapHe o6pobserHsa (Y3YO0), 1o nae 3mory
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3MiHIOBAaTU MUCJOKAIINHY CTPYKTYPY MaTepidaay, IIiABUITYBATU I'yCTH-
HY OHCJIOKAIliii, IoAPiOHIOBATH 3€epHA i cyO3epHaA 40 HAaHOPO3MipiB, 30i-
JBIITYBAaTH KYTH PO30OpieHTAaIlii cy03epeH, a60 (hopMyBaTH IIeBHY KPHCTA-
JorpaiuHy TeKCTypy, BILIMBATH Ha (PidWUHI BJaCTUBOCTI MeTaJIiB i cTO-
miB [29]. ITpu mbomy, yIbLTPasByKoBe AedopMyBaHHSA He 3MiHIOE BJIACTH-
BOCTi Bchoro 00’eMmy MaTepiany. EdpeKTUBHICTL BUKOPUCTAHHSA IIHOTO 00-
pobyIeHHS OJIA 3MiITHeHHA MOBEPXHI CTOIiB TUTaHy mokasauo y [30, 31].

Mera gaHOI poOOTH IIOJATAE ¥ IIOPiBHAHHI e()eKTy 3MiIlHEeHHS IIOBEP-
xui crony Ti—-6Al-4V (BT6) meromoro ¥Y3VO 3paskiB, ogep:KaHUX 3a
CTAaHIAPTHOIO TeXHOJIOTi€I0 Ta HAAPYKOBAHUX 34 aIUTUBHOIO TeXHOJIOT' -
e «<xB3DMP».

2. MATEPIAJIN TA METOIU JOCJIIJKEHD

Marepisiom mada gociimieHHa oopano cromrn Ti—6Al1-4V (BT6). 3pasku
IS TOCTimKeHDb Oym ofepsKaHi AK 3a MOIOMOIOI0 CTaHIAPTHOI TeXHO-
Jorii «BigHiMaHHA» (KaTaHUU IPYTOK AigMeTpoM 8 MM), TaK i MeTomo0I0
3D-npyKy «xB3DMP». 3pasku, ofep:kaHi 3a CTAaHZAPTHOIO TEXHOJIOTI-
€10, OyJsiu mapisaui ToBmmHOO 10 MM Ta momepeaHBO BiAmaaOBaAINCA V
BakyyMmi (P =1031Ia) 3a T = 800°C mpoTArom 2 roguH i 0X0JI0LKYBAJIH-
ca pasom is miuuro. ITicas sigmany crou Ti—6Al1-4V (BT6) mas godas-
HY (a0 + B) cTpykTypy. Ilicaa mporo repmiunOoTro 00pOOIEHHA 3pAa3KU IIijT-
IaBajrca MexaHiuHOMY ILJIi(DyBaHHIO Ta MOJIipyBaHHIO.

3pasku, oxeps:kani meromoo 3D-apyKy «xB3DMP», Gyam BUTOTOB-
JIEH1 i3 BUKOPHCTAHHAM Y AKOCTi BUXiTHOTO MaTePiAIy AJIS HaTOILJIeHHS
npoty 3i crony Ti—6A1-4V (BT6) giamerpom 2 mm. IligkaagunuKoo 6yia
mractuHa TexHiuno uncroro Tutany BT1-0 ToBmiuaoro 5 mMm. [y1s Buro-
TOBJIEHHS JOCJiIKyBaHUX 3Pa3KiB 3aCTOCOBYBAJIM HACTYIIHI TEXHOJIOTI-
YHi peXMMU APYKY: IOTYKHicTL — 5,5 KBT, mpumBuainyBaibHa Ha-
npyra — 16 kB, ToBminua mapy — 1,6 MM, IIBUAKICTE mogadi ApoTy —
16,5 MmM/c, MIBUAKICTD TepecyBaHHA TigKJIafUHKT — 17 MM/cC.

XeMivHUY CKJIaJ OCHOBHUX €JEMEHTIiB JOCJIiIKyBaHUX 3pasKiB TH-
raHoBoro cromy Ti—6Al-4V (BT6) y craui mocrauauusa (% mac./at.%):
Ti — 89,05/85,21, Al — 6,18/10,51,V — 4,76/4,28.

YiabTpasByKoBe yaapHe 0OpoOJeHHSA BUKOHYBAJOCA Ha YCTAHOBIIL
[32, 33], 110 CcKJIamaeTbcsa 3 YJILTPAa3BYKOBOTO TeHEpaTopa YacTOTOIO
21 xI'r Ta mory:xuictio 0,6 KBT, Ta BibpaTopa 3i cTymiHuacTM KOHIEH-
TpaTopoM. Ha BiOpaTopi 3a JOIOMOTO0 IPY:KUH PO3MiIlyBaaca yaap-
Ha TOJIOBKA 3 OOJHUM HWJIiHApUUYHUM OoiiKoM (i3 3araproBaHoi Kpwuiri
[I1X15) gismerpom 5 MM Ta moB:KHHOIO 18 MmM. HacToTa 6e3mocepeqHbO-
ro yaapHoro BILIuBY cranoBmIa 1,5 KI'. Y3YO moBepxHi 3pasKiB cTomy
Ti—-6Al-4V (BT6) BukoHyBaJIOCs 3a KiMHATHOI TeMIIEPATyPU y Cepeno-
BUIIIi rasy aprony. AMILIIiTyna yJIbTPasByKOBUX KOJIMBAHb KOHIIEHTPA-
TOopa cTaHOBMJIA 25 MKM. EKcmepuMeHTaIbLHO BUBHAYEHO, III0 TEMIIepa-
Typa B 30Hi KOHTAKTYy AJsg BuOpaHux pexkuMi ¥Y3YO 3paska i 6oiika He



1438 B.M.MOPIOIOK, M. O. BACHJIBEB, C. M. BOJIOIIIKO, H. I. XPIIITA

nepesuiryBana 60°C. MikpocTpyKTypa 3paskiB, oJep:KaHnuX MeTOLOI0
3D-npyky «xB3DMP», micaa ii xemMiuHOro BUSBJIEHHA Y peaKTUBi
Kennepa mocuaimxeHa 3a JOIIOMOI'OIO OIITHYHOTO MikpocKkoma MIM-8M i3
peecrpairiero Ha mudposy pororamepy Nikon-4500. MopdoJioria mose-
pxi 3paskiB mo i micaa Y3YO amaaisyBajiach y pacTpOBOMY €JEKTPOH-
Homy Mikpockomi TESCAN Mira 3 LMU.

BuwmiproBanHA MikpoTBepaocTu 3a BikKepcoM IIpoBOAMIIOCA Ha HPU-
aaxi IIMT-3 za maBanTamenua 100 r suponos:x 15 c. [lja saMeHIIeHHS
MOXMOKM cepeaHe 3HaUeHHsS MiKPOTBEPJOCTH BM3HAUAJIOCA 3a KiIbKic-
TIO BUMipiB (IrioHaiMenre 7).

3. EKCITIEPUMEHNT I OBTOBOPEHH S

Sk 3asHavaJsiocss BUIEe, BU3HAYEHHS TBEPAOCTH € HAUMIPOCTIIIIOIO,
IIBUIKOIO Ta HAAUYTJIMBOIO METOIO0I0 BUIIPOOYyBaHHA MeXaHIUHUX Xapa-
KTepUCTHUK MAaTepisaaiB. BusHaueHHs TBEPAOCTU 3MiHCHIOEThCA 6e3 pyii-
HYBaHHS MaTepisay, BeIeThCA Ha CTAHZAPTHOMY i IPOCTOMY JIJIsI BUKO-
pucramusa obJagHaHHi, TAa Ja€ 3MOTy BU3SHAUUTH He JIUIITe TBEPAiCTh, aje
¥ omiHuTH 3a i1 3HaUYEeHHAMN HU3KY iHIMNX MEeXaHIiYHUX XapaKTePUCTUK
(Takux, AK ITACTUYHICTEL Ta MexKa IanHHocTH ). OTHAK, IIPY BU3HAYUEH-
Hi TBEPAOCTU 3 BUKOPUCTAHHAM Di3HUX TUIIB iHJEeHTOpa Ta IIIUPOKOT0
IismmasoHy HaBaHTAKEeHb Ha iHIEHTOP, BCTAHOBJIEHO TAK 3BAaHUU «PO3-
MipHUH e(peKT» — 3aJIe’KHICTh OepP:KaHOro 3HAUEHHS TBEPIOCTH Bif
MIPUKJIAIeHOT0 A0 iHAeHTOpa HaBaHTa'KeHHA [34—36]. 3uamma Gararo-
daKkTOpPHOrO MexXaHidaMy (hOPMYBaHHS BifOMTKA IIi/l BIJIMBOM iHAEHTOPA
Mae€ BeJIMKe 3HaUeHHS IJISI OfeP:KaHHI KOPeKTHOI BeJIUYNHN MaKpo- Ta
mikpoTBeppoctu (H,). HesBakaroum Ha Te, 1110 I[ith mpobJieMi mpucBsade-
HO JOCTATHIO KiJIbKicTh POOIT 1 JOCATHYTO 3HAUHMX YCIIiXiB, BOHA moci
He BUpiIllleHa B IOBHIi# Mipi.

JJIs OIMiHKY ONTUMAaJIFHOTO PiBHA HABaHTaXXeHHA IJIA BUMipIOBaHb
mikpoTBepmoctu cromy Ti—6Al-4V (BT6) y miit pobori BuKoHaHi 1more-
penHi BumpoOyBaHHA 3a 3MiHM HaBaHTaKeHHS B imTepBaii 25—200r
(puc. 1). OninroBaau 3HaUEHHSI MiKPOTBEPIOCTH 3pa3Ka 3 PiBHOMipPHOIO
Y MeiKaXxX ILJIOIII BUMiplOBaHb MiKPOCTPYKTYpPOIO (BcTaBKa Ha puc. 1).
Buamo, 1m0 MiKpoTBepAicTh B 3aJIesKHOCTI Bim 30iibllleHHA HaBaHTAa-
JKeHHS Ha iHIeHTOp MOHOTOHHO 30iJIbIITyeThCA i JocArae HaCUYeHHS 3a
HaBaHTaKeHb OinbIiie 100 r. Ha migcTasi omep:xadnx pe3yabTaTiB 3p00-
JIEHO BHUCHOBOK, I110 HaBaHTaXeHHa 100 r Ha aJIMasHuil iHIeHTOp € Hal-
OiNMBIN TPUHAHATHUM OJIs BUMiPIOBAHHS MiKPOTBEPAOCTH IOCIiIKyBa-
HuX 3paskis cromy Ti—6Al1-4V (BT6).

OpienTarniiiai 3aje:XHOCTiI MiKpoTBepaocTu 3D-HAAPYKOBAHOTO CTOIY
Ti—6Al-4V (BT6) 6y;i0 BuMipAHO Ha 3pa3Ky, pO3pisaHoMy HAaBIILI y3-
JIOBXK BEPTUKAJIBbHOI oci. BuMipsaHi sHaueHHA MiKpOTBEPAOCTU HA TOJIi-
poBaHiii TOBEPXHi 0/1ep:KaHOT0 Iepepidy 1o BUCOTI Ta MINPUHI HaBeJIeHO
Ha puc. 2, 6 Ta puc. 3, a. Hesmaunuii poskug sHaUeHb MiKPOTBEPAOCTU
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3HAXOAUTLCA B Mexkax 3,4—3,8 I'lla ta 3,5—3,7 I'lla ansa nauux HaIpAM-
KiB, BimmoBimmo. [eske 30iabIlIeHHS MiKpPOTBEPAOCTH HOOJIM3Y IIigKJIa-
IVHKKA aBTOpU poboTu [14] mosacHIOIOTE GOPMYBAHHAM Yy HpOIeci IPyKy
meToz010 «XxB3DMP» «30HM TEpMiUHOTO BILTHUBY», B AKil 3aBIAKU Iepe-
KpucTrajisarii MmeTasy yTBOPIOIOTHCA PiBHOBICHI 3epHa o- Ta -has3 MeH-
nroro poamipy. Ile Tako:k miaATBepKeHO pe3yibTaTaMi MiKPOCTPYKTYP-
HUX JOCTiI:KeHb, IPOBeIeHNX y JaHiit pobori (puc. 2, a, 8 Ta puc. 3, 0).
Haa ¥Y3YO Oynu miaroroBsieHi mosipoBami moBepxHi BimmasieHOTo
apaska cromy Ti—6A1-4V (BT6), ogep:xaHoro 3a CTAaHZAPTHOI TEXHOJIO-
riero BimmiMaHHS, Ta BEPXHBOI ILJIOMINHYN HaAPYKoBaHoro 610Ky 3D-Ti—
6A1-4V (BT6). [Ina samobiranusa OKMCHEHHS MOBePXHi 3a ymoB ¥Y3VO
IIOBEPXHi IIPOBOAUIIN Y CTPYMEHI rasy aprony. Ha pucyury 4 mpoBezneHe
MOPiBHAHHA 3MiHM MiKporBepgocTu 3paskiB Ti—6Al-4V (BT6), oxep-
JKaHUX 32 PIBHMMM TEXHOJIOTiSIMU, 3aJIeKHO BiJl TPHMBAJIOCTH YIapHOTO
00pobaenHs. K BuAHO, B 000X BUOAJKAX CIIOCTEPIraeThCcA MOHOTOHHE
3pOoCTaHHA MiKPOTBEPAOCTH 3 MAKCUMAJILHUM edpeKToM 3MinHeHHA (= 2
pasu) micsia o6pobaenusa BupomoB:k 120 ¢. 3a momaabInoro 36iJIbIeHH
yacy o0po0JieHHsA BimOyBaeThCcAa MOHMKEHHA MiKPOTBEPIOCTH, IKE € Xa-
PaAKTEepPHOIO PMCOI0 JJA BCiX cIOCO0iB iHTEHCHMBHOI ILTACTUYHOI Hedop-
Mallii IIOBepPXHi, OB’ A3aHOIO i3 3HEeMIiITHEeHHAM, 3yMOBJIEHIM abo0 Iepe-
b6irom guHamiunoi peKkpucrasrisarii [24, 30, 31, 37, 38], a6o TpoKOB3Y-
BaHHAM II0 MexKaX c(popMOBaHUX HAHOPO3MipHUX 3epeH [29—31]. Moxk-
JUBe TaKoK medopmMallifiie OKPUXUYEHHS TOHKOTO IIOBEPXHEBOTO IIapy
3a PaxyHOK IlepecuYeHHdA AepopMamiiiHUMU gedeKTaMu, 1X HaaMipHOI

3,00

2,75

MixkpoTrsepaicTs, I'lla

1 50 [ [ I I X l ] I Vl ] [
’ 25 50 75 100 125 150 175 200
HasamTramxenus P, r

Puc. 1. 3anexuicte mikporeBepmoctu crouny Ti—6Al-4V (BT6) Bixm mHaBaura-
JKeHHs Ha iHgeHTOp. BecTaBKa ITOKasye MiKPOCTPYKTYPY AOCJiIKEeHOro 3pasKa.

Fig. 1. Dependence of the microhardness of the Ti—-6A1-4V (BT6) alloy on the
load on the indenter. Inset shows the microstructure of the studied sample.
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JOKaJIisaIlil Ta yTBOpeHHA TPilluH.

30isbirenasa eexTy aMminumenHs spaska 3D-Ti—6Al1-4V (BT6) micaa
V3VO nopiBHAHO 3 XOJO0AHO KaTaHUM i Bigmasenum spaskom Ti—6Al-
4V (BT6) mo:KHA MOACHUTHU 3MiHOIO CTPYKTYPHOTO CTaHy, 30KpeMa,
3MiHOI0 MOp(doJIorii 3epeH OiIbII MiITHOI o-(ha3u Ta JeAKNM 3POCTAHHAM
ii KibKOCTH, a TaKOoK 30epeKeHHAM 3aJUIITKOBUX HAIPYKEHbL CTIC-
HenHsa [13, 14, 16]. Kpim Toro, Ak moxasaHo B poborti [39], TBepaicTh
301JIBITYEThCA 31 3MEHITeHHAM MIUPUHU Jiamesed 1iei dasu. Hampu-
KJIaJ, IPpU MIMPUHI O-IJIACTUHOK = 1 MKM Ta 3 MKM TBepPIiCTh JOPiBHIOE
3,25 T'la Ta 2,7 I'lla, BizmoBiguo. I1i mani moOpe y3rom:xyoTbcA 3 Bizo-
MuM ciiBBigHomieHHAM [Nomna—Iletua. OgHAaK, Ha TUIO B3a€MO3B’ A3KY
T'onna—Ilerua ByimBae He TiJIBKY TOBIIIMHA O-IJIACTHHOK, ajie i iX opie-
HTaIiliHe pos3rainyBaHHA. Hampukian, mepeBa’kHe PO3TAIlyBaHHSA 3€-
peH o-dasu i3 6a3MCHOI0 IJIOMIMHOI0 ITapajelbHo A0 IMoBepXHi (To6TO 3
0a3MCHOIO KpucTaJaorpa)ivHo0 TeKCTYPOI0) MOXKe CYTTEBO ITiABUIIUTH
TBEPAICTD y I[ill IJIOIWHI BUMipPIOBAaHHS 3a PAXYHOK 3ajJIydYeHHS OO Je-
dopmarii mpu BAaBIOBaHHI iHgeHTOpa iHIIIMX (0iJIBIIT €eHEPreTUYHO 3a-
TPaATHUX) CUCTEM KoB3aHH:A/ABiltHMKyBaHHA [40]. BumiproBanusa TBep-
JITOCTH MOKHA BUKOPHCTOBYBATHU IJIA IIPOTHO3YBAaHHA MeXaHiYHUX BJIaC-
tuocteit 3D-Ti—6A1-4V (BT6) B 3ame:xkHOCTi Bi BUAY 3acTocoBaHOI
TexXHoJIoril 3D-APYKY Ta Heo0XimHOl, AK IPaBUJIO, IIOLAJIBIIIOTO MeXaHi-

é 3.8 e—, ) Hampam BupoGHHUIITEA —>6

E 3,61 \o\ 4 ° o

B 54 '\ : NJ
B . 3 / \5

) 3’2_‘/0 (Ti migxmagreKa) 3 5

&

2 =4 1 2 3 5 6 7 8

Puc. 2. MikpoctpyKTrypa (a, 6) Ta BiAmoBigHMI pO3II0Lia MiKpoTBepaOoCTH (8) 3a
BHCOTOIO Iepepisy 3paska 3D-Ti—6Al1-4V (BT6), HagpyKoBaHOIro Ha IIJIACTHUHI
3i crory BT1-0.

Fig. 2. Microstructure (a, 6) and appropriate distribution of microhardness
(8) in the height cross-section of the 3D Ti—-6Al1-4V (BT6) sample manufac-
tured on the cp-Ti (BT1-0) alloy plate.
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YHOTO 400 TepMiUuHOTO 00POOIEHHA.

Paninre 6ysn0 BcTaHoBsewHo, 1o 3a ¥Y3YO0 cromy Ti—-6Al-4V (BT6) B
iHepTHOMY ra30BOMY CepeaoBUIIIi, (hopMyeThcAa MoaAM(iKOBaHUH ITOBED-
XHEBUHU IIap 3 HAHOPO3MipHOIO 3ePEHHOI0 CTPYKTYPOIO (B cepelHLOMY
poamip 3epeH Bix = 30 um 10 = 50 HM), BUCOKUM PiBHEM MiKpPOTBEPAOCTH
Ta 3AJHUIIKOBUX HAIPY:KeHb. PEHTI'eHOCTPYKTYPHOIO aHAJII30I0 ITOKAa3a-
HO, IO B TIOBepXHEBOMY ImIapi BigmOyBaroTecsa (asoBi [ — a-
IIEPEeTBOPEHHSA 3 YACTKOBUM PO3Ia[I0M MeTacTabiibHOI B-hasu HA TTOBED-
xHi [29, 32, 33, 38]. Mo:xHa IpUIIyCTUTH, IO aHAJOTIUHi IIpoIecu Ma-
10Th Mictie i 3a Y3V O spaskis 3D-Ti—6A1-4V (BT6).

Ognep:xani B maHiii poOOTi eKcIIepIMeHTANbHI JaHI KOPeaooTh i3 He-
ITOJaBHO ONYOJIiKOBAHUMHM Pe3yJbTaTaMU CUCTEeMAaTUYHUX MipAHb TBe-
poocTu 3paskis i BupobiB iz Turamosoro cromy Ti—6Al-4V (BT6), oxep-
JKaHuX 3a mormomororo pisaux AT, KOPOTKY aHAi3y SKUX HaBeIeHO HU-
JKue.
dyrosa AT maronaenus apory. B onniii 3 panrix pobit [41] mokazanmit
icToTHUI po3Kkua MikpoTBepaocTu (HaBaHTaxkenua P =100 r) mo Bucori
3paska. 3HaUeHHA MiKPOTBEpPJOCTH 3HAXOAAThCA B Mexxax H =2,2—
3,5 I'Tla. ABTopu 11i€i poOOTH OB’ A3YIOTE Iieii eheKT i3 BIJIMBOM PO3-
ypHeHOoTo OKCUTeHy.

IcToTHO MeHIIMII PO3KHA MIKPOTBEPAOCTH 3a TOBIIMHOIO 3pasKa
(H=3,1-3,7TI'lla, naBantakenuna 100 r) BcraHoByieHO aBTOpamu [42],
110 O0yJio IOB’s3aHO i3 pisdHOI0 MOP(OJIOTiEI0 Ta OpieHTAIlicI0 JaMesei
BCepeIUHI MiKpPOCTPYKTypu. ¥ HACTYIIHOMY AOCJimKeHHi [43] Busasie-
HUH aHaJIOTiUHMU PO3KUM HAaHUX II0 TOBINMUHI 3paska (3,1-3,4I'la). ¥

E/ {\} 2/§3\{L{/ 1

7 4 6 § 10 1z 14 16 18 20
MikpoTrBepzicTs o mupuHi 3paska (Ha Bucori 10 Mm), MM

P
S

MikpoTBepmicTs,
I'Tla
43

o
[\°]
T

Puc. 3. Posoozgin mikporsepgocTu (a) 3a IMUPUHOIO mepepisy spaska 3D-Ti—
6Al-4V (BT6) ra Bigmosimma mikpocTpyKrypa (6) Ha piBHI mepeximHol 30HU
Mi’K OCTaHHIM HaATOILJIEHUM IIIapoM i cepAIeBUHOI0 3 D-IpyKOBAHOTO 3pa3Ka.

Fig. 3. Distribution of microhardness (a) by the width of the cross-section of the
3D-Ti—-6Al-4V (BT6) sample and appropriate microstructure (6) in the transi-
tion zone between the top molten-added layer and 3D-printed bulk-sample.
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pobori [44] mikpoTBepAicTh, BUMipsHa Ha 3pasKaX, BUTOTOBJIEHUX 3a
pisHUX pexkuMiB 3D-IPYKYy, Ta OAep:KaHWII PO3KUL MiKpPOTBEPIOCTH
MixK 3paskamu B Mexxkax 3,4—4,3 I'lla. ABTopaMu JaHOTO JOCJIiI:KeHHs
BUCJIOBJIEHO IPUNYINIEHHS IIPO Te, IO 34 MeBHUX PEKUMIB IPYKY MOMK-
JVBe JOAATKOBE 3MiI[HEHHS.

Jlazepua AT HaTtonieHHs apoTty. ¥ pobori [45] BusHauamy mpodiab Mi-
KPOTBEPIOCTi 3a TOBIIMHOIO 3pasKa, oxep:xkanHoro AT meromoro (Kpok
BuUMipioBaHb ckJaagaB 0,5 mM). MikpoTBepaicTh MOHMIKYETHCA BiJl MaK-
CUMAaJLHOTO 3HAUeHHs, OJeP:KaHOro y BepXHI YacTHHI 3pasKa
(2 3,9T'Ila) mo mocriitHoi BesmuuuHU B ioro o6’emi (3,3 I'Tla). Poskun
MiKpPOTBEPAOCTH 3a TOBITMHOIO 3paska (1o 30 MM) 3BHAXOAUTHCA B MeKaxX
+20% . ABTopu [46] BumiproBasu MmikporBepaicTs (P =500 r) y mapaJe-
JBHOMY Ta IEePIeHIANKYJIAPHOMY IIepepisi HagpyKoBaHOTO OJIOKY, IO
CKJIQZAa€ThCs 3 7-MU IIapiB Ha migkaaguuii s3i crony Ti—6Al1-4V (BT6).
OpmepsxaHo Taki cepenHi 3HAUEHHS MIiKPOTBEPAOCTH: IMiAKJIAANHKA
3,7T'Tla, gpir 2,9TI'Tla, 6mox 3,3 I'lla, po3Kua 3a TOBIHUHOIO OJOKY
+15% . BumiproBauas mikporsepgoctu (P =500r) B3goB:K mapajeb-
HOT'O Ta IIOIePEeUYHOTO0 Iepepisdy HaApyKOBaHOTo OJOKY He IOKAa3aJo icTo-
THOI BimminmocTu: 3,3 I'lla ta 3,4 I'lla, BignoBiguo [47].
Eaexrponno-npomeneBa AT HaTonmieHHs apoTy. ¥ pobori [48] maBene-
HO cepenHe 3HaueHHS MiKpoTrBepmoctu (P =500 r) 3paska, ogep:KaHoro
meTozo0 AT TOmNIeHHA APOTY €JIeKTPOHHUM IIPOMEHEeM, IO JOPiBHIOE
3,19 T'Ila. Oxmep:kane y [49] cepenHe 3HaUeHHS MiKPOTBEpPIOCTH 3a TIe-
pepisom 3paska, ofep:KaHOro TaAaK0I CaAMOI0O MeTO0I0, cKaajo 3,34 I'Tla.
Opuak Ha Mexxi posginy s migzkaasuuakron Ti—6Al-4V (BT6) sona 306i-
apmmuitacsa g0 4,0 I'Tla. ABropamu [16] BcTaHOBIEHO PO3KUI TBEPAOCTH
B Mexkax 3,21—3,41 I'lla 3a mepepiszom 3paska, HAAPYKOBAHOTO METOL 00
3 KOaKCiaJIbHUM HANTPAMKOM €JIeKTPOHHOTO ITyYKa Ta IoIaui JpoTy.

3 MIUPOKUM BIIPOBAMKEeHHAM ocTaHHiMHU pokamu AT MmetanmeBux ma-
TePifAIiB y pisHUX IIPOMUCIOBUX chepax, BUHUKJIA ITOTpeda eKCcIIpecHol
aHaJi3W MeXaHiUHMX BJIACTUBOCTEN HaApyKoBaHuUX BupobiB. Ile, 30K-
pemMa, HeoOXiZHO OJIA BCTAHOBJEHHS ONTHUMAJbHHX IapamMerpiB 3D-
TEeXHOJIOTiH, 10 3a0e3IeuyIoTh AOCATHEHHSA HEeOOXiTHMX XapaKTepuc-
TUK MIiITHOCTH Ta IaacTuuHocTi. HeoOXxigHicTh mpoBeeHHA IIic/Id APY-
Ky TepMiuHOrOo 00pOOJIeHHs, HeOOXiTHOTO /sl 3HATTS HANpPYKEeHb Ta
dopMyBaHHS i30TPOMHOI MiKPOCTPYKTYpH, 3p0o0MJIA Ile 3aBIaHHS IIe
OiNMbBI AKTyaJbHUM. ¥ 3B’A3KY 3 IIUM IIPeACTaBJISAE BeJUKUI iHTepec
BCTAHOBJIEHHSA KiJIbKiCHOI KOpPeJIAIil MisK TBEPAiCTIO Ta TaKMMU HaliBa-
JKIUBIMMIUMY MeXaHIUHUMU XapaKTepHuCTUKaMU, K Me)Ka ILJIMHHOCTU
(co,2) mesxa minmHOCTH (03) Ta Momysab IOura (E). Cratructuune o06po0-
JIEHHS YNCJIEHHUX eKCIePUMEHTAIbHUX Pe3yJabTaTiB a0 3MOTYy BH-
3HAYUTH 3aJIEXKHICTHL MiK TBepzicTio 3a Bpinennem (Hs) (chepuunmit
iHZEeHTOP) Ta MeXKel0 MIiITHOCTH Cs AJIA KPHUIh Ta iHIIMUX MEeTAaJiB Ta CTO-
niB. Ila Jixifina B3ajeXHICTb ONUCYETHCA IIPOCTUM PiBHAHHAM
(os= KH3g). 3Hauenna xoedimienra K nia pisHUX MeTajleBUX MaTepi-
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AJNiB 3HAXOAUTHCA B Mexkax 0,33-0,55[50, 51].

OpHak Jama MeTOOMKA He 3aCTOCOBHA JIJIA CTOIIIB HA OCHOBI TUTAHY Y
3B A3KY 3 0COOJIMBUM XapaKTepPOM IIPUPOAN IXHBOI medopMaIliiiHoi mo-
BeIiHKU.
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Puc. 4. 3mina mikpoTeepgoctu (a) 3ayexkHo Big Tpuagoctu Y3YO B armochepi
ragy aprouy: spaska Ti—6Al-4V (BT6), BUrOTOBJIEHOr'0 3a TPAAUIIIHHOIO TeX-
mosoriero (I) ta spaska Ti—6Al-4V (BT6), 3D-IpyKOBaHOIO HATOILICHHIM
IPOTY eJIEKTPOHHUM IIPOMeHeM y BaKyyMi (2) Ta mopdosoria foro moBepxHi 10
(6)imicasa (8) Y3YO.

Fig. 4. Change in the microhardness (a) depending on the duration of UIT in
an argon gas atmosphere of Ti—-6A1-4V (BT6) sample manufactured by tradi-
tional technology (1) and the Ti—6Al-4V (BT6) sample 3D-printed by electron
beam melting in a vacuum (2), and surface morphologies of the 3D-printed
sample before (6) and after (8) the UIT process.
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B ocTaHHI pPOKY IIPONOHYIOTHCA KOPENAIifiHI 3aJeKHOCTI MiK TBep-
mictio mo Bikkepcy Ta minmicTio. s spaskis crony Ti—6Al1-4V (BT6),
ofiep;KkaHMX 3D-IPYKOM eJeKTPOHHO-TPOMEHEBUM TOILIEHHAM IPOTY,
BCTAHOBJIEHA JiHillHA 3aJiesKHicTH MixK TBepaicTio mo Bixkkepcy (Hv)
MerKelo IIUHHOCTD (Co,2) Ta Mexkero MinHOoCTb (08) [52—54]. ABTOpamMu
[563] mia oIiHKY 3a3HAYEHUX XapaKTEePUCTUK O0YyJIO 3aIIPOIIOHOBAHO TaKi
eMITipu4Hi hopMyJIn:

Go.2(MIIa) = (Hv(MIIa)/3,6) — 90, 1)
os(MIIa) = (Hv(MIIa)/3,34) — 56, 2)

PesysabraTtu npoBenerux 3a piBHAHHEAMY (1) i (2) omiHOK MexaHiUYHIX
BaacTtuBocTei 3paskiB 3D-Ti—6A1-4V (BT6) 3a ogep:KaHUMU eKCIIePH-
MeHTaJIbHUMHU pe3yJabTaTaMmu oo Hv gaHoi poboTu, a TAaKOMXK 3a JaHU-
mu pobotu [14], HaBemeni B Taba. 1. HeBenuki BigminzocTi Xxapakrepu-
CTUK y X PobOTaxX MOXKHA IOSCHUTU 3aCTOCYBAHHAM DiBHMX METO[
BUMipIOBaHHA TBEPAOCTH Ta MiKPOTBEPAOCTHU Ta MOKJINBOIO PiBHUIIEIO Y
TEeXHOJIOTiUHUX ImapamMmeTrpax Mmetonu «xBSDMP».

Iamuii migxig posBuryTO B pami pobit 0. B. Minsmana i3 cniBpoGiT-
HUKaMu, Hampukaan y [19—-23]. aa oxep:kaHHS JaHUX IMOA0 MEXKi
IIJINHHOCTH (Cp,2) Ta MIiITHOCTY (CGs) HAa OCHOBiI BEJIMYWMHU TBEPJOCTHU 3a
Bikepcom (Hv) BiH mepenbauae BpaxyBaHHS (Pi3MUHUX XapaKTEPUCTUK
IOCJiI:KyBaHOTO MaTepiaay, a came MonyJas mpys:kHocTu IOHra (E) ta
Koedimienra Ilyaccona (v), a TakoK ix B3aeMO3B’A3KY i3 mapamMeTpoM
ILJIACTUYHOCTH Oy Ta mapamerpoM Teit6opa C = f(Ox)).

Meka IJIIMHHOCTY Ta MeXXa MiITHOCTY BUPAKAIOTHCA HACTYITHUM YM-
HOM [22, 23, 55]:

60,2=Hvsin’Y/C, (3)
s = Hyv/(0,28 + 0,5In[3E /(4 + v)Go.2]), (4)

me y=68° — Kyr mpu BepmuHi ingenTopa Bikkepca, C = f(6y) — mapa-
metep Teitbopa, E=115T'Tla — moayap FOura i v=0,33 — xoedimieHTt
Ilyaccona mocimg:KyBaHOIO CTOITY.

Burnan Ta avHamiTUYHME BuUpPas (QPYHKIIOHAJIBHOI 3aJIeXKHOCTH
C = f(0x) Oyau ekCcIIepUMEHTAIBHO Ta TEOPETUYHO BU3HAYEH] A IITHUPO-
KOT'0 CIIEKTPY MaTepisaaiB, BiJf MeTaJIiB i CTOIIiB 10 iHTEpMeTaJIigiB, KBa-
3iKkpucraJiB, HiTpunmis i kepamik [20, 22, 23]. [lna Turany Ta #or0 CTO-
niB C mMae 3HaueHHA y Mexkax 2,8—3,1. Ilapamerep ImIaCTHUYHOCTH O
MOJKHaA BUBHAUMNTH i3 Bupasy [21, 22]:

Su=1-14,3(1—v—2v?)Hy/E. (5)

Kpim Toro, O0yJio moxkasamo, 110 3HAHHA TaKUX MEXaHiuHUX XapaKTe-
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TABJINIIA 1. Mexaniuni xapakKTepUCTHUKU 3pasKiB, OAep:KaHUX MeTOI0I0
«xB3DMP>».

TABLE 1. Mechanical characteristics of samples obtained by the ‘xBSDMP’
method.

AT «xB3DMP» +

AT «xB3DMP» +V3Y0

AT «xB3DMP>» [14]

BiactuBocti Hama pobora
Bupasu Bupasu | Bupasu | Bupasu | Bupasu | Bupasu
1),2) | =G | M,2) | A-(G) | 1)2) | A
Su - 0,85 - s - 0,7-0,75
Go,2, MIla 831 960 898 985 1729 1781
cs, MIla 936 993 1004 1019 1904 1897

PHUCTHUK, AK IIapaMeTp IJIACTUYHOCTI (Ox) i Merka MimHOCTI (Os), a TAKOK
BpaxXyBaHHSA METOJy BU3HAUEHHS OIIOPY 3HOIITYBAaHHIO uepes KoedimieHT
N =const, gae 3mory omimuTH IMBUAKiCTE 3HOIMyBaHHA W MarTepiday
arigao Bupasy [23]:
W=N6H/60,2. (6)
PesyabraTu OIiHOK, IPOBEAeHNX HA OCHOBI migxoay MijtbMaHa, TaKOMXK
HaBegeHi y TabJ. 1. IlokazoBuMu € ofiep:KaHi BeIMUMHN IapaMeTpa ILjac-
ruurocTy (0g=0,7-0,75) masa moeepxui 3paskiB 3D-Ti—6Al-4V (BT6)
micada imTeHcuBHOI mmactTuvHOi gedopmarrii (Y3VYO0). 3rigmo ganux pobo-
™ [23] BennumHa O = 0,7 CBiZUNTE PO CYTTEBE 3MEHIIIEHHA IIJIACTUYHO-
CTH Ta IIiABUIIEHY CXUJILHICTh MATEPiAJIy IO OKPUXUYECHHS 34 YMOB ITUK-
JiYHMX HaBaHTa)KeHb IIpu TepTi. Ile Kopestoe 3 pesysbTaTaMu MiKpoc-
KOIIIYHMUX JOCJiI)KeHb JaHoi poOOTH IOA0 YTBOPEHHS TPillUH y IIOBEPX-
HeBoMYy I1api spaska 3D-Ti—6Al-4V (BT6) niciaa Y3VO Ta HaAJIUIITKOBO-
ro 3MiItHeHHs Hioro moBepxHi. [logmaTKOBUM (DaKTOPOM OKPUXUEHHS MOXKe
OyTH TAaKOK Iepedir MexaHOXeMiUuHNX peakKIliii OKMCHEeHHS IOBEPXHEBO-
ro IIapy 3a YMOB iHTEHCUBHOI ILIacTUYHOL Aedopmarrii moBepxHi [31, 33,
56]. [IosBa OKCHUAHOTO IIapPy Ta ITIOBEPXHEBOIO IIapy, JOTATKOBO 3MiITHe-
HOTO 3a PaXyHOK TBEePAOPO3UYNHHOTO (KMCHEBOTO) 3MIiITHEHHS O-TUTAHY,
HNMOBipHO, MOYKHA MOSICHUTH OJePKaHi Ay Ke BUCOKI BeJIMYMTHU TBEPIOC-
™1 Hvy i BiIIIOBiZHO BMCOKIi OITiHOYHI BeJIMUYMHU MEK1 IIJTMHHOCTH M MIiIT-
Hoctu 3paska 3D-Ti—6Al-4V (BT6) micaa Y3YO (tabu. 1).

4. BUCHOBKH

Posmozgin mikporeepaoctu Hy o Bucorti spaska 3D-Ti—6A1-4V (BT6) (y
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HAIIPSAMKY HapOIyBaHHA) cTaHoBUTh 3,4 I'lla+ 0,2 I'lla, migTBepmxy-
IOYY BiJHOCHY PiBHOMipHICTE BJIACTHBOCTEN i MIiKPOCTPYKTypH. POo3Kug
maaux Hy me mepeBuirye = 11%, 1110 3HAYHO MEHIIIEe BiJ BeJIMYUH PO3-
KHIy, AKi clocTepirajuch y mMarepisdiax, IPpyKOBaHUX iHIIMMU METO-
IaMu i3 3aCTOCYBaHHAM OPOTY, a came: i3 dactocyBaHHAM Ayru (16%)
a60 sasepuoro npomeH: o (15%).

IlokasaHa MOKJINBICTh €KCIIPEC-OIMiHKM PO3IIOAiJy MeXaHiuHIX BJa-
cTuBOCTel 3D-IPYKOBAHOIO 3pa3Ka Ha OCHOBI BUMIpAHMX BeJIWYUH Mi-
KPOTBEPIOCTHU Yy HOT0 PisHUX mepepizax (y HAIpPAMKaxX BUPOIITYBaHHS Ta
cKaHyBaHHs). [IpoBemeHi OomMiHKM 3acBimumiam BimmoBigHicTh MexamHiu-
HUX xapaxktepucTuk 3D-mpykoBaHoro marepisay ta cromy Ti—6Al-4V
(BT6), ogep:xaHoro TPAZUIiMHUMY MEeTOIaMU BiTHiMaHHS.

IaTencuBHaA mIacTuuHa medopMallisg mMoBepxHi 3a momomoron Y3YO,
Iae 3MOry OONATKOBO 3MIiITHUTH IIOBEPXHEBUH Iap 3D-IpyKOBaHOTO
apaska crtony 3D-Ti—6Al-4V (BT6) mo Beawuwmnu =6,5-7TTla.
3’scoBaHO, IO iCHYe KPUTHUYHA BEJIMUYNHA 3aCTOCOBYBAHOI IMOTYKHOCTH
yaapHOTO 00pO0JIeHHs, BUIIE IKOI Bi0yBaeThcA pyHHYBaHHS IIOBEPXHe-
BOTO IIapy 3a PaXyHOK OKPUXUYEHHS, MIMOBIpHO, CIPUUYMHEHOTO mepedi-
roM iHAyKOBaHUX AedopMallielo peaKIliii MexaHOXeMiuHOT'0 OKMCHEHHS.

Pob6oty Bukomamo 3a miaTpuMkum HAH VYKpainum HalBaKIUBIIIINX
mpobisieM PisMKo-MaTeMaTUUYHNX i TEXHIUYHMX HayK (BijomMua TeMaTHuKa
6541230: 0122U0000897) i MOH Ykpainu (mep:x0omxerHa Tema Harri-
OHAJILHOT'O TeXHIiUHOTO yHiBepcuTeTy YKpainu « KuiBcbKuUE moaiTexHi-
yHui inctutyT imeni Irops Cikopebxoro» Ne 2405¢: 0121U109752).
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BOAMJIOCH HA MOBiTPi ympomo:k 30—240 ¢ KpHUIleBUMU KYyJbKaMHU IisgMeTPOM
2 MM, PyX AKHX 3a7aBaBCAd YJIbTPA3BYKOBUM COHOTPOJOM, IO KOJMBABCS 3
yactoToio = 20 xI'it. PesyabpraTty nopisuioBanauchk 3 BUYO KpuiieBuM muIiHgI-
pUYHUM GOMKOM AiAMETPOM 5 MM 3a CIIiBCTABHUX YaCOBUX PEKUMIiB. 3a JaHU-
MU iHCTPYMEHTAJbHOTO iHJIEHTYBaHHA BM3HAUEHO MEXaHiUHI XapaKTepucTu-
KM, & PEHTI'€HOCTPYKTYPHOI aHAJi3u — CTPYKTYPHI mapaMeTpu Ta HaABHICTh
OKCUIHUX (hpa3 Ha moBepxHi. BcraHoBIeHi 0co0JMBOCTI 3MiH MiKpOTBEPAOCTH
Ta BUBHAYEHMX 34 PEHTI'€HiBCbKUMHU JaHUMU MaKPOHAIIPYXKeHb, PO3Mipy KpU-
CTaJIiTiB Ta CTPYKTYpPHO-()A30BOTO CKJIAAy Hicaa oOpoOJIeHHA BUCOKOUYACTOT-
HUMY MeXaHIYHUMHU yJapaMu, CIPUYNHEHUMU DPi3HUM YJbTPa3BYKOBUM 30Y-
IKEHHIM.

Karouori croBa: BUCOKOUYACTOTHE 3MiITHEHHA KYJbKaMU, BICOKOYACTOTHE Me-
xXaHiyHe ymapHe o0poOJIeHHS, IOBePXHS, 3aJUINKOBI HAIPyKeHHA, MiKpOTBe-
paicTh, asoBUM CKJIAI.

A comparison of the effects of high-frequency hardening by balls (SMAT) and
local high-frequency mechanical impact (HFMI) treatment by an impact ele-
ment on the micromechanical characteristics and microstructure-phase state
of the surface of the Ti6Al4V (BT6) alloy is carried out. The SMAT pro-
cessing of the sample surface is carried out in the air for 30—240 s with steel
balls of 2 mm in diameter, the movement of which was induced by an ultra-
sonic sonotrode oscillating at a frequency of = 20 kHz. The results are com-
pared with the HFMI processing by cylindrical steel striker of 5 mm in diame-
ter under comparable time regimes. The mechanical characteristics are de-
termined based on the instrumental indentation data, and the microstructure
parameters and the presence of the oxide phases on the surface are deter-
mined by x-ray diffraction analysis. The features of the microhardness
changes and XRD based data regarding the macrostresses, crystallite size,
and microstructure-phase state after high-frequency impact treatments of
various ultrasonic excitations are established.

Key words: surface mechanical attrition treatment, high-frequency mechan-
ical impact, surface, residual stress, microhardness, phase composition.

(Ompumano 15 cepnus 2022 p.; ocmamoun. eapisnm — 12 eepecus 2022 p. )

1. BCTYII

OmgHUM 3 HAWOIJIBINI IMINPOKO BUKOPUCTOBYBAHUX KOHCTPYKI[IMHUX Ma-
TepiAaiB € TuTaH i TUTaHOBi cTomu [1], AKi IIIMPOKO 3aCTOCOBYIOTHCA B
aepokocMmiuHiit [2], aBToMOGiMBHIN [3], KopabnebyaiBHil [4, 5] Ta Gio-
MenuuHil imskeHepii [6, 7] 3aBOAAKM cBOIM XapaKTepHUCTHUKAM, TAKUM
SAK: BIICOKA IIMTOMA MiIIHiCTL Ta KOpo3iiiHa cTifiKicThb, O6iooriuna cymi-
CHIiCTBH Ta BiHOCHO HU3bKUII MOAyJb mpyskHOCTHU [8]. IIpoTe mobpe Bi-
JIOMO, III0 TUTAH i TUTAHOBi CTOIIM MAIOTh BiITHOCHO HU3bKY TBEPIICTD Ta
BHOCOCTiMKiCTBh, 1110 06MEKYy€E iX BIPOBAAKEHHS Ta 3aCTOCYBaHHS, 0CO-
O0auBo B mapax teptd [9—11]. Hanmpukaaa, HU3bKUIL OIip 3HOIITYBaHHIO
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TUTaHY Ta HOTO CTOMIiB 3MEHIITYyEe TEPMiH Cay:KO0u GiosoTivHMX iMmIaH-
raTiB [12]. A a7 migBUIleHHA OIOPY BTOMHOMY PYHHYBAHHIO BifgOyBa-
€ThCS B YMOBaX MUKJIIYHOTO 3MiHHOIO HaBaHTAMKEeHH, HAIIPUKJIAI, JIO-
IaTOK Ta AMCKiB KOMIIpecopa aBigifHMX ra3oTypOiHHMX ABUTYHIB Mif
yac ix poboTu, peKoMeHZoBaHA MoAudikalliad IIoBepXHi, Y TOMY YUMCJIIi
medopmanivitaumu metogamu [13—15]. Kpim Toro, TuTan Ta #oro CTOMA
MaloTh BUCOKY XeMiUHy aKTUBHICTb, IIT0 MOYKe IPUBECTH 10 aJITre3ifHOT0
(popMyBaHHA KPUXKUX XEMIiUHUX CIIOJNYK, AKi MOKYTH COPUATH PYHHY-
BaHHIO IIOBEPXHI MaTepidaly 3a paxyHOK YTBOPEHHA NedeKTiB i Tpimua
[16,1T7].

Tomy migBUINEHHS TPUOOJOTIUHUX Ta iHINMNUX XapaKTePUCTUK MillHO-
CTHU THUTAHY Ta MOT0O CTOIIB 3a AOIOMOIOI0 Pi3HMX MeToh Momm@ikarii
IIOBEPXHIi € aKTyaJbHUM 3aBIAHHIM CYYaCHOTO MAaTepisjo3HABCTBA Ta
matmuHoOyayBanHsa [18]. ITpu nmbomy 3HauHMil iHTepec mpeacTaBIAI0Th
TeXHOJIOTii 00po0JeHHA MeTaJIeBUX IIOBEPXOHb, 3aCHOBaHi Ha (opmy-
BaHHI HaHOKPMCTAJIUHOI CTPYKTYPM B MOBEPXHEBUX IIapax MHIIAXOM
inTencuBHOI mractuuHoi medopmarii (III0). Ha croroxui icaye mimmii
pan meton momudikalii 06’emy (KpydueHHS ITiJ BUCOKMM TucKoM [19],
cTucHeHHA nig npaMuM Kytom [20] Ta iH.) i moBepxHi (MOBEepXHEBE Me-
xamiuHe obpobsenHsa tepram (SMAT) [12, 21-26], apobocTpymMeHeBe
00pob.ienus (shot peening — SP [13, 14]) BucoxkouacToTHE 00PO0IeHHS
pisHUMU ymapHuUMEN eJeMeHTaMu Ta iH. [15, 27, 28]) KOHCTPYKIIIAHMIX
MaTepidaiiB.

Hai6inpl BUCOKMMHU TEXHOJOTIYHMMU MOMKJIMBOCTSIMU BOJOLIiIOTH
metoau IIIJl, AKi 3acHOBaHi Ha BUKOPUCTAHHI YJIbTPA3BYKOBUX KOJU-
BaHb [11]. 3asHauumo KijgbKa BIaaux IPUKJIaAiB Mogudikarii moBepx-
Hi KOMepIifiHO YncTOro TUTaHy Ta TUTaHoBOrO croiy BT6 (Grade 5 —
Ti6Al4V). KombinoBare 00po0J/IeHHSA, SKa MOENHYE JIOKAJIbLHUM HArpiB
Ta yIbTPa3sByKoBY Moaudikariio mopepxui (YMII) Ha moBiTpi 3a KimHa-
THOI TeMmIlepaTypu 3actocoBaHo B [27]. JIokambHe HarpiBaHHSA cTOOY
nposoauaoca no temuepatyp 400°C, 600°C, 800°C i gaB 3Mory mmigBu-
II[UTH Foro MiKkpoTsepxaicTs Ha 32% , 38% , 1 52% Bigmosiguo. ITogauin-
mre 3acrocyBauHsa Y MII majso smMory 1ogaTKOBO HiABUIMUTH MiKPOTBEP-
micts 3 500 HV 10 620 HV, 3 540 HV 1o 900 HV i 3 700 HV mo 940 HV
BifgmoBigHO. 3HOCOCTIMKiCTh 3paskiB mpu IboMy 3pocTae Ha 69—T78%
MIOPiBHSHO 13 3aCTOCYBAaHHAM JIHIIIE JJOKAJIbHOTO HArpiBy. Ile moB’ss3aHo
31 3MeHINIEHHAM PoO3Mipy 3epeH o-(asu mig wac YMII 3 9,9 MM mo
1,2 MM, a B-dasu — 3 3,8 MKM 10 0,8 MKM ()1 YMCTOTO TUTAHY — 3
35,5 mxm mo 200 um) [28]. 3a ganumu 1miei poboTH MiKpPOTBEPAiCTD YKC-
Toro TuTaHy 3poctae 3 146 HV no 193 HV, a crony BT6 — 3 328 HV mo
379 HV, Beruunia MaKpOHANIPY:KEeHb B IOBEPXHEBOMY IITapi CTAHOBUTH
1279,4 MIla i 1142,7 MIlIa Bigmosiguo. IllupuHa KOpisKOK TepTs, IIicJIsd
BUIIPOOYBaHb HA 3HOCOCTiMKiCTEL, 3MeHITYyeThCa 3 680 MmkM Ta 520 MKM y
Buxigmomy craui 1o 630 MM i 480 MKM micaa YMII uncToro Tutany Ta
cromry Ti6Al4V Bigmosigmo.
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Amnajoriuaunii pe3yJabTaT CTOCOBHO 3POCTAHHSA MiKPOTBEPIOCTU CTOITY
BT6 B peaynbrari 3actocyBamua Y MII ogepsxamuit B [29]. 3asmauaeTn-
cd, 10 epeKT 3MIITHEeHHS cIocTepiraeThea Ha Bigcrami mo 400 MKM Bif
IMOBEPXHi, MiKkporBepaicTs 3poctae 3 310 HV mo 380 HV. Beamumnna
CTUCKYBAJIbHUX HAIIPYKeHb B IIOBEPXHEBOMY INapi micasa o6pobsieHHs
craHoBuTh = 544 MIla, a BromHa MminHicTs 3pocTac Ha=11%.

Binbin sHaunmii epekT sMmimHenHa go 5,7 I'Tla gocsaraeTses yabTpas-
BYKOBHUM yIapHUM 00pobseHHAM moBepxHi crormy BT6 Ha moBiTpi [30] 3a
PaxyHOK IOAPiOHEHHA CTPYKTYPHUX €JIEMEHTIiB a- i B-das ;o HaHOMAC-
miTabHoro piBHa 40—60 HM, MOsIBM 3HAYHUX MiKpoAedopMalriii Ta BICO-
Kol I'yCTHMHM JHCJIOKAIliil Ha rpaHuIli 61okis. Ilicasa oOpobiieHHA B MO-
mudikoBaHoMy Imapi TOBIMMHOIO =11 MKM 3aJWUINIKOBI MaKpOHAIpY-
JKeHHsA CTUCHEHHS gocAraoTh —1575 MIla. 3HauHO mOKpaIyeThCs 3HO-
COCTiHiKicTh, 30KpeMa, KoedillieHT TepTs 3MeHIIyeThea y 1,5 pasu.

OpHielo 3 MTepCIEeKTHUBHUX METOJ OAeP:KaHHA HAHOKPUCTAIIUHOI
ctpykTypu (30—100 HM) pisHEMX MeTaeBUX MAaTepPifAJiB € TeXHOJIOTisd
BY3K (SMAT — surface mechanical attrition treatment) [31].

CyTb Takoro o0pobJIeHHS oJIarae B HacTymHoMy [32, 33]. ¥ BakyyM-
HilT KaMmepi, ocHaIleHil BiOpalliiHMM TreHepaToOpOM, PO3TAIIOBYIOThCS
00pOo0IIOBaHUY 3pas3oK i KpuUIleBi KyJbKHU (3a3Buuail i3 Heip:kaBittHOI
Kpurti abo ZrOz, WC + Co) 3 rimagkoio mosepxHeo. KyJIbKu MalOTh PO3-
Mipu B miamasomi 1-10 MM 3aye:kHO Bi 00pOOJIIOBAHOTO MATEPiAdy.
YacToTa BiOpaIrii BakyyMHOI KaMepH MOKe 3MiHIOBATHCHL B MexKaX Bif
20T mo 20 xI'tt. B mporteci 06po0eHHs KYJIbKM PE30HYIOTH i BIaps-
I0ThCsI 00 TOBEPXHIO 3pasKa BIPOAOBIK OYsKe KOPOTKOTO IPOMIiKKY Ua-
cy. IIBuaKicTh IOJBOTY KYJBOK 3aJI€KUTD Bl YaCTOTHU reHepaTopa, Bi-
ICTaHi o MOBEePXHi 3pasKa, a TaKoXK ix poamipy (Macu), i Moxke 3MiHIO-
Batucsa Big 1 m/c mo 20 m/c. Hampamu ygapiB KyJboK 00 IIOBEPXHIO €
BUIIaAKOBMMM, OCKLIbKM HAOPAMH iX IIOJLOTY y BiOpamifimiii Kamepi
TAKOK MalOTh BUIIAAKOBUI XapaKTep. 1K Hacaimok, OaraTokpaTHi yga-
pu Oig pisHMMU KyTaMHU JI0 IIOBEPXHi, 3YyMOBJIIOIOTh iHTEHCUBHY ILac-
THUYHY AedopMalliro, moaApiOHeHHA MiKPOKPHUCTATIIUYHNX 3ePeH M0 HaHO-
MEeTPOBOIo PO3Mipy B HOBEPXHEBOMY Illapi meBHOI ToBIuHN. MoxKe Bif-
OyBaTmcs i Harpis 1poro mapy mo tremuepatyp Big 50°C mo 100°C zame-
*KHO BiJl iHTeHCHMBHOCTH yAapiB i BJacTHUBOCTEN 00POOIIOBAHOTO MaTepi-
amy. 3aJekHo Bix wacToTu BiOpaiiii po6ouoi Kamepu iCHYIOTH IBa Bapi-
STHTU BUCOKOYACTOTHOTO 3MintHeHHA Kyabkamu (BU3K): 3 ausnKoi0 (10
50 TI') i Bucokoio (mo 20 kI'm) uacToroio BigmoBimmo. Hagami posrasane-
MO JesdKi pe3yJabTaTh TaKoro o0pobJaeHHsa TuTany Ta crony BT6.

s migBuieHHsS TPUOOJOTIUYHMX XapaKTEPUCTHUK YHCTOTO KOMep-
miiHoro tTutany texzoJoriio BU3K Buxopucramo B [34]. 3acTocoBaHO
mocritiny yactory 6 I'm, posmip KyJanbok — 5 MM, 3arajgbHa KiJIbKicTb
Kyasrok — 201 i TpuBamicTs eKcumepumenTy — 3, 5, 10, 121 22 xB. JIuer
CP-Ti (xmac 2) ToBmuuoo 0,5 MM i3 cepemHboio 3epHHUCTICTIO 70 MKM
BUKOPUCTOBYBABCSA B JaHiit poboTi. B mpor1ieci 06pobienHs BigdyBaeTheA
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3MEHIIIeHHA Po3Mipy KpucTadaiTiB o 12 HM, DigBUINIEHHA TBEPAOCTH Y
2,8 pasu, 3meHIIeHHA KoedimieHTy TepTa Ha 66% . Tosimuua Mmogudi-
KoBaHOro mapy — Big 55 MKM g0 200 MKM. 306iJbIIIeHHS ITOBEPXHEBOI
TBEPIOCTH TA CTBOPEHHS 1e()OPMOBAHOTO IMAPY CIPHUSIE 3MEHIIEHHIO
IBUIKOCTI 3HomyBanusa Ha = 60% . IllepcTricTs moBepxHi micas BU3K
3pocTae Maitske B 6 pa3iB BHACJIiJOK YTBOPEHHS 3allaAUH i BUCTYIIiB.

Y pobori [35] mpomec BUSK crony BT6 nmpoBoamam y Barkyymi
(0,1 MIla) xpunesumu kyabkamu SAE 52100 (IIIX15) giamerpom 5 MM
yapomon:k 30 Ta 60 xBuanH 3a uacToTu Bi6paiii 50 I'm. MikpoTBepaicTs
micasa 30 Ta 60 xBuauH 00pobaenHs 3poctae Ao 5,8 I'la Ta 7 I'lla, mak-
pouanpy:keHHa — 10 —679 MIla Ta —706 MIIa, a poamip 3epeH 3MeHIITy-
eThesa 0o 148 um ta 115 uMm BigmoBigmo. Ajte micasa 6iIbII TPUBAJJIOTO 00-
poOJIeHHSA CIIOCTEPIraloThCA 3HAYHI MOIMTKOKEeHHS TOBEPXHi 3 BEJIMKOIO
KimbKicTIO MIMOIMIMX MiKpOTPiIuH, 10 HETaTUBHO BIIJIMBA€ HAa BTOMHI
XapaKTePUCTUKH.

Ilonmi6HM edeKkT XapaKkTepHuil 1A 6araTbox MaTepisaiiB i HaBiTh 3a-
3HavaeThes [36], 110 3a moBIInii yac 06poOIeHHA BTOMHUI TEPMiH CJIy-
KOu moHMKyeTheA. Ille ogHuM HeraTuBHUM edeKTOM € 3a0pyTHEHHS
IMOBEPXHi 00poOsIOBaHOrO CTOIy Marepisimom Kyabok [37]. IligTBep-
MKEeHHAM IILOTO € pedyabratu [38]. AK Buximumii MaTepisana B JaHoMy
eKCIIePUMEHTI BUKOPHUCTOBYBaBCcs JucToBuii mpoxar Ti—6Al-4V Tos-
mrHOo0 2 MM BupoOHUITBA Baoti Group. SMAT mposoauiu B Kamepi 3
aTMoc(depoio aproHy 3a AOIIOMOTOIO eJIeKTPOMATHETHOTO BibpaTopa Ky-
asamu 3 TBeppocTonHoil Kpuii YG8 (ocHoBHMI KoMmoueHT — WOC) mis-
metpoM 10 mm. Hactora Bi6ponnargopmu — 20 I'm, ammriTyaa Bibpoir-
JatgopMu — 5 MM, BifcTaHb MiX 3paskaMu Ta BiOpomIaT@opMO0 —
13 Mmm. Hac obOpobiaeHHsa ctaHoBuB 1, 2, 3 Ta 4 TOOMHU BiAIOBiZHO.
Bumict WC ma moBepxHi 3paska micjas roguHM OOPOOJEHHS CKJAIac
0,46% wmac., nicas 2 roguH MBUAKO 30iabImyeTheda g0 3,52% mac. i mo-
carae makcumymy — 4,72% wmac. micas 3 rogus oopobiienHsA. o sa-
mo0iraHHSA MacoIllepeHOoCy Ta BHECEeHHIO 3a0pyAHEeHb y JesIKHX podoTax
BUKOPUCTOBYIOThCA KyJabKU 3 cTomy BT6 (mismerpom 10 MmMm) Tak, gk,
HapuKJIang, B [39]i smenmyerbes yac BBy (120 xBuamH).

Y pobori [40] obpobaenusa cromry BT6 mposemeno 3a momomoroio 500
KYJBOK 3 OKCHUAY IIMPKOHIiI0 mismerpoM 2,5 MM yapomos:x 480c, 960 c i
1920 c. MikpoTrBepzicTs HV 025 00po0eHnX 3pas3KiB mgocAarae Makcuma-
apHuX 3HaueHb 437 I'Tla, 449TTla Ta 468 I'lla (y BuximHomy crami —
372 I'Tla) BimmoBimHo, a rambuHa MoauGiKoBaHOTO IIapy — IPUOIMU3HO
290 mMm, 330 mMm Ta 390 Mmm. MakcuMaibHa MiKpPOTBEPAiCTh 34 TPUBAJIOC-
T 00pobsieHHA 1920 ¢ € 6iybmr HidK Ha 25% BUINOIO, HiXK 14 HEoOpOOIe-
HOTO 3pasKa 3a PaxXyHOK IOAPiOHEeHHS 3ePeH, BUCOKOI I'YCTUHU JUCJIOKA-
IIifi Ta 3aJUIIKOBUX HAIPYKeHb cTucHeHHA (—653 MIla, —741 MIla i
—875 MIla BigmoBiguo). IlikaBuii epeKT ofep:KaHUiT CTOCOBHO KOPO3iii-
HOoI critikocTu y posunHi NaCl — Hafikpaiuii pesyabTaT ofepsKauuil 1Js
480 ¢, 3i 30iIbIITeHHAM Yacy 00pOOJIeHHS OIIip KOPO3ii 3MEeHIITyEThCA.
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Pesyabpratu [41] cBiguaThb, 110 06pOOJIeHHSA KYJbKaMH i3 KPHUILi
100Cr6 gismerpom 3 MM ynpomoB:k 30 XBUJINH 3 BUKOPUCTAHHSIM BHCO-
KouacTtoTHOro (20 KI't) yIbTpa3ByKOBOT'0O reHEePaTOPy 3HAUHO IIOKPAIITye
MeXaHiuHi BJaCTHUBOCTi roTOBUX BUPOOiB 3i cTorry BT6 HaBiTh 3a mOTYXK-
HocTu rerepatopy 30% . BusHaueHo BILIUB IIONEPEIHbOI TEPMIYHOTO 00-
pobuenns 3a remuepatypu 400°C yupomos:xk 2 rogmi. 3pasoK IIicjasa Tep-
MOO00OPOOJIeHHS Ma€e Aerio BUIMY MiKporBepaicTh (370 HVy,2) mopiBHAHO
i3 Buxigaum cramom (345 HVy2). s spaskiB, m1o sasHaau 000x o6po6-
JeHb (Tepmiunoro ta BU3K), MikpoTBepAicTs 30iMbITyeThCA 10 3HAUEH-
Hs 0n3bK0 420 HV 2, 1m0 npubaunsuo Ha 15% Buine, Hixk y HeoOpoob.Ie-
Horo 3paska. BU3K cTBopioe 3HAUHI 3a/IMINTKOBI HAIPYKEHHSA CTHUCHEH-
Ha o —300 MIla, ma piBeHb AKMX He BILINBAE IOMIEpPEIHE TePMOOOPOO-
JIEHHS.

Pesynbratu [42] niarBepmxyooTh Te, mo BUSK smauHo moxpariiye
crifikicTs mo BroMmu crony Ti6Al4V. O6pobieHHa IpoBOAUIN chepud-
HUMU KyJabkamu (meipsxasiitma Kpuna 304 +ZrQOz) mismerpom 3 MM 3
yapTpa3ByKoBoio dacTtoroio (20 kI'm) ympomos:k romuHu. I'paHmuHa
BTOMHA MinHicTh 3paskiB micaa BU3K gocarae 580 MIla, 1o BaBiui 6i-
JbINe HiK JJId 3pasKiB, BUTOTOBJEHHX CEJEKTUBHUM JIA3€PHUM TOII-
aeraam (290 MIla) i ua 57% Bwuitie HixK IJ1d 3pasKiB, BUTOTOBJIEHUX i30-
cratuuyHuM npecyBaHHAM (370 MIla). [Ins immumx TexHOJOTiHE 06p006-
JIEHHS IIOBEPXHi, TAKKNX AK MeXaHiuHe IMoJipyBaHHsd i ApodocTpyMeHeBe
00po0JIeHHS 3a MOPiBHAHHMX YMOB BHIOPOOYBAHL OAepP:KaHi 3HaUEeHHS
350 MIIa Tta 370 MIla BigmosigHO.

IuTepec mpeacTaBIAIOTh TAKOXK pe3yabTaTu [43] CTOCOBHO ITOPiBHAHHS
edexTUBHOCTU ApobocTpymMeneBoro oopobaents ([10) ta BUSK. OcuoBHi
BigMiHHOCTI mossiraioTh y posmipi apoby (Bix 0,25 mm g0 1 mm — mas 1O
iBig 1 MM mo 8 Mm — mst BU3K) i mBugkocti (Bixg 20 m/c 7o 150 m/c —
nns 10 i Big 3 m/c mo 20 m/c — nnsg BU3K), a Tako:x pisHiit opmi esre-
MEHTIB, II[0 00POOJIAIOTh MOBEPXHIO, ocKiabKM aaa BUSK 1e xopcTki
chepu mpaBuiabHOoil popmu. Kpim Toro, BU3K mpoBoguTLCS yV 3aKPUTiH
Kamepi 3 uactororo KoamBaub 20 KI'm. IlepeBipsaancsa pisHi ymoBu mJisa
060x merox;: 3 Koedimiearom moxpurta 125% (BU3K 1) ta mouazn 3000%
(BY3K 2). ¥ BuxigHomy cTaHi MikpoTBepaicTs ctanoBuiaa 323,7 HV (ua-
BaHTaKeHHA 1Kr), a micaa ob6pobimenna — 368,4HV (BYU3K 1),
374,6 HV (BU3K 2) Tta mpoboctpymeneBoro — 374,2HV (BU3K 1) Ta
374,3 HV (BU3K 2). Tak, MmakxcuMaJabHE 3pOCTaHHA MiKPOTBEPAOCTH Bif-
O0yBaeTheda B = 1,16 pasiB. MakcumanbHi Hanpy:keHHa —1000 MIla Buas-
Jgeri Ha rambuHi 50 MM aaa IO ra 100-125 mem aias BU3K. Tobto pa-
Iif0C KYJIBOK Ta Apo0y BILIMBAE HA MVIMOMHY IIapy 3 MAaKCUMAJILHUM 3HA-
YeHHSM CTUCKYBAJbHUX 3aJUIIKOBUX HAIIPYKEHb i IId riinbuHa 6iabIa
nnsa BU3SK. 3BuuaiiHe apoOocTpyMeHeBe OOpOOJIeHHsS, Ha BigMiHy Bin
BY3K, cTBOpPIOE GiJBIII IIIEPCTKY IIOBEPXHIO, AKA BUABJISAETHCS IOIIKO-
IKEHOI0 i ToTpebye MoAAIBIIIOr0 iHTEeHCMBHOTO IOJIipyBaHHA.

TakuM YMHOM, Y MOPiBHAHHI 3 iHINTMMM TEXHOJOTiAMU 00pPOOJIEeHHS
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nmoBepxHi BU3K meMoHCTpye UymoBe MOHUMKEHHSA BTOMU, 3abesmeuye
Kpalny AKicTh IMOBEPXHIi Ta MigAXOAUTE AJIs 00POOJIeHHA AeTaiB CKJIal-
HOI opmMu. Y MOPiBHAHHI 3 METOA0I0 APOOOCTPYMEHEBOT0 0OPOOIeHH A,
BY3K 3abesmneuye 0iJIbIII TOUHNIT KOHTPOJb HapaMeTPiB 00pobIeHHA Ta
BiZTIOBiAHO MiAXOAUTE AJA OOPOOJEHHS CKJIAJHUX KOHCTPYKILiH. B 11i-
agomy BUSK BBaKaeThCs MEePCHEKTUBHOIO METONOI0 AJA IIiABUINEHHS, B
IepIny Yepry, BTOMHOI MifHOCTH MaTepiaaiB. HamocTpykTypHUil moBe-
PpXHeBUH I11ap MOXKe HOJIITIIITNUTY ONip BEJUKOIIMKJIIOBi# I BTOMi 3pasKa 3a
PaxXyHOK IiIBUINEHHS MEXaHiYHOI MIiITHOCTH Ta 3aJHINKOBUX HAIIPY-
JKeHb CTUCHEHHS B IIOBepXHeBoMY Imapi[44].

Bimomo, 1110 BHCOKY e()eKTUBHICTE MO0 3MiITHEHHS Ta IIiJIBUIIIEHHS
BTOMHHUX XapaKTEPUCTHUK METaJIeBUX MAaTEePifJiB ZeMOHCTPYE TaKOMK
TEeXHOJIOTifA BUCOKOUYACTOTHOTO yaapHoro oopobimenns (BUYO) [15, 45].
Tomy, iHTepec mIpeacTaBaA€e TOPiBHAHHA e()eKTUBHOCTU BUCOKOYACTOT-
"Horo BU3K KpumeBuMu KyJbKaMU Ta BUCOKOUACTOTHOTO yIapHOTO 00-
pobinerHsa — BUYO KpuieBuM MUIIHIPUUYHUM OOMKOM JIJIA 3MiIlTHEHHS
IMOBEPXHiI THUTAHOBUX CTOIiB Ha mpukJjani BT6. Amamiza miteparypu
CBimunThL, 110 30iJbIIEeHHSA Yacy OOpOOJeHHsA MOHAJ MEeBHY KPUTUUYHY
BeJIMUNHY MOXKe HEeCIPUATINBUM YNHOM BILJIMBATH HAa MiKDPOTBEPAiCTH,
KOPO3iiHy Ta B3HOCOCTIMKiCTh, OCKiJIbKM BUKJIMKAE 3HAYHI IIOMIIKO-
MKEeHHS IIOBEPXHIi 3 YTBOPEHHAM I'NTMOOKUX TPIIlIUH i BUCOKOI IITePCTKO-
CTH, & TAKOXK MacoIlepeHOCy MaTepisany yaapHux eiaeMmeHTiB. Chopmo-
BaHMI 3a PaXyHOK MeXaHOXEeMiUYHMX peakKIlili OKMCHUU IIap MOKe Ta-
KO ITilaBaTHCA 3T0JIOM OKPUXUYEHHIO Ta pyliHyBaHHIO. Tomy y maHii
poboOTi 3ocepemkeHO yBary Ha HMOUYATKOBMX CTamigX OOpOOJIeHHS, yac
SIKUX CITiBCTaBHUM 3i cTrangapTHUMHU peskuMamMu BUYO Kpumesum 001ii-
KOM, II10 B:ke ampoboBani aja cromy BT6 [30]. IIpoBenene mopiBHAHHS
€BOJIIOITil MiKpPOTBEPAOCTH, 3AJUIIKOBUX MAaKPOHAIIPYsKE€Hb Ta CTPYK-
TypHO-(ha30BUX XapaKTePUCTUK MOBEePXHi TuTaHoBOTO cTomry BT6 micas
BYYO [30] Ta BU3K 3a momoMOrom CIelisiIbHO BUTOTOBJIEHOTO IJIs
IIOT'0 TIPUCTPOIO Ha OCHOBi BUCOKOTEXHOJIOTiYHOTO ITU(pPOBOTO yIbTpa-
3BYKOBOTO OOJIafHAHHA. 3aBAAKN MOKJIMBOCTI BCTAHOBJIEHHS CTabiib-
HOI aMILIITy Iy MeXaHiYHNX KOJUBaHb B IIIMPOKUX MeXKax Ta IMiATpuMYy-
BaHHSA pe3oHaHCHOI yacToTu 3 BigxmiaenuaM < 0,2 I't;, 3 aBTOMaTHUYHUM
HaJIAIITYBaHHAM, BAAJIOCA IiABUIMUTHU SKICTH i BiATBOPIOBaHICTH Ofe-
pKaHUX pe3dyabTaTiB.

2. METOOJUKA EKCIIEPUMEHTY

BuxopucrosyBaaucsa 3pasku TutanoBoro crory BT6 (cucrema Grade 5:
Ti—6Al-4V) 3 nacrymaum xemiuaum ckaagom (% Bar.): Ti — 85,21, Al
— 6,18, V — 4,28. [Ina mocaimkeHb BUKOPUCTOBYBAJINCEH 3Pa3KU Y BU-
raani maactTuH giamerpoMm 20 MM i ToBiTuHON 3 MM (+ 0,5 MM), omep:xa-
Hi pisaHHAM OPYTKiB IEPIEeHANKYJIAPHO HANPAMKY IIpoKaTKu. Ilepen
06pOo6IeHHAM 3pa3Ky BigmaaioBaanch y Bakyymi (P =10"31IIa) 3a Tem-
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TABJHUIIA 1. Mexauiuui BaactuBocti crony BT6 [46].
TABLE 1. Mechanical properties of the Ti6Al4V alloy [46].

Me:xa nauasocTtu, MIIa ‘ 950
Me:xa minmaocT Ha po3pus, MIla 1020
Mikporsepaicts 3a Bikkepcom, HV 311
Mogyas FOura, I'lla 110
I'yeruna, kr/m? 4400
Koedimienr ITyaccouna 0,34

nepatypu 700°C BIpomoB:K 2 rOAMH i 0XOJIOAMKYBAJINCS PA30M 3 MiUUvIo.
¥ Buxigaomy craui tTuranosuii cron BT6 ckimanaerscsa i3 o (I'ILIT)-pasu
ta B (OLIK)-dasu.

BucokouacToTHa yJapHa o0po0Ka MOBEPXHi KyJbKaMu 3 HepKaBiio-
v0i cTaJi gisMerpoM 2 MM IIPOBOAMJIACS HA IMOBITPi 3a HOIIOMOIOIO IIPU-
ctpoio [21], AKkuii cKIagaeThcA 3 UGPOBOTO €JIeKTPOHHOIO I'eHepaTopa
[47], yapTpasByKoBOi KOJIUBHOI cucteMu (puc. 1, a) Ta Kamepu AJsa 00-
pobisieHHA 3pasKiB (puc. 1, 6). AMOiiTyma yabTpasByKOBUX MEeXaHIUHUX
KonuBaub (peak-to-peak) ckiaamama 24 =50 MKM, TpuBaJicTL 00pPOO-
ageunsa — Bix 30 ¢ go 240 ¢, Bigcranb m0 3paska — 10 MM, KiJIbKicTh Ky-
JbOK — 35. [[o cKIany yabTPasByKOBOI KOJMBAJIBLHOL CUCTEMU BXOAATD:
YABTPa3BYKOBUIH II’€30KepaMiuHMNil IIepeTBOpIOBa4Y, TpaHchopMaTop
KOJIMBAJbHOI IIBUAKOCTU (OycTep) i KoHIleHTPaTOP (COHOTPOX).

IleperTBOpIOBaY 3 BUCOKUM KOedil[ieHTOM e(eKTHUBHOCTH KOHBEPTYE
BHCOKOUYACTOTHY €JIEKTPUUHY €Hepriio B MOTYKHi yIbTPa3BYKOBI Mexa-

Kamepa 3pasok
C°H°ip°H 5 Tepersoprosat %—
yeTep /
! - ®
® ' e
s
1 o @
o V)
IT’esoenementu T'enepaTop KonnBaHb |
a 7]

Puc. 1. Cxemaruute 3o6pakenunsa BU3K npuctporo [48].
Fig. 1. Schematic image of the SMAT device [48].
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HiuHi KoJmBaHHA uacToToi0 6am3bKo 20 KI'm, AKi mepemaroThca uepes
OycTep i mimcuIIOIOTHCSA COHOTPOAOM. EHepria yabTpasByKOBUX KOJIH-
BaHb Uepe3 TOpPeIlb COHOTPOIa IepelacTheA MeTaJeBUM KyJabKaM i cTu-
MYJIO€ iX PpyX y oOMexXeHoOMY 00’e€Mi IOBiTPSAHOTO cepefoBUIA JOCIIil-
HOI KaMepH Ta BUCOKOUYACTOTHI yJapHu II0 ITOBEepXHi 3paska. [ljada moHu-
JKeHHS TUCUIIATUBHUX BTPAT IIiJ Yyac BiOpalliii COHOTPO IPUCTPOIO BU-
rotoBJieHO 3 TuTany BT22.

EnexTpoHHMI reHepaTop, 3 IOBHICTIO MU()POBUM KepyBaHHAM, 30ili-
CHIOE JKUBJIEHHA II’€30KepaMiuHOro mepeTBopioBaua. B cxemi remeparo-
Pa BUKOPHUCTAHO CYyUYacHi MiKpompoIiecopHi TexHoorii: DDS-cunTes ua-
cToTu, mudpose (asoBe aBTOIiACTPOIOBAHHA PE30HAHCHOTO PEKUMY 3
aBTOMATUYHUM HAJAIITYBAHHAM Ha Ty YU iHIY aKYCTUYHY CUCTEMY
(migs BU3K ab6o BUYO). 'emepaTop Mae MOKJIMBICTDL peryJiloBaHHS Ta
cTabimizaIii aMImIiTy 1 yJIbTPa3BYKOBUX MeXaHiUHUX KOJWBAHbL B Me-
skax Big 5 ;o 100% (60 MKM) Ta BCTaHOBJIEHHS Yacy pPoOOTHU 3a JOIIOMO-
roio mudposoro taiimepa Bix 0,01 ¢ go 30,0 xB. Hanpyra »XuUBJIeHHS Te-
HepaTopa — 220 B, a Buxigna mory:xkuicts — mo 2000 Br[47].

BYYO nma nosiTpi ynpomoB:x 120 ¢ mpoBoauiaacsa 3a metoaukoio [30].
BukopucroByBaBcsa 00MOK IMJIIHAPUYHOI GPOPMU SiIMeTPOM D MM i3 3a-
raproBanoi Kpuii IIIX15, akuii KoJuBaBCd Y BUCOKOYACTOTHOMY is-
mazoni (1-3 kI'm). 3pasok 3HaxomguBcA y 30HI mii Ooiika 3a yMOB, Ha-
OJMIKeHUX IO KBA3UTiIPOCTATUUHOTO CTUCHEHH.

BumipioBarHsa MiKpoTBepaocTHu IIpoBoamaochk Ha npuiani IIMT-3 za
meTonoro Bikkepca i3 maBanTakenuam 100 r Ta 3a MeTOI0I0 HellepepB-
HOTO BIABJIIOBAHHSA iHAeHTOpa (iHCTPYMEHTAJLHOTO iHIAEHTYBAHHSA) 3
BUKOPUCTAaHHAM YHiBepcaJbHOrO MiKpo/HaHO TBepaoMmipa «Micron-
Gamma» [49-51]. BumpoOyBaHHS IPOBOAWJINCH 3 HABAHTAKEHHIM
50 cH i mBugkicTio HaBaunTaxkenHs 5 cH/c. Ha KoskHOMY 3pasky 3miii-
CHIOBAJIOCH He MeHIIle 6 BUMipioBaHb 3 KPOKoM 50 MKM MiK BigOMTKaMMI
inmenTopa. Kopekiligs eKclIepuMeHTAJLHUX OiATrpaM iHZeHTYBaHHS
3mificHIOBaJIACh 3TiJHO METOAUKH, IO OomucaHa y pobori [52]. Anariza i
00pO0JIeHHS 3apeecTPOBaHUX AiArpaM iHAeHTYBAHHS OJd BU3HAUCHHS
TBEPAOCTH, KOHTAKTHOT'O MOAYJIIO IPY*KHOCTU Ta KoedilieHTa miacTu-
yHOCTH [53] mpoBomMINCEH 3a MOIOMOIOI0 IIPOrPaMHOTO 3abe3meueHHs
mpuaagy.

PenTreHOoCTpYKTYpPHY (PA30BY aHaJIi3y NPOBEIEHO 3 BUKOPUCTAHHAM
mudparromerpa Rigaku Ultima IV, 3 rpadgiToBuUM MOHOXPOMATOPOM, ¥
migHomy BunpowmintoBauHI (MCuK,)=0,15418 HM) 3 BUKOPUCTAaHHAM
cxemu (poKycyBaHHA 3a bperrom—BpenTano. YM0OBUY IIPOBEeIeHHA JOCJIi-
IKeHb: iHTepBay KyTiB 20 = 20°-120°, Kpok peectparii — 0,04°, uac
BUTPUMKM B TOUIli — 2 ¢, TPUBAJIICTEL peecTpaillii audpaxTorpaMu OgHO-
ro spaska — 90 xB.

Amnajiza oep:xaHnX PEHTIeHiBCbKUX CIEKTPIiB Ta IPOBEeAeHHA Kilh-
KicHOI Ta aAKicHOI (pa30BOi aHaIidW 3AilICHEHO 3 BUKOPHUCTAHHAM IIPO-
rpamuoro 3abesmeueHHsa PDXL, mixkHapomuoi 0asu gaHux Au@paririi
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ICDD (PDF-2) ta Binkpuroi 6a3u kpucramorpadivaux ganux COD. Po-
3paxyHOK po3Mipy obJacrteit koreperTHoro posciauua (OKP) ra cryme-
HA AedopmMallili KpucTaJiuHOl I'PATHHUILL IIPOBEEHO 3a MeToA010 XoJije-
pa—Baruepa. Kinbkicma ¢asoBa anaiisa mpoBemeHa Mmetomolo RIR
(Reference Intensity Ratio), aka mosasarae y mopiBHSHHI BigHOIIIEeHHS
iHTeHCHBHOCTEHN HaNOLILII CUILHENX pedeKciB asu i KOPYHAY B iX cy-
MiIlli 3 MACOBUMU YaCTKAMMU.

BusnaueHHsa BeJIMUYMHN HAOPYKEeHb 1-T0 poAy IIPOBEIEHO METOHOIO
sin?y 3 BUKopucTaHuaM audpakiiiinoro makcumymy (102) Ta sHaueHb
kyTtiB y=0°, —10°, —20°, —30°, —40°. O6pobJieHHA 0JEPKAHNX CIIEKTPIiB
IIPOBe/IeHAa 3 BUKOPUCTAHHIM IIporpaMHoro 3abesneuenud Rigaku.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ha pucynky 2, a HaBeJJeHO BiIHOCHI 3MiHM MiKpPOTBEPIAOCTH IJIA CTOITY
BT6 micama BUSK pisuoi TpuBagoctu (1) ta micaa BUYO sa mammmm
[30]. CmocTepiraerbcs omHaKOBUIT XapaKTep IuX 3aJjekHocTei. Mikpo-
TBEPAiCTh MaKCUMAaJbHO 301IbITyeTheA BABiUi micasa BUYO TpuBasicTio
120c i B 1,4 pasu micia BU3K tpusasictio 150 c. Iloganbie 36iib-
ITeHHA Yacy o0po0JeHHA TIPUBOAUTE M0 MOYATKY peslaKCaI[ifHUX IPO-
IeciB, CIpUYMHEHNX Ae)opMallifHUM HarpiBaHHAM MOBEpPXHi Ta BiAmo-
BiTHOT'O 3MEeHITIEHHA MiKPOTBEPIOCTH.

Bigomo, mio ITI, Ak npaBuiio, € MUKJIIYHUM IPOILEeCOM — CTajil 3Mi-
IMHEHHS CYIIPOBOMMKYIOTLCA CTANiAMU ILIacTU(dikaIlii. ¥YaBIeHHSa 040
TaKkol IMUKJIYHOCTH Y XOi MeramiacTudHoi (iHTercuBHOI) 06’eMHOI He-
dopmartii TBepaux Tinm pos3BunyTi A. M. I'mesepom [54]. 3aBaaKu aucu-
marrii npyXHOI eHeprii BIPOI0BK HU3LKOTEeMIIePATyPHOI'O JUHAMIYHOTO

2,0 o
1,81 / 3 ~400+
| / DU
1.6 ~800+ 2o

P .

1,4+ | *
- —1200 L
1.24, e ~

Bignocua smina
MiKpOTBepIOCTL
\

—16004

1,04 -m %

Hanpy:xenna o, Mlla

: T T T —-2000-— T T T T
0 60 120 180 240 0 60 120 180 240
Tpusamicts 06pobKu, ¢ Tpusamicts 06pobKu, ¢

a 6

Puc. 2. Bigmocua 3mina mikporBepzocTu (a) Ta piBeHb 3AJIHUINKOBUX HAIIPY-
:keHb (6) B cromi BT6 nicaa BU3SK tepram (1) ta BUYO ma mositpi (2) 3a pe-
gyapraramu [30].

Fig. 2. Change of microhardness (a) and residual stresses (6) of Ti6Al4V alloy
samples after SMAT (1) and HFMI (2) treatment for results [30].
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TABJINIIA 2. Mexaniuni Biactrusocti mopepxHi crony BT6 micas BU3K na
MOBITPi 3a MeTOAOI0 iHCTpyMeHTaJdbHOTO iHAeHTyBaHHsS (Hir — cepenHe 3Ha-
yeHHA TBepgoctu 3a Meiiepom, E — KOHTaKTHHIN MOAYJb IPYKHOCTH, Oy —
XapaKTePUCTUKA IJIACTUYHOCTH ).

TABLE 2. Mechanical properties of the surface of the Ti6Al4V alloy after
SMAT in air by the method of instrumental indentation (Hir—average value
of Meyer hardness, E—contact modulus of elasticity, du—plasticity charac-
teristic).

Tpusasicts BU3K, ¢

XapaKTepHCTHUKA
o | 3 | 60 | 90 | 120 | 150
Hir, TTIa 427 505 548 535 5978 6,096
Hir, % 1,9 6 44 6,2 84 28
E,TTa 125,73 125,16 115,85 121,76 120,02 117,52
E, % 3,1 55 41 4.2 88 4,7
8u 0,86 0,83 0816 0,827 0,808 0,811
8, % 04 14 3 1,6 32 06

MMOBEepPHEHHA Ta JUHAMIUHOI peKpucTaaisaiii HAaKOIMMYeHHS Ta Iepepos-
mozia medeKTiB B mpolieci mracTudHol gepopmariii Moxxke HeOZHOPA30BO
IIOBTOPIOBATUCS, IOUNHAIOUNCH, HAUe «3 UMCTOTO apKyIa». [[Jid moBe-
pxueBoi meronu IIII] Buepiie Takuil epeKT BUABJIEHUN AJIA alOMiHitio-
Boro cromry I116 [55] i aromom minTBepaskenuit nisa crony BT6 [30]. Mo-
sKHa O0aunTtH, 1o i aaa sunaaky BU3K cmocrepiraerbcsa aHajgoriuuamii
edeKT, ame mporec gedopmarlii BimbyBaeThCca 3 MEHIIIOO iHTeHCUBHIiC-
TI0, HisK nig uac BUYO, i mosBinbHimIe (4ac qocArHeHHA MaKCUMAaJIbHOTO
3HAUYeHHA MiKporBepmoctu 30iabinyerbess Ha 30 c). Ile minkom yaro-
IKYEThCS 3 JIiTepaTypHUMU JaHUMU, HaBeJeHUMHU Bulle. K mpasuio,
edexT 3minHenHsa moBepxHi crony BT6 mig wac BU3K He mepesuiiye
15-25% HaBiTh AJA 3HaUHO GiJIBIITIOr0 Uacy oopobaenns. Hanpukaan, y
[66] e 25% micasa o6pobsenua TpuBaiicTio 900 ¢ 3a crIiBCcTaBHUX YMOB.

B rabauri 2 HaBegeHO MeXaHiuHI XapaKTepUCTUKY 3a pe3yIbTaTaMu
HaHOIHJEHTYBaHHA 3 BUKOPUCTAHHAM iHIeHTOpa BepKoBHUYa moBepXHi
3paskis crony BT6 y sBuxizmomy crani Ta micasa BU3K pisuoi TpuBasoc-
T (3a3HaueHa TaKOK MOXMOKa BUMiploBaHb). IIpukJjazn BigmoBigHMX
IigrpaM iHZeHTyBaHHS HaBeaeHO Ha puc. 3.

PesyabTaTi MeToAu HaHOIHAEHTYBAaHHS 3a0BiJIBHO Y3TOAKYIOTHCS
i3 Tumu, 110 omep:KaHi 3a MeTomoio Bikkepca, i BigmoBimaioTh maHuUM
[67]: Hr=38,6—4,5TTIai E =125-129 I'1a.

MakcuMaiabHe 3pOCTaHHSA 3HAUEHHS iHCTPYMEHTaJbHOI TBEepPAOCTH
Hir B 1,4 pasu BigdyBaerhca micaa 150 c o0poOiieHHS i CTAHOBUTH
~ 6 I'Tla (y Buxiganomy crani = 4,3 I'lla). 3uauenns moxyaio FOHr'a sme-
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TABJINIIA 3. IlopiBaauusa suauey BU3K tra BUYO na poamip OKP, crymias
Mikpogaedopmariii (), mapamerep rpaTHuUIli (a), MakpoHANpPyKeHH (or) Ta da-
30BUM CKJIA.

TABLE 3. Comparison of the effect of SMAT and UIT on the crystallite size,
lattice strain (g), lattice constants (a), residual stress (or) and phase composi-
tion.

BY3K kpuiieBuMu KyJIbKaMu

OR,
MIlIa

o-Ti | B-Ti | oTi | B-Ti | oTi | B-Ti |o-Ti|p-Ti|TiO:| a-Ti

OKP, um e, % Ilapamerep

. Ckian, % Bar.
T,C I'PATHUIIL 4, HM

Bux.
cTad

30 58 56 0,28 0,21 0,2930 0,3152 80,5 16 3,5 38

60 35 32 0,33 0,63 0,2932 0,3167 80 13 7 -128
90 19 19 0,28 0,38 0,2933 0,3156 85 10 5 -T788
120 16 17 0,23 0,32 0,2937 0,3313 80 15 5 -885
150 17 21 0,17 0,21 0,2939 0,3311 81 11,5 7,5 -1259
240 13 22 0,2 0,21 0,2933 0,3013 80 11 9 -1885

BYYO kpurieBuM 60iKOM
120 31 41 0,33 0,12 0,2920 0,3295 81 5 14 -1050

157 174 0,16 0,22 0,2918 0,3191 84 15 1 162

Hinyerbed Ha 8—10 I'Tla iz 36iabIIeHHAM TPUBAJIOCTH 00podaeHHsa. O1ri-
HKY XapaKTEepPUCTUKU IJIACTUYHOCTH CBiguaTh, II[0 Ipollec 3MillTHeHHS
crony BT6 cynpoBOI:KyeThCS MMOHUMKEHHAM HOT0 MJIACTUYHOL ITOIATIN-
BOCTH.

Ax npasmio, ITI]] moBepxHi uepesd 3MiHU B MiKpPOCTPYKTYpi cipuse
dopMyBaHHIO B IPUIIOBEPXHEBUX IIapax HAIPYKeHb CTUCHEHHS BUCOKO-
r'o piBHA, IO € OCHOBHOIO MPUYWHOIO MiABUINEHHS OIIOPY BTOMi MeTaJe-
Bux marepianiB. IlopiBHAHHA HaNpysKeHb cTUCHEHHA ITicas BUYO [30]
ta BU3K (puc. 2, 6) 3acBiguye MpaKTUUYHO OJHAKOBHUII XapaKTep ixX 3MiH
31 30iJIBIIIEHHAM TPUBAJIOCTU OOPOOJIEHHSA i3 AEIo BUIUMY 3HAUEHHIMU
micasg BUYO. Caig sasmaunTu, 1110 TaKoi icTOTHOI pisKHUIII 3HAUEHDb AK
[IJISI MiKPOTBEPAOCTH ¥ TaHOMY BUIIAKY He CIIOCTEPIiraeThCs.

Jas1 6iJIBII JOKJIaJHOTO HOPiBHAHHSA Pi3HUX MeToH 00po0IeHHs, 3pa-
30K ctomry BT6 o6pobaenuit BUYO ananoriuno [30] ympomos:xk 120 c,
110 BifTIOBiZae MakKcuMaJIbHOMY 3HAYEHHIO MiKpoTBepaocTH (puc. 2, a).
PesynbTaTi peHTI'eHOCTPYKTYPHOIL aHaIisu HaBedeHo B Ta0J. 3. Y BUXi-
ITHOMY cTaHi s crorry BT6 xapakTepHi HAIIPYKEHHS PO3ITATY BEJIUN-
HOoo =162 MIla. Ha BigMiHy Bim 3MiH MiKpOTBEPIOCTH 3 TPHBAJIICTIO
00po06JIeHH A, CIIOCTEPiraeThCcsi MOHOTOHHE 30iJIbINIEHHA BEJIWYNHU 3a-
JUIITKOBUX MAKPOCKOIIYHMX HANPY:KeHb 3 4YacoM, IIPU IIbOMY HaIpy-
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Puc. 3. 3apeecTpoBaHi misrpamMu iHgeHTyBaHHA 3paskiB cromy BT6 micias
BY3K ympomos:xk 150 ¢ (a) Ta y Buxignomy crawui (6).

Fig. 3. Registered indentation diagrams of Ti6Al4V alloy samples after SMAT
for 150 s (a) and in the initial state (6).

JKeHHS CTaI0Th CTUCKYBAJLHUMU. 34 YMOB JTOCATHEHHA MAaKCHUMAaJIbHOTO
3MiITHeHHA 3HAUEHHS HAIPYKeHb cTucHeHHA aia BU3K HaBiTh mepe-
BUIIYE Te, 110 (hikcyeTrbesa aaa BUYO: —1259 MIla npotu —1050 MIla.
3a tpuBasoctu ob6pobisernas BU3K 240 c mocAraeTbeca peKopaHUi pi-
BeHb HaIPy’KeHb cTucHenuA —1885 MIIa.

Mo:xkHa 3pOoOMTH BUCHOBOK, IO (DOPMYBAHHS CTUCKYBAJbHMUX Ha-
Ipy:KeHb B ITOBepXHeBoMY Iapi cromy BT6 € ogauM 3 BasKaImBuX dax-
TOPiB 3MIiI[HEHHS 3a YMOB 00po0JaeHHs AK MeTomoo BUYO, rak i BU3K.
Bysio mokasaHo, IT0 HANIPY:KEHHA CTUCHEHHS € BaXKJIUBUM YMHHUKOM
3pOCTaHHS BTOMHUX XapakTepuctuk crony BT6, omep:xanoro 3a Tpanu-
nittaumu [ 58] i mopomrkoBuMu TexHoJgoriaMu [15].

3a JaHMMN PEHTI'€HOCTPYKTYPHOI aHaJIi3M po3paxoBaHO TAKOMK PO3-
Mip o0JiacTeil KOTepPeHTHOTO PO3CigAHHsA, CTYHiHb AedopMallii KpucTaJi-
YHOI I'PATHUILi, TapaMeTPU KPUCTAJIUHOI I'PATHUIIL Ta BUBHAUEHO KiJb-
KicHuit paszosBuii ckaazg crony BT6. PesyabraTru moxasanu (puc. 4, TabJr.
3), 1110 Y BUXigZHOMY cTaHi 1e# cToI € ABoha3HuM, 3 0iJIbII0I0 KiTbKicTIO
00’emuoi vactku o (I'ILII)-dpasu. OmiHOBaHHA CIIiBBimZHOIIIEHHA iHTe-
I'PaJIbHUX iHTEHCUBHOCTEN Bix - i B-dhas mokasasio, o 06’eMHA YacTKa
B (OIIK)-thasu y Buxigmomy craHni cromy ckaamae 6amspko 15% . IMicasa
BY3K ma moBiTpi 06’emHa uacTKa -dasu samenmryerbea g0 10-11,5%
3aJIe’KHO Binm TpuBajsiocTu 06pobienHs. Judpakiitiai dimii sminmyorbes
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Puc. 4. 3mina nonoxkenusa sudppaxiniianx makcumymis (100), (002), (101) a-Ti
nicass BU3K pisHoi TpuBasocTH.

Fig. 4. Change the position of diffraction peaks (100), (002), (101) a-Ti after
SMAT of different durations.

B 0iK MeHIIUX KYTiB (i3 3HAUHUM IXHIiM DPO3IIUPEHHIM) 3 YacoM 00po0-
geauas go 150c i 3a TpuBasoctu 240 ¢ HAOIMAKYIOTHCA M0 BUXiZHOTO
crtany. BuaBinenuii 3cys Au@paKIiiHNX MAKCUMyMiB HOB’a3aHU# 3i
301iJIBIIIEHHAM ITapaMeTpy Kpucraiiumoi rpataumi o-Ti Ta mMaxpoHAaI-
PY'KeHHAMHU, AKi BUHMKAIOTL BHacAimok cupuunHeHoi BU3K medopma-
miero. Tako:x BugHO, 1110 B pe3yabTaTi BUSK moHMKyeThcsA BHICOTA M-
dpaxuitimoro makcumymy (101) a-Ti cronry BT6, a iHTeHCHUBHiCTE MaK-
cumymy (002), HaBIIaKku, CYyTTEBO 3POCTAE IO BiTHOIIIEHHIO A0 iHTEHCUB-
HocTH iHmux MmakcuMmyMmiB. Ile xKopesatoe 3 ganumu [15, 60] momo dop-
MyBaHHS 0a3MCHOI TeKCTypu y moBepxHeBuXx mapax 'l Y-meramniB min
miero ITII (BUYO) ix moBepxHi. [IprunHOI0 pO3IMIUpPEeHHA JiHill € 3MeH-
IIeHHA POo3Mipy objacTell KorepeHTHOro posciguHsa B nmporeci BU3K o-
Tira B-Ti (puc. 5, a) Ta 36isbIIeHHEA cTyneHIO AehopMallil KprCcTaIiTHOT
rpatauIi (tabdia. 3).

¥ Buxigaomy craui posmip OKP o-Ti Tta B-Ti cramoBuTts 150 HM Ta
174 um BigmoBimmo. 30iJbINIEHHA TPHUBAJIOCTH OOPOOJIEHHSA CYIIPOBO-
IKYEThCSA 3MEHIIIeHHAM PO3Mipy KpHCTAJITIB i 3a TpuBagocT 00po0-
geuans 120 c mei mapamerep ckaazae = 16—17 um gaa obox pas. Tarkuii
PO3Mip KPHCTAJIITIiB MOXKe IOACHUTH 3MEHINIeHHS MiKPOTBEPIOCTH 3a
PaxyHOK iHTeHcu(ikaIiii 3epHOMEeK0BOro MpoKoB3yBaHHA. IlopiBHIOO-
yu poamip OKP nnsa pisanx mexaniuaux BU-yaapiB, Mo:xkHa 3a3HAUNTH,
o BU3K copuse 6iabIn MIBUAKOMY IOAPiOHEHHIO €JIEMEHTIB CTPYKTY-
pu, ik BUYO (puc. 5, a). 3uauenua OKP g uacy 06pobieHHA 3 MaK-
CUMAaJIbHOI0O MiKpoTBepAicTio mpubausHo BaBiui memmie axa BYUY3K
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Puc. 5. Posmip obJiacTeil KOrepeHTHOr'o po3cigHHA (a) Ta mapaMerep KpUCTaJIi-
ynHoi rpatauni (0) crony BT6 nicia BU3K (a-Ti (m) Ta B-Ti (¢)) Ta BUYO (a-Ti
(77) Ta B-Ti (0)) [30].

Fig. 5. The crystallite size (a) and the lattice constants (6) of the Ti6Al14V alloy
after SMAT (a-Ti (m) and B-Ti (e)) and UIT (a-Ti (77) and B-Ti (o)) [30].

(Tabu. 3).

Cryninas gedopmariii € kpucranxiunoi rpatauti o-Ti ta B-Ti y Buxigao-
my craHi cranoBuTth 0,16—0,22% (Tabi. 3). 3i 36iabIIeHHAM TPHUBAJIOCTH
BUY3K g0 120c 1eii mapameTrep AOCATAE MAKCUMAaJbHUX 3HAUEHL —
0,23% i 0,32% pna o-Ti Ta B-Ti BigmoBigmo. CyTTeBUX BigMinHOCTEH €
niast BUYO me cmocrepiraerbes. Ile € mogaTKOBUM IIiATBEPIKEeHHAM IIe-
pebiry BuIie 3sraJaHMX I[OPOIECIiB AWHAMIUYHOIO IIOBEPHEHHSI—
pexpucrasisarii.

3Mina mapameTpiB KpucTasaiuyHol rpaTHUIi o- Ta B-das (puc. 5, 6) Bix-
OyBaeThCA HMOBipHO, 3a paXyHOK po3unHeHHs aToMiB OKcureHy B rpa-
THUIII TUTAHY, IO TAKOXX BHKJMUKAE 3POCTAHHS CTyHeHIO medopMarii
Kpucragiunoi rpatauiii. Bimomo, mio Brinenuit OKcureH MoKe BUKJIH-
KaTHy PO3IINPEHHS I'eKCaroHaJbHOI I'PATHUIIL O.-TUTAHY 1 3MiIlleHHa A1-
dpakuitinux makcumymiB [30]. HaficunbHirie et epekT IposaBIAET-
cAd B IPUIIOBEPXHEBUX IIapax i 3MEHITYETbCSA 31 3pOCTAHHAM TJIMOMHUI
ITPOHUKHEHHSA PEHTI€HOBOT'O IIPOMEHIO.

Ilepebir MexaHOXeMiUHNX peaKIlili OKMCHEHHSA Ha IIOBEPXHi CTOIIy
BT6 mig gac II1]1 € BizoMuM i MexaHiZMU IIOTO ABUIMA JOKJIATHO 00TO-
BOPIOIOTHCS B pobori [30], y akiit micaa BUYO smict OKkcureny Ha moBe-
pxHi gocaras 65,7 ar.%, mo migTBepAKye (GOPMYBAHHA OKCHUIY THUTA-
Hy. lIpencraBiisie iHTepec MOPiBHATH iHTEHCUBHICTh OKMCHEHHSA ITOBEP-
xHi crorry BT6 y iporieci BU mexauiunux yaapiB, CIpUYMHEHUX PiSHUM
YIALTPa3BYKOBUM 30yI:KeHHAM. /1A IIHOTO IIpOBeleHa KilbKicHa daso-
Ba aHaJtiza (puc. 6) i BUBHaUeHO cymMapHU BMicT OKcuziB. Becranosie-
HO, 1110 B 060x Bunaakax (BU3K i BUYO) nepeBakae KpucTaTiuyHUH Ii-
okcun Tutany — TiO; (Tunmy pyTui), aje fioro mpubJIM3HO BABiUi OiabIme
Ha moBepxHi 3paskiB micas BUYO nmopisuano 3 BU3K (Tabu. 3).

Cain sasHaumTu, mio 3a TpuBagoctu 120—150 ¢ mapamerep r'paTHUIL
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Puc. 6. Judppaxtorpamu tutanoBoro crony BT6: Buximuuii cram (a), micas
BY3K (t=120c¢) (6), micaa BUYO ua mosiTpi (t =150 c) (8).

Fig. 6. Diffraction patterns of Ti6Al4V titanium alloy: initial state (a), after
SMAT (t =120 s) (6), after UIT in air (t =150 s) (8).

B-dasu pisko s6imbmryeThesa micaa BUYO, 1mo moike 3yMOBJIIOBATUCH
3POCTAaHHAM HAIIPYKEHb PO3TATY caMe y IIiii ¢asi. ¥ 6aratrbox podoTax
3a3HAYAETHCA, 110 X04a BMicT [-ha3u HeBeJIUKWI, BOHA Bimirpae ictor-
HY poab y medopMalliiniii moBemiHIili gBodasHOro Marepigny. Aje Ha
CHOTOJHI CKOOPAWHOBaHA AedopMaliiiina moBegiHKa o- Ta -has y mpo-
Iecax HaHOKpUCTaJi3aIlil 3aJuMIaeTbCcAd HeJOCTaTHHO 3PO3YMIiJI0I0 i BU-
Marae ImoJajbIIToro BUBUeHHA [59].

4. BUCHOBKH

1. ITokaszaHO MOXKJIMBICTD IiIBUINIEHHA MiKpPOTBEPAOCTU IIOBEPXHEBUX
mapiB TutamoBoro crony BT6 y 1,4 pasu MBUAKOIJINHHIM BUCOKOYAC-
TOTHUM IIOBEPXHEBUM MeXaHIUHUM OOpPOOJIEHHAM KPHUIIEBUMH KYyJIbKa-
MU JiAMeTpoM 2 MM 3a KiMHATHOI TemIepaTypu. MakcuMaabHe 3pOoC-
raHHa TBepmocTu mo 6 I'lla gikcyerbesa micaa 150 ¢ o0pobienHs, a Ha-
MIpy:KeHb CTUCHEeHHA — 10 3HaueHHA —1885 MIla micaa 240 c. Peaynib-
TaTU BUMipiOBaHb MiKpoTBepAocTH 3a BikKepcoM AKiCHO KOPeJaIOIOTh 3
JaHUMU iHCTPYMEHTAJbHOTO iHAeHTYBaHHA. 3MeHIIeHHsa po3amipy OKP
g0 17—22 uM cBigUMUTH PO MOAPiIOHEHHA eJIeMEeHTIiB MiKPOCTPYKTYPHU B
IpoIieci TaKoro o6pobIeHHA.

2. IIpoBemeno mopiBuauaAa BUYO KpuiieBuMm OOHKOM AisMeTPOM 5 MM
3a YMOB KBa3UTiAPOCTATHUYHOTO CTHCHeHHA 3paska i BUSK kpuiesumu
Kyapkamu. BUYO mae amory gocArTu GiJbIT CYyTTEBOTO 3MiHeHHA (Y 2
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pasu) 3a menrtuii yac (120 ¢) mopiBuaano 3 BU3K i cipuse inTencudika-
il MexaHO-XeMiUHMX pPeaKIlili OKMCHEeHHsS Ha HMOBEePXHI — KiJIbKicTh
Kpucragiuaoro giokcunay tutamy TiO; (Tumy pyTui) mpubaIn3HO BABiui
oinpmma micaa BUYO mopisuano 3 BU3K. IlepeBaroto BU3K € 6inbim
IIBUIKE MOAPiOHEHHA CTPYKTYPH A0 MEHIIINX PO3MipiB KPUCTATITIB AK
o-, Tak i B-as, a TaKOXK KOCATHEHHA OiJIBITT BUCOKUX 3HAUEHb MaKpOC-
KOITIIYHMX HAIpPysKeHb cTuCHeHHsA. Kpim Toro, He BimOyBaeThCA MacoIme-
pesecenns Fe 3 ymapuux eiaeMeHTiB, Tomi aK micaa BUYO ma mosiTpi
fioro BmicT moske ckJaamatu 1o 15 at.% [30].

3. Bubip meronu nmoBepxueBoi II1]] caix mpoBaguTu 3 ypaxyBaHHAM (O-
pMu Ta po3Mipy o0pobIIOBaHMX 3pas3kiB (BUPOOiB), a Tak0K HeOOXimgHO-
r'o PiBHA 3MiITHEeHHSA Ta ImepcTKocTU moBepxHi. BU3K 3abesmeuye 6igbIin
TOUHHH KOHTPOJIb IIapaMeTpiB o0poOJIeHHsS Ta BiAMOBiAHO HNpUIATHUMI
IJIs AeTaJIiB Ta KOHCTPYKIIiM cKJIagHoi (popMu Ta OiIBINIOI MIJIOIIi, B IIe-
pIIy uepry, IJd IiABUIIEeHHA BTOMHOI MimtHocTu. HaHOCTPYKTYypHUM
MMOBePXHEBUH I1ap MOKe HOJIIMIIINTY OIip BTOMi 3pasKa 3a paxyHOK BU-
COKOT'0 PiBHA B3aJUIIKOBUX HaAIPY:KeHb cTucHeHHsa. BUYO gominabHO
3aCTOCOBYBATH IJIS JOKAJILHOTO O0POOJIeHH A, HAIIPUKJIAL, IepexXiqHmx
30H 3BapHUX 3’ €IHAHD, i OLJIBII CYTTEBOTO HMiABUINEHHI MeXaHiuHOl Mi-
IIHOCTY MaTepisay 3i 3ryIaJKeHNM IOBEPXHEBUM PeabedoM.

PoboTy BuKOHAHO B paMKax Aep:;KOmomxerHol TeMu HariomambHmit
TeXHiYHUH yHiBepcuTeT Y Kpainu « KHiBCbKUY MOJIiTeXHIUYHUH iHCTUTYT
imeni Iropa Cikopcwsroro» Ne2405¢ (0121U0109752) «CrpyKTypHO-
(daszoBi MexaHiBMM KepyBaHHA KOMILJIEKCOM ITOBEPXHEBUX BJIACTUBOC-
Tell KOHCTPYKIIAHNX 1 PYHKI[IOHAIBHIX CILJIaBiB KOMOiHOBAHMMMU TeIl-
JOBUMU, iOHHUMHU Ta JedopMalliiHuMu BILinBaMu» Ta llep:kaBHOI HaY-
KoBoi ycranoBu «KuiBchbKuit akagemiunuii yaiBepcurer» HAH ta MOH
Yrpaiau Ne 5256 (0121U0107902) «PospobKa TpOMMUCIIOBOTO TEXHOJIO-
rivumoro objagHAHHSA IJIA YIBTPAa3BYKOBOTO 3MillTHEHHS MOBEPXHi Mexa-
HiUYHO BiANOBiZaJbHUX HAHOCTPYKTYPOBAHUX MeTaJeBUX JeTajieil Ta
KOHCTPYKIIi#t 3a momomororo SMAT TexHosoriis.
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KUX DPEKMMHUX IapaMeTrpax (IIBUAKOCTAX, HAaBAaHTAXKEHHAX 1 TeMIlepary-
pax), a TaKOK B YMOBaxX KOpPO3iiiHOTO, aOpas3mBHOIO Ta iHINUX BUMAIB BILIUBY
pobounx cepemoBUII. AHaJIiza TeXHOJIOTiI CTBOPEHHSA Ta YMOB poboTu 6a6iTo-
Bux IIK mokasaja, 1110 IPUYNHOI NOHMKEHHSA X JOBTOBiYHOCTY € UMHHUKH,
10 hOPMYIOTHCS AK Ha CTamii BUTOTOBJIEHHSA, TaK i mpm excmayaraiii. Buxin
iz magy IIK opu HOpMaJIbHUX YMOBaX eKCILIyaTallii € HacaigxoM pisHUX BUIiB
3HOIITYBAHHS: KaBiTallii, abpasuBHOT0 3HOCY, HOMIKOIKEHHS BHACJIITOK ILjac-
TUYHUX OedopMailiiii, ycTajleHoro momKoAKeHHs Ta iH. CrifikicTs 10 3HOCY
AHTUPPUKIIAHOTO IIapy 3aJeKUTh BiJl peskuMy poOOTH Ta KOHCTPYKINIT Imif-
MIUOHUKA, PIsMUYHNX BJIACTUBOCTEN 3’€THAHHS IIAPy 3 OCHOBOIO, KOPCTKOCTU
BaJIy Ta IIOCTEJIi i mMiAIMNIHUKaMu. BCTaHOBIEHO, IO AKiCTh aHTU(DPUKITIH-
HOrO IIapy IiAIIMIHUKA HeoOXiJAHO OIMiHIOBATH 3a TAKMMHU KPUTEPiAMM: MIiIl-
HICTIO 3UeIJIeHHS IIOKPUTTS 3 OCHOBOIO, KOTe3ifHOI0 MiITHiCTIO aHTU(DPUKITIH-
HOTrO IIapy, MOPUCTICTIO, OAHOPiIAHICTIO CTPYKTYypHU. BeTanoBIeHO, 1110 IPU BU-
roroByaeHHi IIK, ¢opmyBaHHS MeTOn0I0 ejeKTpoickpoBoro jgeryBaHHsa (EILJI)
IIPOMIiKHOTIO IIapy 3 Mifi, MiIlHO 3ueIlIeHOoro, 3 OQHOI'0 OOKY, i3 KPUIIEBOIO IIi-
IKJAAUHKOIO, a 3 iHIITOro — 3 ITapoM OJioBa (YTBOPEHHS TBEPAUX PO3UUHIB
3aMimenHs) i 6abiTy, 3abesmeuye O0inbin MimHe (Ha 35% ) 3uernJIeHHS B IOPiB-
HAHHI 3 TpaguIiiiHoo TexHoJorieo (kpuia 20 + 6a6iT), KpUIleBol migKJIaguH-
KM 3 6abiToM, a TaKOK iHTEeHCHUBHIiIIIe BiIBeIeHH Tellja i3 30HU TepTA. BusHa-
YeHO, M0 PEe3epPBOM IIiIBUINEHHA SKOCTHU (popMyBaHHS 6a0iTOBUX IOKPUTTIB,
110 3HAYHOIO MipoIo BIIMBae Ha moBroBiuHicTh IIK, Moske OyTH HOBA TeXHOJIO-
ris, B Akiit Bci omeparrii sgificuroroTs MmeTonorw EIJI. O3HaueHo, 110 A/ BU3HA-
uyeHHSA OiJIBII palioHAIBLHOI TEeXHOJOril HaHeceHHs 0a0iTOBUX IIOKPUTTIB He-
00xigHO po3pobuTy (ismuHO OOIPYHTOBAHUII MATEMATUUYHHUII MOJEJNb, IO
OB’ A3y€ 3HOC IIeBHOI KiJIbKOCTH 6a0iTy 3 BUTpaUeHOI0 Ha I[e POOOTOI0 TePTH.

KarouoBi cioBa: migmunHUK KOB3aHHSA, 6a0iT, HIOKPUTTS, 3HOC, CTPYKTYpa,
mepexiiHui Iap, MiIfHICTh 3YelJIeHHs, eJIeKTPOiCKpPOoOBe Jer'yBaHHA, MaTeMa-
TUYHUN MOJEJb.

The article substantiates the importance and relevance of increasing problem
of the performance and service life of babbitt sliding bearings (SB), which are
the rotors supports of a large number of centrifugal pumps, compressors,
turbines and other dynamic equipment operating at high operating parame-
ters (speeds, loads and temperatures), as well as in conditions of corrosive,
abrasive and other types of working environment’s influence. The analysis of
the babbitt SBs production technology and operating conditions showed that
the reason for the decrease in their durability are factors that are formed
both at the stage of manufacture and during operation. SB failure under
normal operating conditions is a consequence of wear various types: cavita-
tion, abrasive wear, damage due to plastic deformations, fatigue damage, etc.
The antifriction layer wear resistance depends on the mode of operation and
design of the bearing, the physical properties of the connection between the
layer and the base, the rigidity of the shaft and the bed under the bearings.
As established, the bearing anti-friction layer quality must be evaluated ac-
cording to the following criteria: adhesion strength of the coating to the base,
cohesive strength of the anti-friction layer, porosity, and homogeneity of the
structure. As established, during the production of SBs, the formation by the
method of electrospark alloying (ESA) of a copper intermediate layer, firmly
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bonded with steel substrate, and tin layer (formation of solid substitution
solutions) and babbitt provides a stronger (by 35% ) of adhesion, compared to
traditional technology (steel 20 + babbitt), steel substrate with babbitt, as
well as more intensive removal of heat from the friction zone. As determined,
a new technology in which all operations are carried out by the ESA method
can be a reserve for improving the babbitt coatings formation quality, which
significantly affects the durability of the SB. As determined, in order to de-
termine a more rational technology for applying babbitt coatings, it is neces-
sary to develop a physically based mathematical model that relates the wear
of a certain amount of babbitt to the frictional work spent on it.

Key words: sliding bearing, babbitt, coating, wear, structure, transition lay-
er, adhesion strength, electrospark alloying, mathematical model.

(Ompumano 8 cepnus 2022 p.; ocmamoun. eapisum — 12 gepecns 2022 p.)

1. BCTYII

BinbIricTs BigmoBimaabHUX JeTajliB Ta BY3JiB AUHAMIiUHOTO 00JIagHAH-
HS IPAIIOI0Th IPU BUCOKUX PEKMMHUX HmapaMeTpax (IIIBUAKOCTAX, Ha-
BaHTaKeHHAX i TeMmepaTypax), a TaKoK B YMOBaX Kopo3siiinoro, abpa-
3WBHOT'O Ta iHIINX BUAIiB BILIMBY POOOUMX cepeqoBUIl. BupileHHa Ipo-
O0seMu, OB’ sI3aHO1 31 301JIBLITIEHHAM TEPMiHIB Cay:K0M MAaIlIWH Ta MeXa-
HidMiB, 0e3IlmocepeaHbO 3aJIEKUTL BiJ IMiABUIIIEHHSA 3HOCOCTiHKOCTU Ta
HaTiAHOCTHU BY3JIiB TEPTS.

IIpu BesmKOMy po3MaiTTi YyMOB poOOTH MeTaJiB HailbiJIbLIIT HaBaHTAa-
JKeHUM Yy HUX € IIOBepPXHEeBUH I1ap 3 AKOT0, AK IIPABUJIO, i MOUMHAETHCA
ix pyiinyBaHHA. ToMy pealbHUN pecypc poOOTH 00JIafHAHHA 3aJI€KUTD
BiJ Hecy4ol 3JaTHOCTH IIOBEPXOHBb JIeTaJIiB, IKA BU3HAYAETHCSA AKiCTIO
iX TOBEPXHEBOTIO I1apy, BiJ AKOI i 3aJIeKUTH CTIMKIiCTh 10 3HOIITYBaHHA.

3 KOKHUM POKOM AK B YKpaiHi, Tak i B KpaiHmax GJMKHBOTO Ta Jaje-
KOro 3apyO0isKiKsA, BUEHI 3aiiMalOThCS CTBOPEHHAM HOBUX e(peKTHUBHUX
TEeXHOJIOTill IMiABUINEHHSA SIKOCTH IIOBepxXHeBoro mapy geranaio. Cepen
BEJIMKOT'0 PiBHOMAHITTA IIUX TEXHOJIOTIN HeMaJHUH BiICOTOK 3aliMalOTh
TeXHOJIOTiUHi ITpoItecu (popMyBaHHA IOBEPXHEBOTO IIapy 3 HaIepe BU-
3HAYEHUMM BJIACTHUBOCTAMHU, IKi BigPi3HAIOTHCA BiJf OCHOBHOI'O MaTepi-
Ay, TOOTO CTBOPiHHSA KOMIIO3WIIIMHMX MAaTepifJiB THUOY «OCHOBa—
HOKPUTTS», III0 MOEAHYIOTh 3aXMCHI BJIACTHUBOCTI IIOKPUTTIB i3 MexaHi-
YHOIO MillHicTIO OCHOBU. TaKMM YMHOM, CTBOPEHHSA TOBEPXHEBUX ITapiB
3 0COOJIMBUMHU BJIACTUBOCTAMU AJIA BY3JIiB TepTA KOB3aHHSA, B JaHOMY
BUNAAKY mimmunuukiB koB3anuda (IIK), e akTyaabHUM 3aBIAHHAM.

2. AHAJII3A OCHOBHUX JOCATHEHD TA IIYBJIIKAIIIN

B cyuacHOMYy MammuHOOyIyBaHHI AysKe OaraTo map TepTdA BY3JiB AWHA-
MiuHOTO 00JIaAHAHHSA IMiAJATAIOTL 3HOIIYBAHHIO IIEPEBAKHO B IIepexXif-
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HuX (IIyCK, 3yIIMHKA) TeXHOJIOTIYHUX peskmMax. lle Bysimm omopHUX,
ymopHux Ta omopHo-ymopuux IIK [1-4], macaaraux ymiijibHeHb [5—17],
TOPIEBUX iMIYJILCHUX YITiIbHEHD [8—12], cmonryunux mydT [13-15].

3pocTaHHS MIBUIKOCTH, BUKOPUCTAHHS T'HYUYKHUX POTOPiB, KOHCOJIbHI
Ta aepoJMHaMiuHi HaBaHTa)KeHHs, aBTOKOJIMBAHHA Ta iHIII (paxTopu
YCKJIAIHUJIY 3aBAaHHA Per'yJ0BaHHA XapaKTePUCTUK CUCTEMU « POTOP—
migmunHuK » . [I[o6 MmimiMmisyBaTy HecTifiKicTh i cXUIBLHICTS M0 BiOpaIii
miei cucremMu, po3pobaaOThECA PisHiI KoHeTpyKHii ITK. ¥V mbomy mpo-
osmemu migBuineHHs axkoctu IIK BupimyioThea gk TexHogoriuaumu [ 16,
17], Tak 1 KOHCTPYKTUBHUMU cmocobamu [5, 18].

Buxin iz magy ITK mpu HOpMalIbHMX YMOBaX eKCIIIyaTallil € Hacin-
KOM PisHMX BHUJiB 3HOIIIYBaHHSA: KaBiTailii, abpasuBHOTO 3HOCY, IIOIIKO-
IKeHHs BHACJIIJOK ILIACTUYHUX Aedopmalliii, yCcTaJIeHOrO MOIIKO-
mxeHHA Ta iH. CTiHKicTh 40 3HOCY aHTU(MPUKIIINHOTO IIapy 3aJeKNUTh
Big peXuMy poOOTH Ta KOHCTPYKIIII migmunmHnKa, GisMmUHNX BIACTUBO-
cTeli 3’eJHAHHSA IIapy 3 OCHOBOIO, JKOPCTKOCTH BaJIy Ta IIOCTEJI IIix Imif-
IIATTHIKAMMA.

Hapgitimicts IIK 3HauHOIO Mipo0 3aJIe:KUTH BiJf SKOCTH IX BHUTOTOB-
JIeHHS, a TAKOK IIPOBEJIeHHI MOHTAKHNX i PEMOHTHUX PO0OiT, BUKOHAH-
HA yCiX BUMOT KOHCTPYKTOPCHKOI 1 TEXHOJIOTIUHOI JOKYyMeHTalrii.

Axicts moBepxHeBoro mapy 11K s3ame:xXuTtsh Big MaTepisaay mMOKPUTT,
MEeTOI1 MOT0 HaHECeHHS, JOoAepKaHHsI TeXHOJOTIYHOro IIPoIlecy Ta iH.
Hai6iasmr mupoKo IIpy BUTOTOBJIEHHI BRJIaguMIiB migmunaukis (BII)
BUKOPUCTOBYIOTh aHTU(GPUKITIIIHI cTOITM Ha OJIOB’AHil i cBUHIIEBi# oc-
HOBi (0a6iTu). BabiTu ckaamaroTbea 3 M’ aKux meraais Sn, Pb, Cd, Sb,
7Zn i xapaKTepua3yIOThCA HAABHICTIO TBEPAUX CTPYKTYPHUX CKJIAJOBUX Y
IJIACTUYHIN MaTpuili. 3aaesxHo Big KoHCTpyKIii ITK 6a0iT HaHOCATE AK
Ha KpuBoOJiHiliHi (puc. 1, a, 6), Tak i Ha mIacki moBepxHi (puc. 1, 8).

OcHOBHi BUMOTrHu A0 AaHTU(PPUKI[INHUX CTOIiB BU3HAUAIOTLCSI YMOBa-
mu pobotu IIK. ITi cTonmm moBMHHI MaTH JOCTATHIO KOPCTKiCTh, aje He
IysKe BHCOKY, IITO0 He BUKJINKATU CUJIBLHOTO 3HOCY BaJIy; IIOPiBHAHO
JeTKOo gedhopMyBaTHUCA il BILINBOM MiCIleBUX HANIPyT; YTPUMYBaTHU Ma-
CTUJILHUII MaTepisj Ha IIOBEPXHi; MaTu MaJani KoedimieHT TepTsa Mix
BaJIOM Ta OigmmmHuKoM. KpiM Toro, smauHo0 Mipolo Ha mIpaiieszar-
Hicth IIK BIIMBae AKiCTL 3UeleHHS aHTUQPUKIIIAHOTO 6a06iTOBOTO
nrapy 3 miaKJIaguHKOIO.

IcToTHMM HemoaikoMm 6abiTiB € Te, IO 3 MiABUINEHHAM TeMIIEPATYPHU
MOHM)KYIOTBCS BCi IMOKA3HUKK MEXaHiuHOI MiITHOCTM, OCOOJIMBO OIIip
BTOMM.

3asHaueHi ABUINA MAIOTL MicIle Yy pasi mopyIllleHHsa HOPpMaJIbHOI pobo-
tu IIK uepes mepeBUINeHHSA HECY4oi 3JaTHOCTH (JOMYCTHMOTO HaBaH-
Ta’KeHHA Ha MiAIMIUOHUK) 30iTHEHOTO MacTHJIa; HeJOCTATHLOTO 0XO0JIO-
IKeHHSA 0JIil; HesaKicHOI oJIil; momaJgaHHsa B MAacTHJIO abpasuBHUX BKJIIO-
UeHb; IIiABUINEHOI MeXaHiuHol BiOparii Bary.

Opwuiero i3 cyrreBux npuuuH Buxoxny IIK 3 1any € HesKicHa 3aIuBKa
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Puc. 1. KoucrpykrusHi enxemenTtu IIK i3 6a0iToOBUM MOKPUTTAM: @ — 30BHIIITHSA
HOBEePXHS OMNOPHUX MAJBIiB 3y0UacTHMX KOJic; 6 — BHYTPIIIHA IIOBEPXHSA
BRJagumniiB onopHux I1K; 6 — niacka mosepxusa ynopuoro ITK.

Fig. 1. Structural elements of SB with babbitt coatings: a—the gear wheels
supporting fingers outer surface; 6—the support SBs liners inner surface; 6—
the thrust SB flat surface.

6abiTy (morame mpucTaBaHHSA 0a0iTy MO MOBEPXHiI BKJAUINA, IIOPIC-
TicTh Ta iH.) i, IK HACJIIOK, HEMOKJIUBICTL (DOPMYBAHHSA MACJSTHOTO
Kauny (puc. 2, a).

AxicTe mpunAranHa 6abiTy 40 KOPIIyCcy BKJIAAUMINA, AK IIPABUJIO, IIe-
PEBipPAIOTL METOLOI0 KOJBOPOBOi medeKTocKorii (puc. 2, 6). IcHyOTH i
iHIT MeTonu: IepeBipKa yJIbTPa3BYKOM, Bi3yaJIbHUU OTJIAM, ILIAXOM
00OCTYKYBaHHA JEeIrKMM MOJOTKOM, 3aHypeHHAM Ha 1,5—2,0 rogunum y
BaHHY 3 racoM, 3 HACTYIIHUM HPOTHPAHHAM HACYXO i BUAABIIOBAHHAM
racy a0o 0yJILOAIIIOK IIOBiTPA HAJNBIAMU, Ta iH.

3i ckasaHOTro BUIIle MOKHA BUBHAUUTHU, 0 MPUUYNHOIO ITOHUIKEHHS
nmoeroeiunoctu ITK € ynHHUKH, 1110 GOPMYIOTHCA AK Ha CTaZii BUTOTOB-
JIeHHS, TaK 1 IpU eKcIIyaTairii.

BinbmricTs cmocob6is opMyBaHHA ToBepXoHb 6abiToBux ITK ciaix pos-
MIAATH AK ajJbTepHaTuBHI. OauH i Toll caMuii MATePiAa IOKPUTTS MO-
JKe OyTu HaHeceHHUIl AeKijbkoMma cmocobamu (puc. 3). Ilpu mbomy Mmo-
KYTh BiIpisHATHCA SK BJIACTUBOCTI MOKPUTTS, TaK i BUTpATU HA HOTO
HaHeCeHHd.

3asBuuaii 6abiTu saauBaTL Ha migirpiti sraaguri (250°C) za Tem-
neparypu 450—480°C. Haituacrilmie 3aCTOCOBYIOTh BiJIlleHTPOBE 3aJIH-
BaHHA. 3aJMBAIOTh TAKOXK Yy KOKiJb ITifi TUCKOM, TOBIIMHA 3aJUBKU B
Oigmunankax 1-3 MMm.

Sk mpaBuso, mepen 3aJMBKOIO 0a0iTiB mMOBepXHA KPUIEBOrO BKJA-
OUIla OiggaeTbes Aya:KeHH0. [lepexiguuii map, 110 3yMOBJIIOE MilTHUT
MeTaJIeBUM 3B’ 130K, IIPU IIbOMY BifCYTHIili, IIT0 HeTaTUBHO BILITHNBAE Ha
AKicTb 3aMBKU 0a0iTy, TeIJIONPOBIAHICTE Ta Ipalle3faTHICTh IIiAIINIII-
HUKa 3arajioM.
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Puc. 2. Hesakicua 3anmuska 6abiTosoro mapy IIK (a) i mepesipka sixocTu aaresii
aHTU(GPUKIITHOTO Iapy METOAO0I0 KOJBOPOBOI AedeKTOoCcKOoImil (6) [19].

Fig. 2. Low-quality filling of the SB babbitt layer (a) and checking the adhe-
sion quality of the anti-friction layer by the colour defectoscopy method (6)
[19].

Heob6xinmo BimsHaumTH, 110 3i 3MEHINIEHHAM TOBIIWHU AHTUQPUK-
mifiHOrOo 6a6iTOBOTO IIAPY 30iJBIIYIOTHCA OTO MEeXaHiUHi BJIACTUBOCTI.
Haitimenma ToBminHa 3aauBku gonyckaerbesd 0,25—0,4 mm.

OcranHiMu poKaMu AJisS BUTOTOBJeHHs Ta pemoHTy IIK mabymm mo-
IIMUPEHHs JeKiJTbKa HOBUX METO[: ra3oTepMiuHe HAIIOPOIIEHHS, I'alb-
BaHiUHe HapOIIyBaHHA, IITAMIyYBaHHA B TeMIlepaTypHOMY iHTepBaJi
KpucraJisairii, HagsBykoBe Hamopoteausa [[UMET [20—-24].

Amnajriza siTepaTypHUX IyKepes 3acBimumia, 1110 cydacHa T€XHOJOTia
Mae Iy:Ke BeJIUKY KiIbKicTh MeTon opMyBaHHA aHTU(MPUKIIIAHUX Oa-
b6iToBux miapiB IIK, Ko:KeH 3 AKUX Ma€ gK IepeBaru, Tak i HeJOJIiKu, a
TAKOK CBOIO TeXHOJIOTiuHy Himty. Takum unHOM, ITPOOJIEeMY ITIiIBUITIEH-
HA aroctu IIK MoxHa BUPIIINTY IMIIAXOM aHAJNi3KW IPo0JIeM i BUAiB ic-
HyIOUMX MeToJ (hOpMyBaHHSA MOro ITOBEPXHEBOTO aHTUQPUKIIIAHOIO
IIapy Ta BUOOPOM GiJIBII ITEPCIIEKTUBHOTO.

Hu:xue HaBegeHa aHalliza mepeBar Ta HeTOJiKiB OiJIbII IOIIMPEHUX
MeTOoJ HaHeCeHHA aHTU(MPUKI[IHHIX MOKPUTTIB Ha eremenTu I1K.
BigumenTtpose autta [20]. IIpu BigmieHTpOBOMY JIUTTI PO3TOILIEeHU 6a6iT
BBOIATL B CEpeIUHY 00epPTOBOTO BKJAUINA, AJA IIHLOTO BUKOPUCTOBY-
IOTh CHEIiAILHNNA BepcTaT abdo IPHCTOCYBAaHHA, IKe BCTAHOBIIOIOTEL HA
TOKapHOMY BepcTaTi. BpaxoByoouu Te, III0 KOKeH CTOII 6abiTy Mae cBOi
BJIACTUBOCTI, JIUTTA TOBUHHE MPOXOIUTHU i3 CYBOPUM JIOAEPKAHHIM pe-
JKUMiB TOIJIEHHSA ¥ 3aJMBaHHA, 10 HOTPeOdye SKiCHOrO KOHTPOJIO Ha
BCiX eTamax TeXHOJOTiUHOTO IIPOIiecy.
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Hazseykose X 3
HA3BY: Tpagnmifize BinumenTpoBe 3aMBAaHHA 3

Bi.,IU.leH'l‘pOB € SaJIMBaHHA

HaAIIOPOIIIEHHA 3
BHKOPHCTAaHHAM

obaannanua JUMET

HmepexigHHUM IIapoM 8 Migi

] IITaMOIyBaHHA B
T'anpBaHiuHe TeMIIepATYPHOMY
HApPOIIyBaHHA inTepBani Kpucramisanii
MeTon eleKTpoicKpPOBOTO T'azorepmiunme

JIeI'VBaHHA HalIOPOILIIeHHA

Puc. 3. [lesaki cnocobu HameceHHs 6ab6iTOBOrO 1Iapy Ha KPUIEBY MiAKJIATUHKY
BRJagumiiB omopHoro I1K.

Fig. 3. Some methods of babbitt layer coating on the supporting SB liners steel
substrate.

T'azorepmiune (rasomosaym’ssae) HamopouieHHs [21] — 1e mporec HamHe-
CeHHSA Ha OCHOBY PO3TOILIEHMX YACTHH METAJy 3 BHICOKOIO IMIBHUAKICTIO.
ITum cmocoboM MOKHA BUTOTOBJIATH Ta BiIHOBJIIOBATH MeTaJi MAITWH,
soxkpeMma i ITK. Metoma 3abesmeuye BUCOKY IPOAYKTHUBHICTE, 1a€ 3MOTY
OIepP:;KyBaTH IMOKPUTTS B MIMPOKOMY Aismasoui ToBimiuuau (0,1-3 Mmm) i
CIIEKTPa BJIACTHUBOCTEN 3 ypaXyBaHHAM YMOB eKCILIyaTaIrii.
Hegoaikamu rasomoayM’ SHUX IMOKPUTTIB € HEBMCOKA MIiI[HICTh 3Uell-
JIEHHS HAIIOPOIIIEHOI'0 MaTepPidAay 3 MaTePisiioM OCHOBHU, IIOPUCTICTh IO-
KPUTTA, 3MiHA CTPYKTYPH HATIOPOIIIEHOT'O MaTepidIy.
T'ansBaniune mapomysansaa [22]. CHoci6 BUTOTOBIEHHS Ta BiIHOBIEH-
Ha 3HomeHuX BII mumaxom ragnBamiuHOro OpMyBaHHS 0araTOKOMIIO-
HEHTHHUX IMOKPUTTiB. TexXHOJOTiA raJlbBaHIYHOTO HAPOIYBAHHS IIepe-
Oauae ToIepenHe MexaHiuHe 00pOo0JeHHs BKJIAAUIIIB, iX 3HEKUPEHH,
IIaBJICHHS, OCAIKeHHA TOHKOTO HiKJIEeBOT0 IIOKPUTTA Ha aJIOMiHINIOBY
OCHOBY BHYTPIIITHLOI IOBEPXHI IeTa IO M OCaIKeHHI aHTUPPUKITIAHIX
cromis Pb—Sn—Sb a6o Pb—Sn—Cu 3 60pdpTOpHCTOBOLHEBUX €JIEKTPOJIi-
TiB. YBeIeHHA Y CBUHIIEBO-0JIOB’AHI CTOIIM TPETHOTO KOMIIOHEHTA IIif-
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BUIIYE€ IX MiKPOTBEPAICTh, MOJINNIyE IPUIIPAIlFOBYBaHICTb, 3HOCOCTiH-
KicTh i cTifiKicTh IIPOTHU €po3ii.

Kpim ekosoriunmux mpobJjeM, M0 HeJOJiKiB OB’ A3aHUX i3 raJpBaHiu-

HUM HapOINYBAaHHAM, MOXKHA TAKOYK BiJHECTU 3POCTAaHHS BHYTPIIITHIX
HAIIPYKeHb, 110 BUHNKAIOTh Y HOBEPXHEBOMY IIapi B Mipy 30iibIlIeHHS
TOBIIUHYN aHTU(MPUKIIAHOTO TOKPUTTA. Po3TAryBasibHiI BHYTPIiNIHI Ha-
NpysKeHHA NPUBOAATH N0 3MeHIIIeHHA BTOMHOI MimHocTu. Ille omHuM
icTOTHMM HEIOJNIIKOM € HeBUCOKA ajresis HAIIOPOIIEHUX IIOKPUTTIB 3
OCHOBOIO.
MIrammyBaHHA B TeMIepaTypHOMY iHTepBaJi KpucraJgaizamii [23]. 1le
BiTHOCHO HOBHI cmioci6 popmyBaHHa aHTH(pUKIifiHOrO mapy IIK. Bin
BKJIIOUAE 3aCTOCYBaHHSA INITaMIIyBaHHA B TeMIlepaTypHOMY iHTepBaJi
KpucTasiszarii 6adity. Cmoci6 mae sMory MakcuUMaJbHO e()eKTHUBHO Ke-
pyBaTH MPOIECOM CTPYKTYPOYTBOPEHHsS B CTOIIi 0abiTy 3a paxyHOK
Kpalux yMOB KpHUcCTasisamii, MOKJIMBOCTI BINIMBATHU Ha CTPYKTYPY B
HIMPOKOMY iHTepBaJi TeMIlepaTypo-IIBUJKICHUX YMOB, IIO /a€ 3MOTY
dopMyBaTH ONTUMAJIBHY, 3 HOTJIAAY €KCIJIyaTallifHUX BJIACTHUBOCTEM,
MaKpo- i MiKpPOCTPYKTYPY IO BCiil MOBEPXHi, a TAKOXK II0 BCHOMY 00’ €My
aHTu@pUKIiHOTO 1Mapy. Hemomixom cmmocody € JOBroTpuBaInii i cKJia-
THUY TeXHOJOTIUYHUNT ITUKJI.

¥ [24] TOB «O0HIHCBKUH IEHTP MOPOIIKOBOTO HATMJIEHHA» IIPOIO-
HY€ HOBY TE€XHOJIOTiI0 HAaHECEHHS MEeTaJeBUX ITOKPUTTIB IIPU HAIA3BYKO-
BUX 3iTKHEHHSX 3 IIOBEPXHEIO0 YaCTHUHOK, IPUCKOPEHUX IIOBiTPAM, dKa
omep:kana Haspy [IMMET. Taky camy HasBy Mae i o0smagHaHHsa, 3a I0-
IIOMOT'OI0 IKOT'0 TaKi MOKPUTTA MOKHA HAHOCUTH.

Sk mpaBuiio, y BCix BHUIIaAKaX OCHOBOIO JIJIA HAIIOPOIIEHHA € KPUILA
20 (I'OCT 1050-88). Xoua MOKYTh BUKOPUCTOBYBATHCA iHIIII MaTepid-
Ju, 110 MalOTh XOPOIIY aAresilo 3 0JI0BOM, TaKi, aKk Kpumd 10, xpuis
15, 6poH3sa, JaTyHb. I1ix uac 3a1nBaHHA BKJIALUIIIIB 3 OCHOBOIO IIOBEPX-
Hi 3 yaByHY, Ha AKY HAHOCUTLCA 0a0iTOBUI I11ap, HiKeAI0I0ThHC [25].

B [26] aricTh TOKPUTTA XapaKTEePUBYETHCSA TAKNMU BJIACTUBOCTSIMMU
MiITHICTIO 3UeIlJIEHHS IMOKPUTTS 3 OCHOBOIO, KOTe3iMHOI0 MiITHIiCTIO Ha-
MIOPOIIIEHOT0 HIapy, IOPMCTICTIO, PiIBHOMipHOIO TOBIIMHOIO IMOKPUTTH,
PiBHEM BaJIUINKOBUX HAIIPYT, OJHOPIAHICTIO CTPYKTYPHU Ta BJIACTHBOC-
Tel IOKPUTTA.

Y [27] cTBepaRY€ETHCS, I1I0 MiITHICTh 3UEIJIEHHA TOKPUTTIB 3 MaTepi-
SIJIOM JTeTaJII0 3aJIeKUTh Bil 6araTrboX YMHHUKIB Ta YMOB BUKOHAHHS Te-
XHOJIOTIUHOTO IIpollecy. BusHauaibHUM BOJUB Ha 3UENJIeHHA MaloTh
XeMiuHM# CKJIa[ MaTepiday geTasio, Moro repMmiune o0pobJaeHHs, MexXa-
HiUHi YMOBU eJeKTpPOXeMiuHMX oIepalliii, mouaTKOBi Ta HACTyIIHiI pe-
JKUMU eJIeKTPOOCAIKeHH.

Po3po6Ky Ta BIpoBaIKeHHS e(PpeKTUBHUX TEXHOJOTIH (popMyBaHHS
TIOKPUTTiB 3YyMOBJIEHO, 3 OLHOT0O OOKY, HEOOXiZHiCTIO eKOHOMIiI Joporux
JeryBaJbHUX eJIEMEHTiB MaTepidiy, 110 HaHOCATH, a 3 iHIIIOr0O — BiKe
HasABHUMM YMOBaMU eKcCILJayaTallii JeTajis.
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OpuauM i3 cmoco0iB BupilieHHs i€l mpobjaeMu € BUKOPUCTAHHSA TeX-
HOJIOTi#, IIT0 3aCTOCOBYIOTH KOHIIeHTpoBaHi moToKku eHeprii (KIIE): nua-
3MOBe HamopoIeHHsd [ 28, 29] i mmasmose 06podsmenua [30, 31], 1asepHe
00pobsenua [32, 33]. ¥V HepiBHOBa:KHMX yMOBax HarpiBaHHA i 0X0JIo-
mxenua npu obpodaenni KIIE BindyBaeTbes popMyBaHHSA IPUHITUIIOBO
iHmMUX, HiXK OpU TPaSUIiMHHUX MeTOJaX TepMiuHOIro i MexXaHiuHOTO
BILINBY, CTPYKTYP IIOBEPXHEBOTIO ITIapy.

Ho umcyia cydyacHIX MeTO]l IOBEPXHEBOT0 00PO0JIeHHA MeTaJeBUX Mo-
Bepxoub KIID BimzHOCUTLCA eneKTpoickpoBe JeryBanua (EIJ), mo mae
3MOT'Y OJIEpKaTH IIOBEPXHEBiI CTPYKTYpPH B3 YHIKaJAbHUMHU (iBUKO-
MeXaHiYHUMHY i TPUOOJOTiYHIMY BJIACTUBOCTSIMHY HA HAHOPiBHI [34].

Y nmopiBHAHHI 3 TPAAUIIITHUMY TEXHOJIOTiIMY HAHECEHHA IMOKPUTTIB
merona EIJI mae mepeBaru: JIOKaJIbHICTh, BUCOKHUH CTYHiHBb anaresii, Bu-
HUKHEHHS HeBeJNKOI0 TeILJIOBOTO (hOoHY i, IK HACJIIJOK, BiICyTHICTH II0-
BOJIOK 1 medopmariiii, IpoCTUH i THYYKNH TeXHOJIOTIYHUH IIPOIIEeC, €KO-
Joriuna O6esmexa Ta iH. [35]. He sBakaroum Ha HesamepeuHi mepeBaru,
meronxa EIJI mae i HemoJsiku: BiZHOCHO MaJjia i HepiBHOMipHA TOBIIMHA
¢dopMoOBaHOrO IIAPY, HOTO IIOPUCTICTh, MIEePCTKicTh Ta iH. [36, 37].

BiacTtuBocCTi TOBEepXHEBUX MIAPiB, OAepPrKaHNX KOHTAKTHUM i 6€3K0-
HTAaKTHUM cnocobooM EIJI, B pisHUX cepemoBuIax, Ha PpisHUX OCHOBaX, 3
BUKOPUCTAHHAM €JeKTPOJl, BUTOTOBJIEHINX 3 Pi3HUX CTPYMOIPOBIIHUX
MaTepianiB, onucani B [38, 39].

IIpu 30am:KeHHi eJIeKTPO IMOBEPXHi MiAZaI0ThECS JOKAJIBHIN Iil BuCo-
KX THUCKiB ymapHuX XBUJIb i Temuepatypu [40]. IIpu nbomy BigOyBaeTh-
cA MUTTEBUI PO3irpiB anmoau, i Kamis abo TBepJa YacTHHKA MOro MaTe-
pidany mepeminryeTbcsa Ha KaToay. JleTioui Bix anoau a0 KaToau (parme-
HTH HarpiBalmThCA 4O BUCOKOI TeMmuepaTypu. MakcuMaJIbHO KOPOTKOYA-
CHUI HAT'PiB IIOBEPXHEBUX MiKp0006’eMiB mocsarae (5—7)-103°C. Ickposuii
po3pdan BigOyBaeThCa B MiKpOCKOIiuHO Maaux 06’emax i tpuBae 50—400
MmikpocekyHA. Ha KaTomi yTBOpPIOIOTHCA JYHKM 1 MiKpOBaHHU, B AKUX
YACTUHKM aHOAU i KaTOAM B3a€EMOIiIOTh MisK CO00I0 i HABKOJIMIIIHIM ce-
penoBuIlleM, AKTHUBi3yIOThCA AU(PY3iHHI IIpoIlecH, IO IPHUBOAUTH 10
YTBOPeHHA HOBUX (pas i BMiHU CTPYKTYP B IIOBEPXHEBOMY ITIapi.

B momepennix poborax [17] mamu OyJ0 3aIpPOIIOHOBAHO Ha KPUIEBY
OiIKJIaIMHKY Oepel JyAiHHIM OJOBOM HAHOCHUTH HPOMIMKHUK Iap is
migi. @opmyBarHa meTono ELJI mpomiskHOTO mMapy 3 Mmigi, Mireao 3ue-
IJIEHOTO, 3 OJAHOTO OOKY, i3 KPUIEBOIO IIiAKJIAANHKOIO, a 3 iHIIIOro — 3
IIIapoM 0JioBa (YTBOPEHHS TBEPAUX PO3UMHIB 3amimienusa) i 6abity, sa-
Oesmeuye OiJIBII MillHe 3UelJIeHHA KPUIIEeBOI HiAKJIaguHKYN 3 6ab6iToM, a
TaKOK IHTEHCHUBHIIIIE BiBeIeHHS TeIlIa i3 30HU TePTs.

Caipg BigMiTHTH, 110 IPOMIiMKHNIM IIap i3 Migi MoxHa OyJI0 HaHECTH i
iHIIIOI0 MEeTOI0I0, HAIPUKJIAA, TaJbBaHIUHMM HAPOIIYBAHHAM, SKUM
MOJKHA HAHOCUTHU AK ogHOIIapoBi[41, 42], Tak i 6araTorapoBi MOKPUT-
Ta [43], ane mpu 1IbOMY BifCyTHilT mepexigHuM 1map, KUl 3abesmneuye
MinHu 38’ A30K Misk Miggro Ta migKIagUHKOIO.
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Ha pucyHKY 4, a moKasaHi MiKpOCTPYKTYypa i po3moAijJ MiKpoTBepao-
CTH B TPAaHNYHIiN 30HI MiK Kpureio 20 i o1oBoM, HaHeCEHUM 3 BUKOPIC-
TAaHHAM TPAIUIiNHOI TexHoJoril — ayninaam. Ilepeximauit map Mix
oJioBOM i migkaaguaKoio (Kpurero 20) BincyTrii. MiKpoTBepaicTh pisKo
3MiHIOETBCA 3a BenmuuHOoO Bim 310—-340 (onoBo) mo 1750-1800 MIla
(kpuna 20). Bogmopas 0J10BO yTPUMYEThCA Ha KPUIEBid OigKIaguHITI
JIMIIIE 34 JOIIOMOTOIO aaresii.

ITpu ELJI kpuii 20 miggio Mixk ostoBoM i Mmiggio B gudysiiiHii 30HI yT-
BOPIOIOTHCA TBEP/i PO3UMHU 3aMIillleHHsd, 1110 3a0e3MeUy0Th MiIlHITIIni
3B’aA30K. MiKpoTBepAicTh y IepeximHiii 30Hi cIoYaTKy MIJIABHO IIiJgBU-
mryerses Big 210—230 (omoBo) go 2700—-2800 MIla (3TB), a moTim moc-
TYIIOBO IMIOHMIKYETHCS 0 MiKPOTBEPIOCTH OCHOBY (puc. 4, 0, 8).

Ha pucyuky 5, a 300paskeHo HAHOIIBII XapaKTepHy ALISHKY IIOBEP-
xHeBoro mapy kpuitti 20 micaa EIJI miggio i otoBoM y ILIOIMHI, mepiie-
HINKYJIAPHIA mokpuTTio. ChopMoBaHMI TOBEPXHEBUI ITTap CKJIATAETD-

3000

2000

1000

MikporeepaicTs H, MIla

0 100 200 300
Ilepexinua soHa I, MEM
e

Puc. 4. MikpocTpyKTypa micias ayniaasa omosom kpuiti 20 (a) Ta 3 migmapom 3 migi
(ELJI) (6); posmoxin mikporBepmocTu (8): I — KpPUIIA—0J0BO; 2 — KPHUIA—Milb
(ELJI).

Fig. 4. Microstructure after tinning of steel 20 (a) and with a copper sublayer
(ESA) (6); distribution of microhardness (8): 1—steel-tin; 2—steel-copper
(ESA).
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ca i3 nBox 30H. Ha moBepxHi po3TaIllOBYEThCA IIApP 0JIOBA TOBIIIUHOIO
10—-15 mxMm. Huxue € 1map, 1Mo CKJIALAETLCA IePeBaKHO 3 MiJli 3aBTOB-
miKu 15-20 mgMm. AR y mepimomy, Tak i B Ipyromy Imapax € 3aMKHYTI
IIOPY PO3MipOM BiJ YacTOK 40 3 MKM, IPUUYOMY IIOPH OiJIBITIOTO PO3Mipy
BHAXOAATHCA y miapi mixi. JlocaimKeHHa cKIATy TOKPUTTA MO TIINOMHI
CBIIUMTH IPO Te, IO TPAHUYHI JiIIAHKKA MijK OJIOBOM, MiZOI0 i KPUIIEIO
20 ckJIamalThCA 3 eJIeMEeHTiB cycimHix 1mapiB, 1o BKasye Ha ix gudy-
3iTHUY mepepo3mOAisl YV MOKPUTTI. ¥ Mipy morimbaeHHA y HUMKHIX IT1a-
pax oJioBa 3pocTae KoHIeHTpaIisa migi. Ha mexxi Mmisk Mizmro Ta KpHUIero
KOHIIEHTPAI[id Mili IOHM)KYEThCA, a 3ajida — 3pocrae. ¥ pasi ELJI
KpHUIli Migmio i HaCTymHOTO JYAiHHA 0JIoBOM (puc. 5, 6) icToTHUX Bin-
MiHHOCTEH y CTPYKTYPi chOpMOBAHOTO IIOBEPXHEBOIO IIapy HE CIIOCTE-
piraerscsa. JlocaimkeHHs pPO3MOMAiNy eJIeMeHTiB ¥ MOKPUTTI BKa3ye Ha
BiJICYTHICTh IepexifHOTOo IMapy MisK Mifaro Ta OJIOBOM. ¥ IlepeximHii
30Hi BiJ MOKPUTTSA i3 Mizmi J0 3aJ1i3HOI OCHOBUM KOHIIEHTPAIliA Mimi IIo-
HUKyeTheda. Ha Tift 1inaHIl maBHO 3pocTae KOHIleHTpallia 3anisa. Ile
CBIIUMTH ITPO iHTEHCUBHE MIEePEMIIITyBaHHA Ta B3aEMHY Au(Py3ito eaeme-
HTIiB IMiAKJIAINHKNA Ta TOKPUTTS.

IlopiBHANIBHUMY OOCTIMKEHHAMY MIITHOCTH 3YEeIJIEHHA aHTU(PPUK-
miiHOTO MIapy 3 6abity (B83 Ta B88) 3 mimkaaguuKkom i3 kputi 20, axi
mpoBogmancA mpu BumpobyBamuax Ha ctuck 3a 'OCT MCO 4386-2-99
MeTOJI0I0 BipmBy aHTU(dpPUKITiIIHOro 0abiToBOTO IITapy Big migKJIamgMH-
KU, BCTAHOBJIEHO, IIT0 3aCTOCYBAHHA IIepexXigHMX MIapiB i3 mixi, 1o Ha-
HocAThea MeTomoro ElJI y saxmcHoMy cepemoBuIni (aprou), ImigBUIIye
MiIlHiCTH 3UelJIeHHA KPUIEBOl IMiAKJAANHKN 3 aHTU(MPUKIIHHNM IIIa-
pom 6abiTy B mOpiBHAHHI 3 TpaauIliiinowo TexHosorieo (Kpuma 20 + 6a-
6iT) Ha 35%.

Kpim nmboro, HamMu 6yB 3aIpOIIOHOBAHMIT HOBUH CIIOCi0 HAHECEeHH aH-
TupPUKIiiHOr0 6a6iTOBOTO MOKPUTT Ha KpuiieBi Braagumti IIK [44],
AKUUN BKJIIOUae HaHECEeHHs Ha ITOBEPXHIO BKJIAIUIIIIB eJIEKTPOEPO3iiiHO-
0 MOKPUTTS 3 M’ IKOT0 MaTepiany (Mixi, omoB’ssHOI 6pom3u, abo 0J10Ba)
metozmoro EIJI. Croci6 3mificHIOIOTE CIIOUaTKY 3 eHeprieio pos3pany W, =
=0,1-0,5 [, a motrim 3 W, = 0,01-0,05 [I:x. Ha oxmep:kame mOKpPUTTS
HAHOCATH €JEeKTPOeposiiiHe MOKPUTTA 3 OJOB AHO-CypM’ AHOro 6abiry,
miciisg yoro BukoHYIOTH ELJI rpadgiToBoio eneKTpomoio coodaTrky 3 W, =
=0,2-0,4 I, a morim 3 W,=0,05-0,15 [I:x. B pesyabrari Ha TOBepXHi
Brjaaguiris ITK omep:KyoTh aHTH(PUKIliiHe 0a0iTOBe HMOKPUTTS, IO
3a0e31euye TiABUINTEeHHA AKOCTH BKJIAAUIIIB, iX HeCyUy Ta HaBaHTaMXKY-
BaJILHY 3JIaTHICTh, & TAKOXK HAAINHIiCTh Ta JOBrOBiUHICTb.

VY cueniamizoBaHill gocaigaunbkii sadboparopii BAT «I'pogmo Azor»
TIIPOBOAWJIN MOCHIIKeHHA AKOCTH 3pas3KiB i3 xpuri 20 3 6ab6iToBUMU mO-
KpUTTAMU, chopMOBaHUMU pisHuMu Mmetomamu [45]. PesyabraTu mepe-
Bar i HeJOJMiKiB HOCHiMKeHNX aHTUQPUKIIAHNX 0a0iTOBMX IIOKPUTTIB,
mpeacTaBieHi B Taba. 1.

Taxum umHOM, B Pe3yJabTaTi IPOBEAEHUX JIiTepaTYPHUX AOCTiKEHb
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Puc. 5. Bug nonepeunoro mepepisy noxkpurtis Ha Kpuii 20: EIJI mocaigosHO
mingngio i omosom (a) i EIJI migmio i HacTynmHuM JIyaiHHEAM 0J10BOM (6) i posmomisa
Sn, Fe i Cu mo rian6uui moxkputTtis, x2000.

Fig. 5. Cross-section view of coatings on steel 20: EIL successively with copper
and tin (a) and EIL with copper and subsequent tinning with tin (6) and the
distribution of Sn, Fe and Cu along the depth of the coatings, x2000.

BCTAHOBJIEHO, 1110 0abiToBi moxkpurrta IIK migaararorTs pisHUM Buaam
3HOINTyBaHHs: KaBiTailii, aOpasMBHOr0 3HOCY, MOIIKOIKEHHIO BHACJI-
IOK ILIacCTUUYHUX medopmailriii Ta in. BpaxoByioun, 1o coocobiB HamHe-
CeHHs Ha KPUIIEBY MiAKIaANHKY aHTUPPUKIIAHNX 0a0iTOBUX MOKPUT-
TiB iCHy€ BeJIMKa KiJIbKiCTh i KOXKEeH 3 HUX Mae€ fAK IIepeBaru Tak i Hemo-
JiKM, BayKKO 0e3 IPOoBeJeHHA MIOPiBHAMLHUX iCIUTIB BiggaTu mepeBary
oxHoMy 3 Hux. CrifikicTh 6a0iTOBUX IIOKPUTTIB HPOTU 3HOIIYBAHHS B
3HAUHIN Mipi 3a1eXuTh Big cmocoby ix HaHeceHHsA. IIpu IIbOMY JOCUTH
MePCHeKTUBHUMY MOKYTL OyTH aHTU@PUKIifHI 0ab6iTOBi MOKpPUTTS,
chopMoOBaHi 3 3aCTOCYBaHHAM IepexXigHUX IIapiB 3 Mifi, AKi HAHOCATE-
ca merogoio EIJI i 3HaUHO MiABUINYIOTh MIITHiCTh 3’€THAHHSA KPUIEBOL
MiAKJIaTUHKY 3 aHTUPPUKIIHHYM 6a0iTOBUM IIIapOM.

MeTo10 POGOTH € BCTAHOBJICHHS KOPEIAIIAHOI 3aJI€KHOCTH MiK pobo-
TOIO TEPTH, 3aTPAYEHOI0 IPU 3HOITYBaHHi 6a0iTOBMX MOKPUTTIB, HaHece-
HUX 34 Pi3HUMU TeXHOJIOTiAMM, TA 3HOCOM i Ha I[ii mifzcTaBi po3pobdaeHHS
(iszruHO 06I'PYHTOBAHOT'O MATEMAaTUYHOTO MOJEJI0, IO JaCTh 3MOTY BHU-
3HAYATHU AK MPAMY 3aJauy — 3HOC 3a BiZIOMOIO poOOTOIO TEpPTs, TaK i 3BO-
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TABJIAIA 1. XapakTepucTuKka sKocTu 6a6iToBux mokpuTTriB BKaaguIis ITK,

chopMOBaHUX PIBHUMU METOLAMU.

TABLE 1. Characterization of the SB liners babbitt coatings quality which

formed by different methods.

Ne | MeTona HaHEeCeHHA Heponixnu ITepeBaru
6ab6iTy
1 Hanssykose Hamo- XemiuHa Ta cneKTpaibHa aHa- Ilicasa KoabopoBoi qed)eKTOCKO-

POIIIeHHS 3 BUKOPH- JIi3u 0abiTy He BiAIIOBiAaIOT 3a
CTaHHAM 00JIafHAH- XeMiUYHIM CKJagoM 0aoiTy B83

aa JUMET T'OCT 1320-74. ITigBuitieHuit
BMicT cBuHIO 1,28% . IToHn-
JKeHa TBephicTs 0abiTy — 18,1
HB. 36iguenHns (BigcyTHiCTB)
KyOOmIomiGHUX KPUCTAJIIB [3-
¢azu, po3Mip CTOPiH CKIAZOBUX
Iy:xe npiOHMiT — He GibIe
0,005 Mmm
2 Tpaguniiine Bigme-
HTPOBE 3aJIMBaHHA
3 Bigmentpose 3anu- Ilicas KoabOpPOBOI AederToc-
BaHHSA 3 TEPeXiTHUMKOITi1 BUSBJIEHO HTOIITUPEH] IT0-
mapom 3 Mimi pu 6e3 mepeBasKHOI opicHTAIil"
4 Tpapguniiine HanuB- BigHocHO Besnuki posmipu
He 3aJIMBAHHSA (0,14-0,3 mm) KyGommomi6HIX
KpucraniB — B-dasu
5 Hanusne sasmuBan- BigzocHO Besnuki posmipu
Ha 3 nepexigaum  (0,14-0,3 mm) ky6omoni6bHMIX
mapom 3 Mizgi Kpucraiis — B-dasu
6 Merona EIJI ITicsia KobOpOBOi 1eeKTOCKO-

il BUSBJIEHO MIOIITUPEHi ITopu
6e3 mepeBasKHOI opieHTamii”

mii meekTiB He BUSIBJIEHO

XeMmiuHa Ta CIIeKTpaJibHa aHAJIi31
0abiTy BiaMOBiaOTH 3a XeMiu-
HUM cKJjagom 6adity B83 I'OCT
1320-74. PiBHOMipHUI po3moaia
KyOoronioHux KpucTaiis -hasu
3 poamipamu ctopiu 0,07 Mmm
XeMmiuHa Ta CIIeKTpaJibHA aHAJIi31
0abiTy BigmoBizae 3a xeMiYHIM
ckaagom 6abitTy B83 I'OCT 1320-
74. PiBHOMipHUI po3moaia Ky6o-
nopiObHMX KpucTaitis B-dasu 3
poamipamu cTopiu 0,07 Mmm
XemiuHa Ta clieKTpaJabHa aHa-
Jisu 6a6iTy BiAIIOBiZAIOTE 3a
xeMiuHuM cKJiagom 6abity B83
T'OCT 1320-74

XemiuHa Ta clieKTpaabHa aHa-
J1ism 6abiTy BigmoBiZaTh 3a
XeMiuyHUM cKJiagom 6ab6ity B83
T'OCT 1320-74

XeMmiuHa Ta clIeKTpaJibHa aHa-
Jisu 6abiTy BiAIIOBimAIOTE 3a
XeMiuyHUM cKJiagom 6ab6ity B83
T'OCT 1320-74

* — 1I0pu, BUABJIEHI KOJIHOPOBOIO Ne()eKTOCKOIIieIo Ha TopIli 3paskiB NeNe 3 i 6, yTBO-
pooThea B pesyabrati EIJI KpumeBoi nigkJIaguHKKN Ta IPUCYTHI JUIe Ha 30BHIiITHIN

IIOBEPXHi 3aTOTOBKU.

POTHIO — POOOTY TEePTA, HEOOXiAHY AJS HOCATHEHHS HMeBHOI KiJIbKOCTH

3HOCY.
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3. BUCHOBREH

1. O6GrpyHTOBaHa BaKJIUBICTD i aKTyaJdbHICTH MPOOJIEMU IIiABUIMEHHSI
pobounx XapaKTepUCTUK i pecypcy po6oTu 6a0iTOBUX IiAIMUITHUKIB KO-
B3auHd (IIK).

2. Amajisa TexHOJIOTiI cTBOpeHHs Ta yMOB pobotu 6abiToBux ITK moxa-
3aJjia, 10 IPUYNHOIO HOHUKEHHA X JOBIOBiYHOCTH € YNMHHUKH, IO (PO-
PMYIOTBCS AK Ha CTalil BUTOTOBJIEHHSA, TAK i IPU eKCIIyaTalrii.

3. BecraHnoBieno, 110 AKicTh aHTUGPUKIIIAHOTO MIapy MiAMNMUITHNKA He-
00XiZHO OI[iHIOBATH 34 TAKMMU KPUTEPiAMM: MIITHICTIO 3UEILJIEHHSA OK-
PUTTA 3 OCHOBOIO, KOT€3iMHOI0 MiITHICTI0O aHTU(PPUKIINHOTO IIapy, Mo-
pHUcTiCcTIO, OMHOPIAHICTIO CTPYKTYPH.

4. Busuaueno, 1o npu suroroBiaeHHi ITK, popmysanus meromoo ELJI
TIIPOMIKHOTO IITapy 3 Mifi, MiITHO 3UeMJIeHOTO0 3 OLHOT0 OOKY 3 KPHUIIEBOIO
MiAKJIaTUHKOIO, a 3 iHITTOT0 — 3 IITapoM 0JI0Ba (YTBOPEHHSA TBEPINX PO3-
ynHiB 3aMimtenusa) i 6abiTy, sabesmeuye Oiabmn mimue (Ha 35% ) 3uerr-
JIeHHS B HMOPiBHAHHI 3 TpaAuWIiiiHOIO TexHoJorieo (kKpuma 20 + 6abiT)
KPHUIEeBOi miAKJIagUHKYN 3 6a0iToM, a TaKOK iHTeHCHUBHIIIIe BigBemgeHHS
TeIlIa i3 30HU TepPTs.

5. PeszepBoM migBUINeHHA AKOCTHU (hopMyBaHHSA 6a0iTOBUX TOKPUTTIB,
1110 3HAaYHOIO Mipoo BILIHMBAE Ha JoBroBiunicTs ITK, Moxxe OyTu HOBA Te-
XHOJIOTis, B AKil BCi omeparii 3aiticH0I0TEL MeTonoio ELJI.

6. [lyia BusHaueHHA Oi/IBIIT parioHaAJIbHOI TeXHOJIOTil HaHeceHHA 6abiTo-
BUX IIOKPUTTIB HEOOXimHO po3pobuTu pismuHO OOTPYHTOBAHUII MaTeMa-
TUUYHNUHA MOJEJIb, IO 0B’ I3Y€ 3HOC IIeBHOI KiJIbKocTHu 0a06iTy 3 BUTpaue-
HOIO Ha I1e poOOTOIO TEePTA.
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Bniue 3aXuCHUX HAHOKOMIIO3UTHUX MOKPUTTIB HA CTaH
TeIJIOBUX Ta Ae(dopMaIiiHUX MOJIIB y pidabHill IacTHHI

. O. Binmoyc, A. 10. Bagansau, O. A. I'oruapos, O. B. XomeHKoO,
C. A.TornuapoBa

Cymcvruil depicastuil yHigepcumem,
sys. Pumcvrozo-Kopcakosa, 2,
40007 Cymu, Yrkpaina

B po6Gori nmpeacTaBieHo pesyabTaTH AOCTiJKeHHS BIJIMBY TEILJIOBUX IIOJiB Ha
medopMallifigi mpoliecu, 0 BUHUKAIOTHh Y IMOBEPXHEBUX Iapax pPisaibHOTO
iHCTPYMEHTY B 30Hi pisaHHs. 3aIPOIIOHOBAHUN MOJEJNb TePTA, AKUH BPax0oBY€E
CTPYKTYPHO-(PA30BUH CKJAJ MaTepiday MOKPUTTA, Ae)OpMAaIliiiHi mIpoiecu B
MOKPUTTI Ta BUHUKAIOUi HAIPYsKeHHA ITiJi BILIMBOM TeMIIEPaTyPHOTO IIOTOKY B
obisacti KoHTakTy. J[HociimxeHo TepMoagMHAMIiUHWIT BIJIMB Ha (GisuUKO-
MeXaHiuHi XapaKTEepUCTUKU HMOKPUTTA MeTO0I0 (ha30BOl IJIOIIUMHU IIIAXOM
AHAJIITUYHOTO AOCJiIKeHHS Ta o0y I0BU (ha30BUX IMIOPTPETIiB UUCIOBUM iHTE-
I'PYBaHHAM BiAmoOBigHOI cucTeMu AuUMEPeHIiINHUX PIBHAHBL 3a aJITrOPUTMOM
Pyuare—KyrTu. [IpoBeneHo anarisy moKasHUKIiB JIATyHOBA AJIA OCOOJIUBUX TO-
YOK CHUCTEMH, 3p00JE€HO BHUCHOBKM IIOAO OCOOJMBOCTEH HOBENiHKU CHUCTEMU
«IUHAMiUHe HaIpyKeHHA—aedopMallis» IS IOBePXOHb iHCTPYMEHTIiB i3 mo-
KPUTTAM i 6e3 HbOTO.

Kuarouosi ciaoBa: GararoimnapoBe IIOKPHUTTs, AedopMalliiini mpolecu, 3CYBHi
medopmaiiii, remoepaTypHe II0Je, 30Ha TePTA, TPHUOOJOTiUHNHA KOHTAKT.

The paper presents the results of the study of the influence of thermal fields
on the deformation processes occurring in the surface layers of the cutting
tool in the cutting zone. The proposed friction model takes into account the
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structural and phase composition of the coating material, deformation pro-
cesses in the coating and emerging stresses under the influence of tempera-
ture flow in the contact area. The thermodynamic influence on the physical
and mechanical characteristics of the coating was studied by the phase plane
method through analytical research and construction of phase portraits by
numerical integration of the corresponding system of differential equations
using the Runge—Kutta algorithm. An analysis of Lyapunov indices for spe-
cial points of the system was carried out, conclusions were drawn regarding
the characteristics of the behavior of the ‘dynamic stress-strain’ system for
tool surfaces with and without coating.

Key words: multilayer coating, deformation processes, shear strain, temper-
ature field, friction zone, tribological contact.

(Ompumano 14 cepnusa 2022 p.; ocmamour. eapianm — 23 gepecus 2022 p. )

1. BCTYII

Moaupdikairiss ToBepX0OHb, IO 3HAXOAATHCS B CKJIATHUX €KCILIyaTallin-
HUX yMOBaXxX i3 BHMCOKOIO TeMIIepaTypol0, 3HAUYHNMHU MeXaHiYHMMHU Ha-
BaHTaKeHHAMU, aIPECUBHUM CEPENOBUIINEM Ta iHIIUMU JIOKAJIbHUMU
(PizuKO-XeMiUHNMU IpoIecaMu, e()eKTUBHO peasizyeThbCsd HaHECEHHAM
baraTouiapoBUX 3HOCOCTIMKHNX IIOKPUTTIB HA OCHOBI HiTpUIiB, KapOigiB
Ta KapOoHiTpuAiB TyromiaBkux meraiais [1-5]. HaaBuicTh Ha moBepxHi
TAKOT'0 3aXMCHOT'O IMOKPUTTS NPUBOAUTL A0 KOPIiHHOI 3MiHM MeXaHiKH
Ta PisUKOo-XxeMiuHOI KOHTAKTHOI B3aeMoii 06’ekTiB BiuBy. Ile BusHa-
YaeThCsA IIePepPOo3I0AiJIoM HANIPYKeHb Ha IIOBEPXHAX iHCTPYMEHTY, 3Mi-
HOIO KoedirieHTa TepTHa i, IK HACIiOK, CUJI i TeMIepaTypu pisaHHs [6—
10]. IloxkpuTTa miABUINYE TaKi BasKJINBi BJaCTUBOCTI iHCTPYMEHTAJILHO-
ro MaTepifany AK TBEPAICTh, TEIJOCTiHKiCcTh, BHOCOCTIHKiCTh, (hiBUKO-
XeMiuHy IIaCUBHICTE II0 BiTHOIIIEHHIO O MATEPiAdy, II[0 00pPOoOIsIeThCd,
CIIPUATINBO BIIMBAE€ Ha KOHTAKTHI Ipollecu Ta IIapaMeTpu pisaHHA,
IIT0 BU3HAYAIOTh XapaKTePUCTUKU 3HOIIMIYBAaHHS iHCTPyMeHTy. AKTya-
JbHUMU € Kapbinui Ta miTpuami 6araromraposi mokputta [11-14]. Taxki
MMOKPUTTA 3a0e3MMeuyioTh BUCOKY TePMiuHY CTabiIbHICTh IPU BUCOKUX
IMIBUIKOCTSAX PidaHHS Ta JOCTATHIO 3HOCOCTINKiCTh iHCTPYMEHTY .
CximamHicTh TIpOIleCciB y cucTeMi «JIMHAMiUHEe HaIPYKeHHI—
medopmMallisg» € mpobdJaeMOoI0 MOAEJTIOBAHHA TePMOIUHAMIUHNX IIPOIlECiB
B 30Hi MeXaHiuYHOro o0po0/IeHHI MeTaJIiB iHCTPYMEHTOM i3 IMOKPUTTSAM.
Taki mpomecu 3ajyexaThb BiJl pPO3BUTKY MiKPOCTPYKTYPH IIOBEPXOHb, Ua-
CTO BUMAaraloTh JaHUX NPO MiKPOCTPYKTYPY, SMiHU pPO3Mipy 3epHa AK
GyHKIiI gedopmarrii, mBUAKOCTH AedopmMallili Ta TeMIlepaTypu TOIIIO.
Amnasiza BIJIMBY HAHOCTPYKTYPHUX HAHOKOMIIOSUTHUX OaraToIimapoBUX
MOKPUTTIB Ha IIPOIleCH TeIJIolepeHocy Ta (hopMyBaHHA TedopMaIiiHuX
IOJIiB B pPisaJibHOMY iHCTPYMEHTI 3aJIe’KHO BiJ CTPYKTYPHOT'O CTaHy, a
BigmoBimgHO i (pisMKO-MeXaHIiYHNX XapaKTEePUCTUK 6araTorapoBUX ILIi-
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BKOBUX IMIOKPHUTTIB € aKTyaJIbHUM ITUTaHHAM iHKeHepil moBepxHi.
MeTo10 POGOTH € HOCIIiAKEeHHA BILINBY HAHOCTPYKTYPHUX HAHOKOM-

MMOBUTHUX OaraTolIapoBUX IIOKPHUTTIB HA MIPOIIECH TeILJIOIePEeHOCY Ta

(dopmyBaHHA AedopMaIliiHUX OJIiB B Pi3aJIbHOMY iHCTPYMEHTI.

2. PE3YJBbTATU TA OBGT'OBOPEHHSI
2.1. TepmoguHaMiuHi ABUIIA B KOHTAKTHIN 30Hi

30Ha KOHTAKTy XapaKTepU3YETbCS 3HAUHUM TEILJIOBUIIICHHAM B pe-
3yJBbTATi TOTO, IO MexaHiuHa poboTa pi3aHHS MEePeXOIUTH B TEILJIOBY
eHeprit. IlomupeHHsa TENJIOBOTO MOTOKY IPEACTABIAETHCA PIBHAHHAM
TemioBoro 6asaHcy [15], sxke omumcye piBHOBaAry TemJIOTH, IO BUIiJ-
€ThCs B 30HI pisaHHs, i TEMJIOTH, IIT0 BUAAJAECTLCA 3 Hel 3a TOHU Ke IPo-
MiKOK uacy. Temiora, 110 IepexoanuTh B iHCTPYMEHT, KOHIIEHTPYIOUNCh
y Majaux 00’eMax MaTepifsy iHCTPYMEHTY, IPUBOIUTE IO CUJIBLHOTO PO-
3irpiBy #oro moBepxHi Ta MOHUKEHHA Pi3aJbHUX BJIaCTUBOCTEH Ta 3HO-
COCTiAKOCTM iHCTPYMEHTY.

IToBepxHEBe MOKPUTTA, 3aBAAKN CBOIM BJIACTUBOCTSIM, BHOCUTL Ie-
AKi 3MiHM B po3momin TemaoTu. BaraTormiapoBe IOKPUTTA 3a0e3meuye
dyukIii moB’a3aHi i3 ekpaHyBaHHAM ab0 GJIOKYBAHHAM TEILJIOBUX IIO-
TOKiB Bif (PPUKIiAHMX IKepes TelJja iHCTPYMEHTY, BILJIMBAE HA XapaK-
TePUCTUKU TEPTS MiK IIOBEPXHIMHU, 3MiHIOE IapaMeTPHU IIPOIlEeCciB mac-
TuuHOi medopmailrii Tomro [16]. Ha manmit uac He icHye y3romKeHOCTH
00 TIAYMAUeHHS IIPOIleciB TepMo3aXMCHOI (PYHKI[iI GaraTomiapoBuUX
moxpurtiB [17-20].

HocmimxenHa TemaoBux mporeciB [21, 22], 1o BigdOyBaioThCA B 30HL
pisaHHs, TOKAa3aJI0 TEIJIOBi IIPodiiIi Ta moJse TeMiepaTyp B PisIi 3 pisa-
JBHOIO ILTacTuHOO 6e3 mokpuTtss Ta 3 Tpumnapoum (TiCN/a-
Al;03/TiN) mokpurtam. Auainisa ganux (puc. 1, 2) moxasye, 110 3MeH-
IIeHHA TeMIIepaTypu pisaHHA BigOyBaeTbCsA 3a PaxyHOK 3MEHIIIEHHS
TEIJIOBOTO IIOTOKY BiJl TepTsd B 30HI pisaHHA, 10 CIPUUYUHAETHCA MEH-
muM KoedimieHToM TepTs mapm AeTaib—pisdelb y BUIIAAKY PisaibHOIL
IJACTUHU 3 MOKPUTTAM. MeHINH Koe(il[iEeHT TepTs NPUBOSUTH OO II0-
HUKEHHS 3HOCY i3I Ta 30i/IbIIIeHH 0ro CTinKOoCTH.

PesynbTaTy y3romKyoThCA 3 HocaimkeHHaAMY [23], Ie BCTaHOBJIEHO,
IIT0 MaKcuMaJIbHA TeMIIepaTypa 30HU pisanua GopMyeThCA TO0IU3Y pi-
3aJIbHOI KpoMKH IJiA Tpuriapoporo mokputrta TiC/Al:O3/TiN. Berano-
BJIEHO, IO MiK(pas3He TepTs iHCTPYMEHTAJbHOI CTPYKKU BILJIMBA€E Ha
TeMIlepaTypHi II0Jd ITPY BUKOPUCTAHHI iHCTPYMEHTA 3 MOKPUTTAM.

Pospaxyuku [24] moxkasyoTh, 110 IJIaCTUYHA mJedopMarllisa € oMiHaH-
THUM SBUINEM TEPTS iHTEI'POBAHUM B MOJIEKYJIAPHO-MEXaHIUHYy Teopiio
TepTsa. BumineHo ckiamoBi boro ABUIa: aaresis (m,), AKa BKJIIOUAE 3CYB
MiKpo3BapHUX 3’€IHAHb, YTBOPEHNX KOHTAKTHUMY HEPiBHOCTSIMU IIOBE-
PXHi TiJ BEUCOKMM THCKOM i TeMIIepaTypolo; IIJJacTUUHY Jedopmalliro He-
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Puc. 1. TensoBi npodini y pisui 3 pisajabHO mIacTUHOIO 0e3 MOKPUTTS Ta 3
TOKPUTTAM B IIepepisi, mo Bigmosigae x = 0,037 m[21].

Fig. 1. Thermal profiles in a cutter with a cutting plate without coating and
with coating in the section corresponding to x =0.037 m [21].

piBHOCTEH (M4), IO BUKJINKAE IMOTIiK MaTepifJy IIpu KOB3aHHI Tija 110
iHIITOMY, ITI0 BiZmOBifae 3a craTUYHUI Koe(illieHT TepTs; pO30pIOBaIbHA
sl 3aKPYTJIeHNX PisaJbHUX KPOMOK (7,), III0 CTBOPIOE KaHABKY 3a paxy-
HOK IIJIACTUYHOTO IIOTOKY, aje 6e3 BUAaJeHHA MaTepiay.

Ha nymKy aBTOpiB [24], reHesuc TepTA 6a3yeThCA HA TPHOX BCTAHOBJIE-
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Puc. 2. TemmeparypHe 1oJie B 00JiacTi pisaHHsA: pisajgbHa miaacTuHa 6e3 IMOK-
puTTs (a); pisasbHa IIJIACTUHA 3 TPUIIAPOBUM NOKPUTTAM [21] (0).

Fig. 2. Temperature field in the cutting area: cutting plate without coating
(a); cutting plate with a three-layer coating [21] (6).
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HUX CKJIaZ0oBUX KoeditlieHTa TepTda (MaKCUMaJIbHI 3HAUEHHS B TY:KKax):
m.=0-0,4 (0,561), mq=0-0,43 (0,75) i m, = 0-0,4 (1,0). Bigmosigno, Ba-
JKJIMBUM MEXaHi3MOM TepPTs € PO30PIOBAHHA KOHTAKTHUX IIOBEPXOHDb TBE-
pAYMU HEpPiBHOCTSAMM 1 yacTMHKaMm 3HOITyBaHHA. OmHaK HOTO ydacThb
3aJIE}KUTDH Bil YMOB TPUOOJOTiYHOTO KOHTaKTy. HasgBHICTh MOKPUTTIB 3
HUBBKUM Koe(iIlieHTOM TepPTs Pi3KO 3MEHIITY€e IOKAa3HUKY TEPTA.

B pobori [25] mocaim:keno 3MiHHe MiciieBe TepTsa uepes3 BimMiHHOCTI
KOHTAKTHOI IOBeAiHKY Uepe3 HAABHICTh MIKpPOTEeKCTyp. BecTaHoBiieHO,
110 IepioguuHa abo amepiogMUYHA MiKPOCKOIIiUHA iepapxXid Ha TeKCTy-
poBaHil moBepXHi iHCTPYMEHTY 3MiHIOE TPUOOJIOTIiUHI XapaKTePUCTUKHU
Ta IPOAYKTUBHICTEL pisaHHa MeTasy. IIOKpUTTA Ta TeKCTypa Ha TBEPAO-
CTOIIOBUX MITH(PTAX 3MEHIIUJN TepTsa Ha 27% MOPiBHAHO 3 MNIAAKUMU
TBEPAOCTOIIOBUMU 3pasKaMu 0e3 ITIOKPUTT.

2.1. ledopmatiiiHi mpomecu B KOHTAKTHil 30Hi

dizuKo-MexaHiuHi mpoIiecH, 110 BifOyBaOThHCA i uac 00po0IeHHS Me-
TaJeBUX MaTepisaiiB pisamHaAM, 6araToacieKTHi Ta B3a€MOIIOB’ A3aHi. ¥
mporeci pidamHsa MeTay Oif yac Ail MexXaHiYHOro HaBaHTAYKEeHHS 3POC-
Ta€ IJIacTUYHA AedopmMalris, 1Mo IPUBOAUTE A0 3CYBHUX AepopMariiin —
3CYHEHHS eJIeMeHTiB a00 KPHCTATIiB OJMH IIIOA0 OSHOr0. 3CyBHi medop-
MaIllii BUKJINKATh KOB3aHHA OKPEMUX YaCTHUH 3€PEeH II0 KPHUCTaJorpa-
GivHUX MIOIMMHAX YV HeBHUX HampaMKax. [[1omuan KoB3aHHsA, 1110 BU-
HUKAIOTh BHACIiJOK HE3BOPOTHHLOTO IIEPEMIiIlleHHA aTOMiB, APOOJIATH
3epHa Ha OKpeMi yacTuHu (ILJIaCTUHU), IKi B mIporieci gedopmarrii mose-
praroTbcsd y NeBHOMY HAIPAMKY M0 AidjgbHOl cuau. Bcei ¢isuko-
MexXaHiuHi mpollecu Big0yBaOThCSI B IMHAMIUHOMY TEIIJIOBOMY IIOJIi.

B pesynbrari mimactuunoi gedopmairii BizdbyBaeTheA 3MiHA mapamer-
piB r'paTHuUIli Ta 30iNbIIeHHS BHYTPiNIHLOI eHeprii. [ MOHMMKeHHS
BHYTPIiIITHBOT'O HATIPYKEHHS B 30HI pidaHHA MiK 00poOHMM Ta iHCTPY-
MEeHTaJbHIUM MaTepidjgaMu BigmaioTh IIepeBary MOKPUTTIO, AKe IIiIBU-
IIy€e Ipane3gaTHICTh iIHCTPYMEHTY 3aBOAKM KOPCTKiM CTPYKTYPi 3a pa-
XYVHOK BJIACTHUBOCTEM MAaTepPisAJIiB I10oro 6araToiiapoBoi KOHCTPYKITii.

OcHOBHOIO TPOOJIEMOIO B PO3POOIIi Moe el TepTA AJIsA OIIICY IIPOIECiB
00pO0JIeHHS MEeTaNy € CKIAAHICTD Ofep:KaHHsd JAHUX PO CUCTEMY «IU-
HaMiuHe Hanpy:KeHHA c—aedopMallisd €» Ta JaHUX IIPO TepTd B 30HI He-
cTallioHapHOTO TeMIlepaTypHoOro mojisd. Ilpu mozesntoBaHHi TEPTA, YacTO
BUKOPHUCTOBYIOTh NIy’Ke CIIPOIeHI MOojesi TepTsd, HAIPUKJIAJ, KYJOHIB-
cbKe TepTd [25, 26]. Heaki momesni [27—29] BKIIOUaIOTH 3a/1€:KHI Bix Te-
MIIEPATyPHU TeIIO(isWUHI BJIACTHUBOCTI Ta JaHi MiKPOCTPYKTYPHU 3aroTo-
BKM, AKi 4acTO BaXKKO 3HAUTH ab0 BUMIpATH AJA BiAmOBiZHMX MaTepi-
saaiB i ymoB medopmarii. Hactuna HoBiTHIX Mozesneit [30] 6a3yeThesa Ha
MiKPOCTPYKTYPHMX aclleKTax ITacTuuyHol nedopmarliii. Boru marema-
TUYHO ONMCYIOTH CIJIY TeUil MeTaay AK (PYHKI[iI0 MiKpoMacIITabuux ¢i-
BUYHUX IIPOIIECiB, BiANIOBiZaIbHUX 3a 3MIITHEHHS, HAIIPUKJIAT, B3aA€MO-
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Iia mucJjokarlii Ta mepemrkoau adbo oM’ SKIeHHA, HaIPUKJIAL, JHAMI-
YyHe BiJHOBJIEHHs, Oe3lepepBHa JUMHAMIUHA PEKPUCTATi3allisd, KOB3aHHS
110 Me2Ki 3epeH MeTary. AJle HacTO He BPaXOBYETHC, IO IPY ILJIACTAYHIH
IedopMallii MiKpocTpyKTypa 0e3lepepBHO 3MiHIOETLCS, OCKIJIBKH Tep-
MiuHO aKTHMBOBAHI PyXOoMi AuCJIOKAIlil B3aeMOIiOTh 3 HAMOJIMIKUYUMU Ta
TaJIeKNMHU IIEePeIIKogaMi, BKJIIOUYAIOUY KPUCTATIIUHY I'PATHUII0, aTOMU
po3UMHEHOI peUYOBMHHU, JUCIOKAIlii Ta MexKi 3epeH [31].

MogenoBaHHA TePTs CTaE OYsKe CKJIATHUM 3aBIAaHHAM Uepe3 HU3KY
HOTEeHI[IMHNX YMHHUKIB BIJIMBY, BKJIIOUAIOYM MiKPOreoMeTPilo KOHTAa-
KTy (IIIepCTKiCcTh mMOBepPXHi), BimHocHU pyX (IOCTifHICTL PyXy, IIOBEP-
XHeBa IMBUIKICTh), TPUKJIaAeH] cuan (KOHTAKTHUIN THCK, IIOCTiMHICTD
MpUKJIaJeHnX 3yCUJb), TeMIIepaTypy (TepMiuHi cuin), BIJIUB Ha Bjac-
TUBOCTiI MaTepisaay i MacTmiaa), a TakoK »KOPCTKicTh i BiOparrito (Bigrmo-
BilHiCTL KOHTAKTy, raciHHs TepTs BiOpalliii, 3BOPOTHUHA 3B’A30K MixK
TEPTAM i CTPYKTYPHOIO peakiriero). 3arajoM 3HaueHHA KoedimieHnra re-
pPTA, AKi BUKOPUCTOBYIOTHCSA IIPU aHAJIITHUYHOMY Ta UYHCEJILHOMY MO/Ie-
JIIOBAHHI pisaHHS MeTaJly, 3HaUYHO HMKYi, Hi»K Ti, II[0 BUMipIOIOTHCA B
BUIPOOYBaHHAX HA OPTOTOHAJbHE pisamua. Mozesi BpaxoByIOTH Koedi-
mienT teprda U = 0-0,5 (0,6), Toxi AK eKcIepUMeHTAJIBHO OAEPIKaHI pe-
3yJIbTATH PO3PAXYHKY TaKoro KoedilieHTa MOKYTh HepeBuIlyBaTu 1, a
inoxi mabam:xkartucsa o 2 [32]. B Toii :xe uac [33] crmocTepiraeThea ABHO
BUpPayKkeHa 3aJIe’KHICTh MeXaHIUYHUX BJACTHUBOCTEN MOKPHUTTIB Bif ixX
CTPYKTYPHOT'O CTaHY Ta CKJIAaIy.

TomMy BaluINIaEThHCSA AKTyaJbHUM IHUTAHHA IPEACTABJIEHHS MOMIEJi
TepPTH, IO BPAXOBY€E CTPYKTYPHO-(DA30BUHA CKJIIAA MaTePisday IOKPUTTS,
gepopMalliiiHi mporecu B IIOKPUTTI Ta BUHMUKAIOUI HAIIPYKEHHA i
BILIMBOM TEMIIEPATYPHOTO IIOTOKY B 00JIacTi pisaHHJ.

2.3. Nocaigsxennsa negopMaiiHuX MPOIECIB i/l BILIMBOM TeMIIEPATYPH

3rifHo CMHEPTeTUUHINH KOHIIEIIlil po3TIAAy HPOIleciB IIJIacTHUYHOI Je-
dopmartii [34—39], medopmariiini sminu, Hanpy:KeHH, rycTuHA gede-
KTiB BeIyTh cebe He aBTOHOMHO, a caMoy3roa:;xkeno. Ha ¢eHoMmeHnooriu-
HOMY PiBHi TaKa IOBeAiHKa OIMUCYETHCA CHUCTEMOIO MU(MEepPeHIiATbHUX
pPiBHAHDL, AKi MicTATH HeJiHiMHI momamku. Po3B’A30K TAaKMX CHCTEM
e()eKTUBHO IIPEJICTAaBIAEThCA Irpad)iuHo y BUTIIALL (ha30BUX TOPTPETIiB.
Mogenb, B3ATHI 3a OCHOBY, — Ile IIOBEPXHEBA IJIiBKOBa CTPYKTypa
O 3MIITHEHHS Ta IiABUINEHHS TepMiuHOoi cTabiJIbHOCTH Pis3ajbHOTO
iHcTpyMeHTY. MaeMo cucTeMy PiBHAHD AJIA aHAJi3U I[BOT0 Moesio [39]:

de
T —=-¢+0; 1
7 1)

€

o

do
— =—-c+8(T -1g 2
i 8( ) (2)
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aT
TTEZ(T;—T)—GS. (3)

TyT BBeZeHi yacu pejakcailii HaIpy:KeHb T,, TEMIEPaTypu Tr Ta gedop-
mariii 1, Temeparypa T. — TeMIlepaTypa BAaJi Bii moBepxXHi pisanud,
TOOTO TepMocTarTy, crajna g < 1. I1i piHaHHA (hopMaJIbHO BUILJINBAIOTH i3
cuHepreTuuHoi cucteMu JlopeHIia, B AKiil poJib mapaMeTpa IMOpPAIKY Bi-
Iirpae medopmariis, cupsasKeHe moJie 3BOIUTHCA 0 HATIPYKEHHA, a TeM-
mneparypa € KepyBaJbHUM IIapaMeTpPOM.

Bukopucraemo meTony (pasoBoi ILIOIINHA, AKA AAa€ 3MOTY BUSHAUUTHU
(dazosi moprpetu cucremMu. TOUHUN BUTJIAL IX 3HAXOAUTHCS IIIJIAXOM Y-
CJIOBOTO iHTerpyBaHHA PiBHAHBL MeTono0 Pyure—KyTTu 4-ro mopagry
rounHocTu [35—39]. PakTuuHo, cucrema piBHAHBL (1)—(3) € Gesposmip-
HOIO, aJjie IJId 3PYYHOCTHU BBeJEeMO MacIITab T, JJid MipauHa yacy. OcKi-
JBKH Ts << T¢, Tr, TO B (2) MOskHa mToKJIacTu do/dt =0, 1110 1a€ 3B’ 130K

c=g(T-1g, 4)

migcranoBka AKoro B (1), (3) IpuBOAUTE 0 CUCTEMU

de
T, prie -+ g¢e(T -1); (5)
dT 9
T = (= T) ~ g(T - 1), (6)

Beenmemo 6e3poamipHUil uac 2 = t/1. i mapamerep T = Tr/T.. [l BusHa-
YeHHSA CTIMKUX CTaHiB CUCTEMU 3 TOUKHU 30pYy MeTOo1 (pa30BOI MJIOITUHYI
HeoOXimHO 3HANITH KOOPAMHATHU OCOOJIUBUX TOUOK. [J1d 3HaliTeHHA 0Cco-
O0JMBUX TOUOK cucTeMu posaiaumo (5) Ha (6). Oxep:ryemo

@ _ —-e+ge(T-1)
dT  «'[(T, - T)-g(T -1e* |

(7

BuxopucroByiouu (7), sHaiizemMo ocobnBi Touku (a30Boi IIOIIHUHH,
B AKUX HAIPAM JOTHYHOI 10 (pa3oBoi TpaekTopii € = &(T) HeBUSHAUEHU.
s mporo HamuilieMo cuctemy piBHsaHb de/dT =0, de/dT = o

~c[1-g(T-1)]=0, (8)
(T -T) - e(T -1’ | =0. 9)

PosrasaaemMo MOKJINBI BUIAAKH.
1) e=0. Toxi B (8) Bupa3 y kBaagpaTHUX AY:KKax Mo:ke Ha0yBaTu OyIb-
saxux 3HaueHb. [ligcraBumo € = 0 B (9). Ogepxumo T = T.. Takum um-
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HOM, mepia ocobsuBa Trouxka D(T., 0).

2) e# 0. Y npomy pasi Bupas 3aiBa B (8) ZOpPiBHIOE HYJIIO, AKIITO JOPiB-
HIOE HYJII0O BUPa3 B KBapaTHUX AY:KKax. Omep:KUMO KPUTUUHY TeMIIe-
partypy pisanna T. =1 + g . IligcraBumo B (9), B pe3yabTaTi MacMo Ko-

opzunaru gpyroi rouku O(T,, /T, — T.). OueBuznHO, 110 cucTeMa GinbIre

He Ma€ 0COOJINBUX TOUOK.
3HalimeMo IOKasHUKY JIAyHOBA IJIA 0COOJIMBUX TOUOK.
1) Onsa rouknu D(T., 0) nokasHuK JlamyHoBa Ma€e BUTJIAM:

xDzl[g(Te_n—fl—ﬂ 14 L4arr 8L-D-1 > (10)
2 [t - e -1)+1]
2) Mna rouxku O(T,, \|T, - T,)
xozzi (1+eJT.-T.)j12 [1-8¢ e 1) 1] (11)
T

rrefrz)

Hna BUBHAUeHHSA BUIY OCOOJIMBUX TOUOK HEOOXiZHO BU3HAUUTU, 34
AKX 3HAUEHb IIapaMeTPiB MOKA3HUKHU JIANyHOBa HAOYBAIOTh KOMILIEK-
CHUX, a 34 AKX — JiMICHUX 3HAUEHb.

Hasa rouku D IOKa3HUKU Ap OYAYTH OiCHUMHU, SKIIO HiZKOPEeHEeBUI
Bupa3s B (10) 6yme HeBix’ eMHUM:

g1, -1)-1

1+47! 5
[t g, -1)+1]

> 0. (12)

Amajiza ocTaHHLOTO BUpPal3y HOKasajga, IO MOKa3HUKU JIAmyHOBa
MOXKYTh HaOyBaTH JIUIe FiACHUX 3HAUEHb, TOOTO Touka D Moxke OyTH
Jawuriie abo BysjJoM, abo cigmom. BusHaummo ymMoBU, 3a AKUX Touka D €
BYS3JIOM, a 3a AKX — CiaJiom.

Is Bupasy (12) BuniuBae HacTyIHe.

a) Axmo g(T. — 1) > 1 (o anamoriuno ymosi T, > 1 + g!), To aApi6 y
(12) momaTHuii, oTeke, Kopiub B (10) Oinbime 1, i 3amexHo Bix Toro, Bim-
HiMaeThbca abo HOZA€ThLCA KOPiHb Y Qir'ypHHUX AYysKKax, 3HaK Oyme abo
«+» ab0 «—». OCKiTbKM 3HAK BUPaA3y B KBaJpPaTHUX OY/KKaxX Mae cTaje
3HAUYEHHS, TO NIOKA3HUKM JISIIyHOBa MalOTh PisHi 3HaK1. BUCHOBOK: TO-
uka D naa T.> 1+ g e cigmom.

6) Axmo g(T. — 1) < 1 (1o anasoriuno ymosi T, < 1 + g!), To KOpiub B
(10) mentre 1; oTike, MOKA3HUKM JIANyHOBA MalOTh OMHAKOBHI 3HAK.
OckinbKu Ipu 3a3HaUeHi#l yMOBi Bupas y GirypHux gy:KKax JoJaTHil, a
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BUpa3 y KBaJpaTHUX IYV:KKaX Big eMHHiI, TO mMOKasHuMKHU JIgmyHoBa
Bix’emui. BucHOBOK: Touka D nisa T.< 1 + g! € crilikum By3JoMm.

2) Ima rouku O nokasHukKM JlamyHoBa marors Buraaz (11). Is cmis-
BigHomenusa ¢ = /T, — T,, BUIIKBAE, II[0 TOUKA PealidyeTbcd JIUIlle IpU

T.>1+ g, ockinpku € — (pismuHa BesnMumHA, IO He MOKe HabyBaTu
KOMILIEeKCHUX 3HAUeHb. BU3HAUNMO YMOBU, 3aJI€XKHO Bil AKHX IIOKAa3-
HUKHU JIgmyHoBa HaOyBaioTh abo KOMILTIEKCHIX, a00 AifiCHUX 3HAUEHD.

3HalaeMo KpUTUYHEe 3HAUEeHHS T., IPU Iepexoni uepesd aAkxe B (11)
3’ ABIAETHLCA YSIBHA YACTUHA

1+2¢JT,-T, +¢(T,-T,)

T
‘ 8g(T, -T,)

PosrasamaemMo MOKJINBI BUIAAKH.
g, -T)

(r’l + gr’lw/.’IZ, -T, )2

miticHauM i meHIIuUM 3a 1 (OCKiIBbKY y IMigZKOpPeHeBOMY Bupasi i3 1 Bigwi-
MaloTh JesdKe JOJaTHE YNCJIO, MeHIIe 3a 1); miciisa BifHiMaHHS B KBaapa-
THUX OYsKKaX i3 1 KopeHa BUXOAUTH AificHe momaTHe umcyo. OTxKe, mo-
KasHukM JIamyHosa gificHi i Big’emui. BucHoBOK: A T < 1. Touka O —
CTiAKWI By30JI.

a) SIxkmo 1t < 1., Bupas 8t <1, xopius B (11) €

g, -T)

(r’l +gt T, - T, )2

yaBauM. I[loxkasuuku JIanmyHoBa — KOMILIEKCHI 3 BiJ’€MHOIO AiliCHOIO
YaCcTUHOI0. BCHOBOK: /14 T > T, Touka O — cTilikuii poxryc.

Amnajisa moxkasHuKiB JIammyHoBa mokasye, 1o mpu 3uadenHax 0 < T, <
< T.Touka D mogae cTifikuii By3oJi. Bepyuu g0 yBaru, 1o 3a TaKuX 3Ha-
yeHb T, ocobnBa Touka O He peaidyeThbCs, POOMMO BUCHOBOK — 3 ILJIHU-
HOM Yacy CHCTeMa eBOJIIOI[IOHYE y BiAmoBigHuMi TouIli D cTamioHapHUHT
TEILIOBUI PEeXKUM 3TiZHO 3 (pa3soBUM IIOPTPETOM, HaBeJAeHUM Ha puc. 3,
a.Ilpu T, > T. ogep:xkumo crifikuii poryc O (puc. 3, 6).

Amnajiza pesyJbTaTiB [IOCTiMKEeHHsS Ta HaBeIEeHUX MaTeMaTHUYHIX
CIIiBBigHOIIIEHDb MOKA3Ye, IM0 (hpa3oBUil MOPTPET ILIACTUUHOI medopmarrii
XapaKkTepu3yeEThbCSI HASIBHICTIO JBOX OCOOJMBUX TOUYOK (puc. 3), PO3IJs-
HYTUX JIJIS IIOBEPXHi 63 MOKPUTTS i 3 TOKPUTTAM. BXigHMMU mmapamer-
pamu cuctemu 0yJ1o oopano Taki sHauenns: T.=1TaT.=5,g=0,5,t=1.

Crocrepiraerbcs eBoJoIia cucremMu y Bigmosigauit Touni D(T., 0) y
cTalioHapHOMY CTaHi 3rigHOo 3 rpadikom, 1110 HaBeJeHu Ha puc. 3, a. Y
nepegKpuUTUUHii obsacti, ne T. < T. BOHa mae cTiiikuii By30Ji. PesyiabTa-
T BKAs3yIOTh HA Te, IO 3POCTAHHSA IMapaMeTpa T = Tr/T. IPUBOAUTEL OO
3aKpyYyBaHHA TPAEKTOPiili HABK0OJO 0cobJuBOi TouKu. Takum dymHOM,

6) Ixmo t > 1., Bupas 8t >1, xopius B (11) €
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Puc. 3. ®azosi moprpetu (¢=0,5,t1=1):0<T.< T, Te=1(a); Te>T¢, T.=5 (0).
Fig. 3. Phase portraits (¢=0.5,t=1):0<T.< T, T.=1(a); Te>T., T.=5 (6).

el cTaH BiIIOBizae BiZHOCHO MOBLJIBbHIN 3MiHI TeMIlepaTypu Ta IIBUL-
Kilf 3MiHi HaIpyKeHb, 1[0 XapaKTePHO IepepuBUYaACTOMY PERUMY 00pO-
OseHHsa pisaHHaM. [Ipy Maaux HAIPY:KeHHAX ab0 3HAUHOMY iX IIOHU-
JKeHHI maacTuuyHa gedopmMallisi pO3BUBAETHCA B PEKUMIi OJIU3BKOMY 10
mirasydoctu (puc. 3, a). IIpu iboMy BTPATH CTiHKOCTH He Bif0OyBaOTLCS.

3 pocTOM TI'YyCTHHU AUCJIOKAIIiN, 1110 XapaKTepHO AJs 0araToIapoBoro
MIOKPUTTS, IO 3HAUEHb, 32 AKX B3a€MOJid iX XapaKTepu3yeThes HAIIPY-
JKeHHAM, CTBOPEHUM 30BHIIIIHIM IT0JIeM, IOBeAiHKa aHcaMOJio medeKTiB
CTa€ KOJEeKTHUBHOIO, i IPUHIIUIIOBA POJIb HAJIEKUTD IIpoIlecaM peJsaKcarrii
Hanpy:xeHHda [40]. ®PazoBuil mopTpeT Mae Burian (puc. 3, 0), 1110 BiATIOBI-
JIa€ MOBEPXHi i3 MOKPUTTAM. 3a HAIPYKeHb, HAbaraTo BUIIINX II0JIS B3a€-
mozii guciiokartii, KOJeKTHUBHI eeKTH TiAgal0ThCs 30BHIIITHBOMY BILIN-
BY, 1 aHcamO.JIb Je()eKTiB €BOIIOIIiOHY€E 10 KiHIIeBUX I'YCTUH Ae(eKTiB.

3. BUCHOBEKHN

HanecenHs 6araTomniapoBoro IOKPUTTSA BILIMBA€E Ha MOIIUPEHHS TEILIO-
BOI'O HaBAaHTAMKEHHS B IMIMOMHI IOBEePXHi iHCTPYMEHTY, 1110 IIO0B’ A3aHO i3
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3MEHIIIeHHAM TeIlJIOBOTO IMOTOKY BiJ TEpPTs B 30HI pi3aHHA, IO CIIPUYUM-
HAETHCS MEHIITUM Koe(pillieHToOM TepTd IIapu JeTaJb—pPisellb y BUIAIKY
pisaysipHOI IIJIaCTUHU 3 MOKPUTTAM. Temiora i3 30HM pisaHHA YaCTKOBO
HOTJIMHAETHCS Y IIpollecax MisK(pasHOTo TePTs, IJIaCTUUYHOI Aedopmarrii,
3Minu gedopMaliiiHUX HaIpyKeHb, AKi BimOyBamoThcA y GaraToriapo-
Bi#l CTPYKTYpPi IOKPUTTA TiJ yac pisaHHA, 1110 IPUBOIUTH A0 ITOHUMKEH-
HS iHTEeHCHMBHOCTH TEILJIOBOTO IIOTOKY B INTMOMHI iHCTPYMEHTY i OACHIOE
YacTKOBO TeIJIOEKPaHyBaJIbHY [il0 TOBEPXHEBOT'O MIapy HIOKPUTTA.
IIpencraBiaenunii MaTeMaTUYHIN MOAeJab AeopMaIliiHIX IPOIeciB, 1Mo
BimOyBalOTHCs Y MOBEPXHEBUX ITapaxX Pi3ayibHOI MOBEPXHIi Y BUTJIALI CH-
creMu OU(PEPEHIIAJNPHUX PiBHAHDb, AKi (hopMaIbHO HAIOTHCS CHHEPre-
THUYHOIO cucTeMoIo JIopeHIia, B AKil PoJIb mapaMeTpa HOPAIKY Bimgirpae
nedopmallid, cupsasKeHe IIoJe 3BOJIUTHCA 10 HAIIPYXKEeHHA, a TeMIepary-
Pa € KepyBaJIbHUM IIapaMeTpPOM.

PesyabTaTit MOAeMIOBAHHSA Y BUTJVIALI TOOYZOBAHUX (PA30BUX IOPTPeE-
TiB cuCTeMHU ITOKAa3aJu ABi 0COOJMBI TOUKM y BUTJIAIL BY3Jay/(OKycCy,
IIT0 XapaKTepHi AJiA IMoBepXHi 0e3 MOKPUTTS Ta i3 moxpurTaM. Jlocuri-
IKEeHO eBOJIoIliIo cucTeMu. IloKasaHo, 10 AJIs IMOBEPXHi 6e3 MOKPUTTS
CIIOCTEPiraeThCcsa BIiTHOCHO IIOBiJIbHA 3MiHA TeMIlepaTypu Ta MIIBUIKA
3MiHa HaOpy:KeHb. 3a MAJINX HAOPYKeHb a00 3HAUHOTO MOHMMKEHHI iX
IJIACTUYHA JedopMAallis PO3BUBAETLCS B PEKUMIi, OJIM3bKOMY JIO IIJIa3y-
YocTU. 3POCTAHHA TYCTHUHM IHCJIOKAIIA y IIOBEPXHEBOMY IIOKPUTTIL
OPHUBOAUTE 0 BIIUYTHOIO BILJIMBY peJaKcallil HaupyKeHHs.
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ABTopu BucaoBm00ThE noaaky MOH Ykpainu 3a ¢hiHamcoBy miaTpuMKy
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YMOBH OCa/I;KeHHS MIOBEPXHEBUX MiKPO-HAHOCTPYKTYP cpibJa Ta
IIMHKY 3 IIJIA3MH NIePEeHANPY:KeHOT0 HAHOCEKYHIHOTO PO3PSIy B
aproxi

0. K. Illyai6os, P. B. I'punaxk, O. 1. Muns, 3. T. Tomoxi, M. I. Barpaiua

YorzopoOdcvruil HayionaavrUll yHigepcumem,
na. Hapodnua, 3,
88000 Yaczopod, Yrpaina

HaseneHno npocTopoBi, eIeKTPUUHI Ta CIeKTpaJbHi XapaKTepUCTUKY IepeHa-
MIPYKEeHOT0 HAHOCEKYHHOTO PO3PALY MisK eJIeKTpoJaMu 3 cpibja Ta MUHKY B
aproHi atrmocgepHoro Tucky. B mpoieci MikpoBuOyxiB IpUPOIHIX HEOTHOPII-
HOCTel Ha MMOBEPXHAX METaJIeBUX eJeKTPO ¥ CUIbHOMY eJIeKTPUUHOMY IOJIi B
IPOMIisKOK MiK eJIEKTPOJaMU B IIpolieci (pOpMyBaHHA €KTOHIB BHOCATHCA ITapu
cpibsa Ta muHKY. Ile cTBOpIoE TTepeAyMOBY AJIs1 YTBOPEHHA 30yI:KeHNX aTOMiB
i fioniB Aprentymy, lluaky it Aprony. Ilix yac ocagskeHHA IPOAYKTIiB I11a3MU
Ha OigKJaIWHKY 3 KBapIlly, BCTAHOBJIEHY OijJifd cuCcTeMHU eJIEKTPOX, MOYKJIMBA
CUHTEe3a IOBEePXHEeBUX CTPYKTYP Ha OCHOBI cpibja Ta MUHKY, IKi IepCHeKTUB-
Hi IJA BUKOPHCTAHHSA B MiKPO-HAHOEJEKTPOHIIli, MequIInHi Ta OioMequuHii
im:xeHepii. BcTaHOBIEHO IIPOCTOPOBI XapaKTePHCTUKUN PO3PAAY U iMOyJIbCHU
HAIIPYTH Ta CTPYMY Ha PO3PATHOMY IPOMIiMKKY, IO MaJI0 3MOTY OAEPKATH iM-
MyJIbCHY IIOTYXKHICTh PO3PALY i eHepreTUUYHU BHECOK 3a OOUH iMmyabc. Ciie-
KTPaJIbHi XapaKTePUCTUKU PO3PAAY AOCIIAKYBATIUCS 3 IEHTPAJIbHOI YaCTUHHI
PO3PAAHOTO IPOMIKKY BEJIMUMHOIO y 2 MM. BCcTaHOBJIEHO OCHOBHi 30ymsKeHi
CKJIAMOBi IIJ1a3MM rasolapoBUX CyMillleii Ha OCHOBi mapiB cpibJia Ta MUHKY 3
aproHOM 3a BUCOKHX 3HaueHb mapamerpa E/N (E — Hanpy:KeHiCTb eJIeKTpUY-
HOTO oJiA; N — cymMapHa KOHIIEHTPAIlid YaCTUHOK y TJIasMi).
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KarouoBi cioBa: mepeHanpyXeHuil HAHOCEKYHAHUI pO3psm, cpibyo, IMUHK,
aproH, eKTOHU, I1Ja3Ma.

The spatial, electrical, and spectral characteristics of an overvoltage nano-
second discharge between silver and zinc electrodes in atmospheric pressure
argon are presented. In the process of microexplosions of natural inhomoge-
neities on the surfaces of metal electrodes in a strong electric field, silver and
zinc vapours are introduced into the gap between the electrodes during the
formation of ectons. This creates prerequisites for the formation of excited
atoms and ions of silver, zinc, and argon. When plasma products are deposit-
ed on a quartz substrate installed near the electrode system, it is possible to
synthesize surface structures based on silver and zinc, which are promising
for use in micronanoelectronics, medicine, and biomedical engineering. The
spatial characteristics of the discharge and the voltage and current pulses
across the discharge gap are established, which made it possible to obtain the
discharge pulse power and the energy contribution per pulse. The spectral
characteristics of the discharge are studied from the central part of the 2 mm
discharge gap. The main excited components of the plasma of gas-vapour
mixtures based on silver and zinc vapours with argon at high values of the
parameter E/N (E is the electric field strength and N is the total concentra-
tion of particles in the plasma) are established.

Key words: overvoltage nanosecond discharge, silver, zinc, argon, ectons,
plasma.

(Ompumano 8 cepnus 2022 p.; ocmamoun. eapisum — 13 cepnna 2022 p.)

1. BCTYII

IIpu Bigmami Mixk MeraneBuMU ejekTpozamMu 1-3 MM i arMocdepHOMY
TrcKy moBiTpsa (p = 101 xklIla) B cmeKkTpax BUIPOMiHIOBAHHS HAHOCEKYH-
JTHOTO PO3PAAY PEECTPYIOTHCS IIePeBasKHO CIIeKTPAaJbHi JiHil aTomiB Ta
oniB metany enekrpon (Kympymy, @epymy, Iluaky ta in.) [1]. Ilpu
mepeHamnpysi MiKeJeKTPOJHOrO0 IIPOMIKKY B IIJIa3Mi I'€HEepYIOTLCS
«eJIEKTPOHU-BTiKaUi», AKi IIepexoldATh B PEKUM HeIIepEPBHOIO IPHC-
KOpeHHA 3 eHepriaMu Ha piBHI mecATKiB, coTeHb KimoBoasT [2]. Ilig mi-
€10 IMyYKa eJeKTPOHiB-BTiKauiB BimOyBaeThcA mepeniioHisailis rasy B
MisKeJeKTPOAHOMY IIPOMisKKY, TOMY HaBiTh IPU HEOTHOPiIHOMY POSIIO-
OiJIi HAaIPYKEeHOCTH €JIEKTPUYHOIO II0JISI (POPMYETHCA AOCUTH OSHOPII-
HUH pO3PAL, AKUH MOKe OyTH BUKOPUCTAHNI AJISI PO3POOOK HOBUX Y D-
JaMII 3 MaJIM 00’ €MOM ILIAa3MOBOT'O CepefoBUINa a00 IIIa3MOXeMiuHOTO
peakTopa 3 CHMHTE3W TOHKUX ILIiBOK, AKI MOKYyTh OyTu ocamskeHi (3a
MeKaMM ILTa3sMM) Ha TBephiit mienextpuuHinn migxkaagwmani [3]. Ilpu
IIbOMY, B TAKMX pPeaKTopax BasKJIUBa HaABHiICTh Y P-BUIIpOMiHIOBAHHA.
Taxk, B [4] mig uac cMHTE3U ILTiBKOBUX HAHOCTPYKTYP OKCUIY IIUHKY B
BUIJISAAI HA0OPY HAHOCTOBOUMKIB 3a HelepepBHOI IMiICBITKY ITigKIamM-
HKH B IIporeci cuHTe3u Y @-BUIIPOMiIHEHHSIM PTYTHOIL JJaMIIH OLepP:KaHO
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3MEHIIIeHHS OIIOPY ILIiBKOBUX HAHOCTPYKTYP.

IIpu 3amaoBaHHI mepeHaIIPYKEeHOr0 HAHOCEKYHIHOTO PO3PALY MisK
eJeKTpoJaMu 3 MiZi #ioro mjaasMa BUCTYIAE He JIUIIe AKepeaoM OaKTe-
puriugaoro ¥ ®-punpominenssa (AL = 200-330 um), aje i TOTOKOM HaHO-
YACTUHOK OKCHUAY Miai a00 MMHKY, IKi BOJOAIIOTH CUILHIMU aHTHOAK-
TePiAJTbHIMU BJIACTUBOCTAMU [5].

Ha snaunwuii inTepec 1o HAHOUYACTUHOK UMCTUX MeTaJIiB Ta Ha X BaK-
JIUBi TPpaKTUYHI 3aCTOCYBaHHS BKasye mpaiid [6], me mpuBeaeHi pe3yib-
TaTU JOCTiI?KeHHA XapaKTepPUCTUK KOMIIOSUTHUX IIJIiBOK Ha OCHOBI Ha-
HOUYACTUHOK Mifi, AKi OyJIM CMHTEe30BaHi METO0I0 eJIeKTPUUHOTO BIOY-
Xy IpOoBigHMKiB. BoHM XapaKTepmsyBajauch 3HAUHUMU aHTHOaKTepia-
JBbHUMU BJIACTUBOCTAMM BiTHOCHO 30JIOTHCTOTO CTa(piJIOKOKY i BUABU-
JIMCH IIEePCIEeKTUBHUMMU AK 3aXUCHI MaTepisaau Big pagidamiiHuX BUIPO-
MiHIOBaHb.

3alfikaBjeHicTh B CMHTE31 MOBEPXHEBUX CTPYKTYP i ApibHOZMCIIEDC-
HOT'O IIOPOIIKY cpibja 3yMOBJI€HA BHCOKONIO e(peKTHUBHICTIO 3HUINEHHS
OakTepiii mpenaparamu cpidaa. Biam B 1750 pasis cuabHile gie B IOpiB-
HAHHI 3 Ti€lo K KOHIIeHTpaIlieio Kap060J0Boi KucioTu. Bike mIpu KoHITe-
urpartii 0,1 Mmr/x cpibio mae Bupaskeny QyHTinugny airo. Posumnau cpi-
0sa € Halle)eKTUBHIIMUM 3acoboM Ipu 0e3mocepeIHbOMY 3iTKHEHHi 3
MOBEePXHAMM THIMHMMM i 3amaJleHMMUN BHACJIiZOK OAKTepisanHOTO 3a-
paxenua[7].

Y saraabHEUX prcax MeXaHisM 60poThbOU cpiba 3 OTHOKJIITUHHUMU
(baxTepiamu) i GesKIITMHHUMEN MiKpoopraHismamm (Bipycammu) mpen-
CTaBJISIE HACTYIIHe: CcPi0Jo pearye 3 KJIITHHHOIO MeMOpaHomo 6akTepii,
sIKa € CTPYKTYpPOIO 3 0cO0IMBUX OiMKiB (menTumoriikamiB), 3’eTHAHUX
aMiHOKHcJIoTaMu 4 3a0e3leueH A MexXaHiuHol MinnHoceTu i cradbiibHO-
ctu. CpibJio B3aeMoie 3 30BHIITHIMY HeNITHAOTJIiIKaHAME, OJOKYIOUN X
3IaTHICTD ImepefaBaTH KNCEHb BCEPeIUHY KIITHHU OaKkTepii, 1110 mpuBo-
IUTH 10 «3aAyX1» MiKpoopraHiamy i ioro 3aruberi.

Hia cpibna cmemmudiuna He mo imdekIii (AK y anTubioTHKiB), a mo
KJITUHHIHA cTpYKTypi. Byab-aKa KiaiTuHa 0e3 XxeMiuHO CTiiiKoil CTiHKM
(Tary KJIiTHHHY OyZOBY MaloOTh 6aKTepii Ta iHIIMi opranisamMu 6e3 KJIiTHH-
HOI CTiHKU, HaIPUKJAI, TO3aKJIITHHHI BipycHu) miggaeThCA BILIUBY CPi-
0sa. OCKiIbKM KJITHHU CCaBI[iB MalOTh MeMOpaHy abCOJIOTHO iHITIOTO
TUITY, ITI0 He MiCTUTH HeITUIOTIiKaHiB, cpibIo HIAKMM YUMHOM He Ji€ Ha
HuX [8].

Cepen HOBUX MeTOn (hOPMYBaHHS IIOBEPXHEBUX HAHOCTPYKTYP BaiK-
JVBe MicIle HAJIeXKUTh MeToJlaM Ha OCHOBi rasdoBoro po3pazny. o mepe-
Bar Iiel MeToau MOJKHA BiJHECTH MOKJIMBICTh HAJIAIIITYBaHHS IIapaMe-
TPiB CUHTE30BAHUX YACTUHOK MLJISIXOM 3MiHU CXE€MH PO3PANY, BUCOKY
OIPOAYKTUBHICTE 1 MOMKJINBICTE MacIITa0OyBaHHSA IPOIECY CUHTE3U, Bif-
HOCHO IIPOCTY KOHCTPYKIIiI0O peakTopa i IIpOCTHUil IIPoIiec IPUTroTyBaHHSA
BUXiJHOTO MaTepiday.

PesynbraTy mocaimiKeHHSA XapaKTepPUCTUK i MapaMeTpiB IL1a3Mu IIe-
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PeHAIPYKEeHOT0 HAHOCEKYHIHOTO PO3PAAY MiK eJeKTpoJaMu 3 Mimi B
aproui HusbpKoro TUCKY (p = 6,7 klla) mpuBeneni B [9]. IIpoTe xapakTe-
PUCTHUKU TAaKOTr0O PO3PAAY MiK eleKTpoiaMu 3 Mimi a6o cpibisa mpu at-
Moc()epHOMY THCKY aproHy He HOCJIiI:KyBaJnch, TOMY BiJACyTHi maHi,
AKi 6 Jagu 3MOT'y OINITHMi3yBaTH POOOTY IJIA3MOXEMiUuHOTO peaKTopa 3
CUHTE3 ITOBEPXHEBUX MiKPO-HAHOCTPYKTYP Mili UM IMUHKY, a TaKOX
oIeps;KaHHIO APiOHOAMCIIEPCHOTO IOPOIIIKY ITNX METAaJIiB.

B craTTi npuBOgATHCA Pe3yabTaTH AOCiAKEeHHA XapaKTEePUCTUK IIe-
peHanpyXeHOro HaHOCEKYHIHOTO PO3PALY MiK eJleKTpogaMu 3 cpibia i
IUHKY B aproHi aTMOC(EPHOTo THCKY, KU MOKe OYyTH 3aCTOCOBaHUI B
AKOCTi TOYKOBOI yabTpa(iosieToBOI JaMOM Ha IIepexojax aToMa i foHa
Apreurymy ab6o IluHKY, a Tako:K [OJA CHUHTE3W ILJIiBKOBUX MiKpo-
HAHOCTPYKTYP Ha OCHOBI cpibisa a00 IMUHKY IIPU aBTOMATUYHOMY OIIPO-
MiHeHHi migKJaIMHKY YIbTPadioieTOBUM BUIPOMiHIOBAHHAM ILJIa3MU.

2. TEXHIRKA 1 YMOBU ERCIIEPUMEHTY

s mocaimkenHa XapaKTePUCTUK IIepeHanpyKeHOT0 HAaHOCEeKYHIHOTO
pPo3pAIY BUKOPHCTOBYBaJIaCh eKCIEePUMEHTAJbHA YCTAaHOBKA, CxXeMa
K01 mpuBeeHa B mpari[1].

HocmimxeHHsa IepeHanpy:KeHoro HAaHOCEKYHIHOTO PO3PSAAY IIPOBO-
IUJI0CH B Ta30PO3PATHOMY MOMIYJIi BUTOTOBJIEHOMY 3 OPTaHiuHOTO CKJIA 3
IBoMa GOKOBMMMU Te€PMETHUYHO Il eTHAHUMHU (PJIAHIIAMH 3 BMOHTOBA-
HUMHY BiKOHIISIMM JJIsT BUBOAY BUIIPOMiHEeHHs po3pAny (puc. 1).

Higamerep MUIiHIPUYHUX €JIEKTPOM, BUTOTOBJIEHUX 3 cpibia abo 1u-
HKY, CKJIaJaB b MM, a pajgiioc 3a0KPyTJIeHHA pobouoi TOpIeBol YacTUHU
€JIeKTPOJ OYB PiBHUM 3 MM.

Pospsan mixk cpibHMME ab00 MMHKOBUMH €JIeKTPOJaMH 3alaJIl0OBaBCs 3
JOIIOMOI0OI0 T'eHepaTopa OIiMOJAPHMX BHCOKOBOJBTHUX iMITYyJIbCiB Ha-
npyru tpuBaiictio 50—-100 mc amnaitymooo +(20-60) kB. AmmriTyna
iMmoyabsciB ctpymy moraa gocaratu 300 A, a 06’eM mmmasMu po3psany O0ys
B gianaszoni 5—20 mm3.

OcnuiorpamMu iMIOyJabCiB HATIPYTH Ha PO3PATHOMY IIPOMIiKKY i ocIiu-
JorpaMu iMIyJbCiB CTPYMY PEECTPYBAJINCH 3a JOIOMOI'OIO IITMPOKOCMY-
TOBOI'0 €EMHICHOIO IiJIbHMKA HAIIPYTH, II0SICY POTOBCBKOIO Ta IIHUPOKOC-
myroBoro ocimaorpada 6JIOP-04. YacoBe pos3miieHHs I[i€el cucTeMU BU-
MipIOBaHHA XapaKTEePUCTUK eJIeKTPUUYHUX iMIYJIbCiB CKJIamaao 2—3 He.

s peecTpallil clieKTpiB BUIIPOMiHIOBaHHS IIJIa3MU BUKOPHCTOBYBa-
BCs MU(PPOBUM IBOKAHAJILHUN CIIEKTPOMETEP 3 KOMIIEHCAI[i€I0 acTHUIMA-
usmy «SL-40-2-1024USB». Pobounii gianasou cuektTpomerpa — 200—
1200 um.

3a MixkeJIeKTPOAHOI Biggati y 2 MM PO3PAIHNN IPOMiKOK OyB mepe-
HAIIPY:KeHUM, III0 CTBOPIOBAJIO CIPUATIMBI yMOBU AJA (POPMYBaHHS
ny4YKa eJIeKTPOHiB-BTiKauiB BUCOKOI eHeprii, AKi BCTyIIailoTh B PEXUM
HeIepepBHOTO MPUCKOPEHH 1 3aIUIITAI0Th PO3PATHIN TPOMiKOK [ 2].
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Puc. 1. Cxema pospAgHoi kamepu: I — KOPIYyC AieJIeKTPUYHOI PO3PASHOI Ka-
Mmepu; 2 — cucrema (ikcarii mifKJIagUHKY IJIA HAIIOPOIIIEHHS TOHKUX ILTiBOK;
3 — cucTema peryJHOBaHHA MiKeJIeKTPOSHOI BifgcTaHi; 4 — MeTaJieBi eJIeKTPo-
IU; 5 — 30HA OCaI KeHHS IJIIBOK; 6 — MmigKJIaguHKa 31 cKJa; 7 — IJIiBKOBa
CTPYKTYypA.

Fig. 1. Scheme of the discharge chamber: I—housing of the dielectric dis-
charge chamber; 2—substrate fixation system for deposition of thin films;
3—system for regulating the interelectrode distance; 4—metal electrodes;
5—film deposition zone; 6 —glass lining; 7—film structure.

Ilixg miero myyka eJIeKTPOHiIB-BTiKaUiB i CYIIyTHBOTO MOMY PEHTI'€HiB-
CHbKOI'0 BUIIPOMiHIOBAHHS, IKi BUKOHYIOTh POJIb MepeaiioHi3aIlii, B poa-
PAOHUX IIPOMiKKaxX HABITh 3 HEOMHOPIAHUM PO3IOLiJIOM HAIIPYKEHOC-
TH eJIEKTPUYHOTO IT0JA (POPMYETHCA NJOCUTH ogHOPigHUM pospaxn. Illo i
MIPOSIBUJIOCH B HAINIMX €KCIIEPUMEHTaX 3 IepeHalnpy:KeHUM HaHOCeKYH-
IHUM PO3PSAI0M aTMoc(hepHOTO TUCKY B aproHi (puc. 2).

3. XAPAKTEPUCTURKHU IIEPEHAITPY KREHOT'O
HAHOCERYHIHOT'O PO3PANY

Ha pucyHKy 3 HaBeJleHiI XxapaKTepHi ocriuaorpaMu HAIIPYTU i CTpyMy Ha
MIPUKJIaIl IIepeHanpysKeHOro HaHOCeKYHIHOTO PO3PAAY MiK eJIeKTpO-
mamu 3 cpibsa. [[yia po3pAany MisK eJleKTpoJaMu 3 ITMHKY BUTJIAL €JIeKT-
PUYHUX ocImorpaM O0yB MOAiIOHMM, BOHU BiAPisHAJJIUCH JIuIle abCOJII0-
THUMU BeJIUYWHA HAIPYTH, CTPYMY, iMIIyJIbCHOI IIOTYKHOCTH i eHepre-
TUYHUM BHECKOM B ILIA3MYy.

IToBHa TpuBaiicTh iMnyabciB Hanpyru gocaraina 400—-450 He, a cam
iMIyJbc HAOPYTHU CKJIAaJaBCs 3 3TACHUX Y Yaci ocuaAni. Makcumamib-
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Puc. 2. CeiTsinHA ITepeHANIPYKEHOTO0 HAHOCEKYHIHOTO PO3PALY MijK eIeKTpo-
mamu 3 cpibia mpu Bigmauti mixk edexkTpomamu 2 MM i Tucky mosiTpsa 101 xIla
P YaCTOTi caigyBaHuA po3paAnuux imoyabcis f= 1000 I'x.

Fig. 2. A photo of an overvoltage nanosecond discharge between silver elec-
trodes at a distance of 2 mm between the electrodes and air pressure of 101
kPa at a discharge pulse repetition rate of f=1000 Hz.

Ha BeJIMUWHA CHaay HAIIPYTH B IIOBITPi HA PO3PASHOMY HPOMIiMKKY CKJIA-
mana 45 kB, BpaxoByooun JoJaTHY Ta Biff’€MHY CKJIALOBi aMILIiTyAu iM-
ITyJIbCY.

MakcuManbHA iMIyJIbCHA IOTYKHIiCTE gocaranga 1200 kBt B uacoBux
npoMmiskkax 60—80 mc Ta 240—-260 Hc, a eHepreTUYHNI BHECOK 3a OOUH
iMmmyabc 6yB piBauM 126,5 M. BinmoBigHi XxapakTepuCcTUKY B apr'oHi
oyau Hacrynaumu: 40 kB, 140 A, 1500 kBT, 134,6 m/:x. MakcuMmasib-
Ha iMOyJbCHA MOTYKHICTH B apI'OHI cIlocTepirajach B 4aCOBUX IIPOMiMK-
Kax 30—60 uci 200—240 Hc.

[ mepeHanpyKeHOT0 HAHOCEKYHIHOT'O PO3PAAY MisK eJIeKTpodaMu
3 nuHKY B aprofi mpu Tucky 101 klla (mpu d = 2 mm) amILtiTyna Haioi-
JBIIIOTO CIaAy HAIIPYTU OJHOI IIOJAPHOCTH MidK eJIEKTPOAaMH CKJIagaJa
~ +7-8 kB, ctpymy £100 A, a imonyabcuoi moTy:xuH0ocT — 1,2 MBT, 1110
3a0e3meuyBajio eHepreTUYHNN BHECOK 3a OAWH PO3PASHUMN iMIOyJILCc B
mrasmy ~ 167 M.

CreKTpanbHi XapaKTEepUCTUKU YJIbTpadioseToBoro BUIPOMiHIOBaH-
H{ IIJIa3MU IIePeHanpPyKeHOr0 HAaHOCeKYHIHOTO PO3PAAY B Ia30IlapoBiit
cyMmimnri aprou—cpibdso mpuBegeHi Ha puc. 4, a pe3yabTaTu ifeHTrdiKaIii
CIIeKTPaJbHUX JIiHiN B ILOMY CIIEKTPi mpeacTasieHi B Taba. 1. IIpu po-
3MIN(POBIIi CIIEKTPiB BUNPOMiHIOBAHHSA IIJIa3MM OyJiM BUKOPUCTAaHI I0-
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Puc. 3. OcuuiorpamMu CTPyMy, HAIPYTHd Ta iMIYJILCHOI IIOTYXXHOCTH II€PEHAIl-
PY/KeHOTO0 HAHOCEKYHIHOTO PO3PANY MiK eJeKTpolaMu 3 cpibia mpu Bigmami
d = 2 mm pu Tucky moBitpa 101,3 kIla i vactori f= 1000 I'm.

Fig. 3. Oscillograms of current, voltage and pulsed power of an overvoltage
nanosecond discharge between silver electrodes at a distance of d =2 mm at an
air pressure of 101.3 kPa and a frequency of f=1000 Hz.

BigHUKU 3 cneKTpocKoIii[10, 11].

BumnpowmiHIOBaHHA IJIa3MU IIePEeHAIIPYKEHOTr0 HAHOCEKYHIHOTO PO3-
pAany Ha OCHOBi apromy i mapis cpibJsia O0yJio mpeAcTaB/IEHO CIEKTPAJb-
HUMU JiHiIMH, AKi crmocTepiranuch Ha (hoHI HellepepBHOTO BUIIPOMiHIO-
BaHHA (KOHTHHYYMY) B cIeKTpadbHoMy misgmasoHi AA=200-1000 am
(puc. 4). Ilpuposa KOHTUHYYMY, AKHI TaK CHUJIbHO IIPOSABJISIBCSA B YMO-
BaX HAIIIOTO eKCIePUMEHTY, 0B’ d3aHa 3 TeIlJIOBUM i pekoMOiHAIiiHIM
BUIIPOMiHIOBAHHAM ILJIA3MMU.

Ax Bumausae 3 Tabiauili 1, B yabTpadioseTosiit yacTUHI cCIeKTPY BHU-
IIPOMiHIOBAHHSA PO3PSAAY B ra3olapoBUX CyMilmax mapiB cpibja 3 apro-
HOM, aTMOC(EPHOro THCKY CIIOCTepirajncsa HaiibiabIl iHTEHCUBHI CIIeK-
TpaJbHi JiHIT omHOBapATHUX HOHIB Ta aTOMiB ApreHTyMYy.

ITapu cpibsia BHOCHINCH B ILIa3sMy B pe3yJIbTaTi MiKpoOBUOYXiB mpu-
POIHUX HEOTHOPiAHOCTEH MOBEPXHI METaJeBUX €JEeKTPOA B CUJIbHOMY
eJIEKTPUYHOMY TOJi PO3PANYy «EKTOHHUI MexaHisM BHIApPOBYBaHHSA
enxexTpon» [12].

Takwuii crioci6 BHeCEHHS MapiB MaTepisay eJeKTpol MOoKe peasi3oBo-
BYBATHUCH B iMITyJIbCHO-TIepiognuHOMYy pexkumi poooru (f = 80—1000 I'mr),
MIPAKTHUYHO 33 KIMHATHUX TeMIEpaTyp PO3PAAHOI KaMepH i IJId iMITyJIb-
ciB HaHOCEKYHIHOI TpuBajocTu. lle 3HAUHO BiApisBHAETHCA Bifg MeTOmM
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Puc. 4. CnekTep BUIPOMiHIOBAaHHSA IePEHAIPYKEHOTO HAHOCEKYHIHOTO PO3P-
Iy MixK esekTpogamu 3 cpibia mpu p(Ar) =103 xIla; f=1000 ', d = 2 mm.

Fig. 4. Emission spectrum of an overvoltage nanosecond discharge between
silver electrodes at p(Ar) =103 kPa; f=1000 Hz, d = 2 mm.

BUOYXiB TOHKHMX JPOTHUH UM ILIACTHH MeTaJy IIPYU IPOITyCKaHHi uepes HUX
BEeJIMKUX CTPYMiB, SKUUA XapaKTePHUU IJd IepPeBa’KHO OIHOPAa30BOTO
peRuMy 3amaaioBaHHA Po3pAny 3a itoro Tpusajgoctu y 10—-1000 mxc.

30iIbIlIeHHA YaCTOTH CIAiAYBaHHA PO3PAIHUX iMoyascis 3 80 o 1000
I'm (B 12,5 pasiB) mpuBOAMIO M0 30iJbIIIeHHA I'yCTUHU HapiB cpibia B
po3psanii 10 3HaUHOro 301JIbIIIeHHS iIHTeHCUBHOCTH CIIEKTPATbHUX JIiHil
aToMiB Ta iiouiB Apreurymy. Tak, i3 306inbimenaam yactotu B 12,5 pasis
iHTEeHCUBHOCTI HANOiJbIII XapaKTepPUCTUUHNX CHeKTPAJbLHUX JiHIHA of-
HosapagHoro itoma Aprearymy 224,64 i 243,77 aM 36iabminancsa, Bif-
moBigHO, B 5,3 i 6,0 pasiB, iHTeHcWBHOCTU JiHilT aToMa ApreHTyMy
328,06 i 338,28 spocau B 5,5 i 5,6 pasu BigmosBigHO, a iHTEHCUBHICTH
Jinii aroma Aprony 763,55 um — B 4,0 pasu. K BUILINBAE 3 IpHUBeEe-
HUX pe3yJIbTaTiB BIIMBY YAaCTOTU HA iHTEHCUBHICTH CIEKTPAJIbHUX Ji-
Hil, 30iJIBIIIEHHA YaCTOTH He IIPUBEJIO A0 IPAMOIPOIIOPIiIAHOTO0 POCTY
iHTEeHCHMBHOCTI MUX JIiHil BunmpominioBaHHs. Ile Moxke OyTU 3yMOBJIEHO
IIpoIlecaMy raciHHSA BEPXHIX eHepreTUUYHNX PiBHIB aToMiB Ta oHiB Ap-
TeHTYMY Y MIsRiMIOyJIbCHUHM IPOMiKOK Uacy aTroMaMu ApPTroHy.

CuekTp YP-BUOIPOMiHIOBAHHS IIJIA3MHU II€PEHAIPYIKEHOTO HAHOCEKY-
HIHOT'O PO3PALY B CYMIiIlIi aproHy 3 mapaMu MUHKY IIPUBEIEHO Ha puc. 5,
a pe3yJibTaTHu igeHTHU(RIiKAIlIl cCIeKTpaIbHUX JiHi# Ta BiZHOCHI iHTeHCH-
BHOCTi BUIpOMiHeHHA JIiHil 3BemeHi B Taba. 2.

OcuoBHUMH B Y D-CIIEKTPi BUITPOMiHIOBAaHHS IJIa3MHU Ha OCHOBI ImapiB
IUHKY (puc. 5) Oyau cueKTpanabHi Jimii aToma 1 omHO3apagHOTO HoHA
IMuukry, aKi poaramroBaHi B cmekTpaJabHUX iHTepBasax 206—280 um Ta B
330—-335 um™m (irinii Zn I).
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TABJIAIIA 1. Pesyasratu imentudikarii cmexTpis Y®@-BunpoMiHIOBaHHSA
[JIa3MU II€PEeHANIPYKEeHOI0 HAHOCEKYHIHOI'0 PO3PALY MisK eJIeKTpomaMu 3 cpi-
6J1a mpu TucKy aprouy 101 xIla, d = 2 mm; f=80; 1000 I'ir.

TABLE 1. Results of the identification of UV spectra-plasma radiation of an
overvoltage nanosecond discharge between silver electrodes at an argon pres-
sure of 101 kPa, d =2 mm; f=80; 1000 Hz.

IGKCH ’

Iexcn b

Ne 7»;;3, BimH. ox. | BigH. ox. |06’eKT E’é%“’ Eg‘igx’ TePMumxn TepMsepx
=80T |f=1000 T
1 224,64 318 1677  Agll 4,85 10,37 4d°(Ds ) bs 4d°(Ds2)
2rs5 5 2r7
[°/2]s D %[/ 2]4
2 227,99 203 1059  AgIl 5,70 11,05 4d°(Dsys)5s 4d°(Ds)z)
%/2]2 5p ’[*/2]°
3 232,02 206 1157 AglIl 5,05 10,36 4d°(2Ds/2) bs 4d°((Ds)2)
/212 5p °[%/2]
4 233,13 388 2018  AgIl 5,05 10,36 4d°(Ds2)5s 4d°(2Dss)
2rs5 5 2r3 o
[°/2]e p *[%/2]°1
5 241,13 147 969 AglIl 5,42 10,56 4d°2Ds;2) 4d°(2Ds)2)
5S° 02[3/2]1 5p 02[5/2]0 20
6 243,77 300 1781 AglIl 4,85 9,94 4d°(Ds2) bs 4d°((Ds)s)
2rs5 5 2r3 o
[°/2]s p ?[%/2]%
7 244,78 282 1435 AgIl 5,70 10,77 4d%(2Ds,2) s 4d°(2Ds,2)
’3/:]e 5p°*[°/2]°2
8 260,59 116 784 AglIl 10,18 14,94 4d°(®Ds)2) 5p 4d°(2Ds,s)
9 261,43 116 793 AgIl 10,77 15,51 4d°(®Ds)2) 5p 4d°(2Ds)2)
%/ 21° 65 ?[*/2]1
10 266,04 96 553 AglIl 12,14 16,78 4d%5s2°%F3 4d3(3F)bs
5p(3Po) 5G02
11 271,17 93 508 AgIl 10,37 14,94 4d°(®Ds)2) 5p 4d°(2Ds)s)
/20 65 2[°/>]3
12 276,75 100 639 AgIl 5,70 10,18 4d°(®Ds/2) bs 4d°((Ds)2)
%/2]2 5p 7[7/21%
13 293,83 132 1086 AgIl 10,77 14,99 4d°(2Ds,2) 5p 4d°(2Ds,2)
[P/ 21° 6s ?[°/2]e
14 328,06 2167 11271 Agl 0,00 3,77 4d'°5s2Si)s 4d'%p
2P03/2
15 338,28 1625 9045 Agl 0,00 3,66 4d'%5s2S;,, 4d¥p
2P01 2

Hai6insmr inTeHCHBHUME 3 HOHHUX CIIeKTpaJbHuX JiHiit [luaky 6y-
an 206,20; 209,99 am Zn II, a 3 atomapuux gimiin — 213,85; 330,25;
334,50 M Zn I, 1110 KOPEJTIOETHCA 3 CIEKTPAJIbHIME XapaKTepPUCTHIKA-
MU JaMIIX Ha IapaX MUHKY, XapaKTepUCTUKY AKOi HaBemewHi B [13].

IlopiBHAHHA cHiBBigHOINIeHHA eh)eKTUBHUX MIepPepis3iB cIeKTpaJlbHUX
aimift aroma Iuaky: A = 275,64 i 258,24 um, B3aTtux 3 [14], 3 gaHuMu
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Puc. 5. CreKkTep BUIPOMiHEHHS IepeHAIPYKEHOT0 HAHOCEKYHIHOTO PO3PAAY
MiXK eJIeKTpoaaMu 3 MUHKY npu Tucky aprouy 101 xIla.

Fig. 5. The emission spectrum of an overvoltage nanosecond discharge be-
tween zinc electrodes at an argon pressure of 101 kPa.

eKCIIepUMEHTY MOKa3aJ0, BiTHOIIIeHHA IIepepis3iB NpAMOTo eJJeKTPOHHO-
ro 30ym:KeHHdA IUX JiHill npu eHeprii exekTporiB E = 30 eB ckaagaio
0,5, a BigHOIIIeHHS iHTEHCUBHOCTH ITMX CIEKTPAJbHUX JIHIH 3 HAIIOTO
excrnepuMeHnTty — 1,1. Jlya BigHOIIEHD BiATIOBiAHMX ITepepisiB cueKkTpa-
JbHUX JiHi#t aroma lHHuaky 328,23 1 307,20 um ogep:xamo 1,0, a g4 Bi-
OTHOIIEeHHS iHTeHCWBHOCTHU IUX JIiHIN 3 IIa3MU IIepeHaIpyKeHoro Ha-
HOCEKYHIHOTO po3pany — 2,4. BHacaimox Taxkoi sHauHOl BigMiHHOCTH
MiX JaHUMHU eKCIePHUMEHTY i BiZfHOIIIeHHs e(peKTUBHIX IIepepisiB 30y-
IKeHHA BiAIOBIAHUX CIIeKTpaJbHUX JiHi#M Zn I BunimBae, 110 npaMui
eJIEKTPOHHUM yAap B JAHOMY €KCIIEPUMEHTi He € OCHOBHIM MeXaHi3MOM
3aceJIeHHs BePXHiX eHepreTUYHUX PiBHIB AJIS IIUX CIIEKTPaJbHUX JIIHIN
aroma I{uHKY.

IIpu smenmenni Tucky apromy Big 101 mo 6,7 klla moripmryBasocs
Y3roAKeHHA BUXOY BUCOKOBOJIBTHOT'O MOAYJIATOPA 3 IJIa3MOI0 PO3Ps-
Iy, 110 IIPUBOAMJIIO IO 3MEHINIEHHA €HepreTUUYHOT0 BHECKY B ILIa3My i
3MEHITIeHHI0 iHTEHCUBHOCTU BUMIPOMIiHIOBAHHA CIEKTPaJNbHUX JiHIiN
IMunky. IIpoTe BimiHOCHUM PO3MIOAiJ iHTEHCUBHOCTU CIIEKTPAJbHUX Ji-
Hifl Ta iHIIIi 3aKOHOMIipHOCTI 3aJauNIaInCca OJU3LKUMU IO BUIAAKY, KO-
JIV THCK aprouy ckaazgas 6,7 klla.

OcHOBHA UYacTHHA eHeprii mepeHampyKeHOTo HAaHOCEKYHIHOTO PO3-
PAIYy BHOCUTBLCSA HA IJIa3MOBill (pasi cmouaTKy B €JIEKTPOHHY CKJIAZOBY,
a IIicJja IbOT0 €Heprid IepemacThes Bifl eJIeKTPOHIiB A0 aTOMiB B 30y-
IKeHNX eHepreTUYHMNX CTaHax Ta mo iouiB. Tomy, HaibiabIn iMoBipHi
MeXaHidMM YTBOPeHHA 30ya:KeHuXx aToMiB i ftoHiB [luHKY B JaHOMY pO-
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TABJIAIA 2. PesyabraTtu igentudikaiii cieKTpy BUIPOMiHIOBAHHSA HaHOCE-
KYHJIHOI'O PO3PAAY MiK eneKkTpogamu 3 TUHKY (d = 2 mm; p(Ar) = 101 kIla.

TABLE 2. Results of identifying the radiation spectrum of a nanosecond dis-
charge between zinc electrodes (d =2 mm; p(Ar) =101 kPa).

Ne | Aragn, HM Tewens, | OO’€RT |Euumus| Esepxs TepMummn TepMzepx
BigH. of. eB eB

1 206,20 8,74 Zn 11 0 6,01 3d'°4s2S;;s 3d%4p2P%);
2 209,99 4,85 Znll 6,11 12,02 3d%4p2P%,, 3d'4d2D;)
3 213,85 13,08 Zn1 0 5,79  3d'%4s21S, 3d'%4s4p?2P%
4 250,19 2,35 Znl 6,01 10,96 3d%4p2P%,, 3d°5s2%S;,s
5 255,79 3,97 Znll 6,11 10,96 3dY%4p2P%,, 3d'°5s2S;)s
6 258,24 1,12 Znl 4,02 8,82 3d%s4p3P° 3d'%4s6d3D;
7 275,64 2,65 Znl 4,00 8,50 3d%4s4p3P° 3d%4s5b5d3D,
8 277,08 3,16 Znl 4,02 8,50 3d%4s4p3P°, 3d'%4s5d 3D,
9 280,08 4,11 Znl 4,07 8,50 3d%4s4p3P° 3d'%4sb5d3Ds
10 307,206 2,49 Znl 4,07 8,11 3d%4s4p3P% 3d'°4s6s3S;
11 328,23 7,43 Znl 4,00 7,78 3dY%4s4p3P% 3d'%4s4d3D,
12 330,25 15,57 Znl 4,02 7,78 3dY%4s4p3P°; 3d'%4s4d3D;
13 334,50 17,89 Znl 4,07 7,78 3d'%4sd4p3P°; 3d'°4s4d3D;
14 357,69 5,08 N, Ilpyra nomarra cucrema C3I1,"—B3I1,* (0;1)

3pAAi MOKYTh BU3HAUATHCSA IIPoIlecaMu iX 30y AKeHHA i oHisaIii elek-
TPOHAMHM 3 MeTacTabiIbHMX PiBHIB, 3 OCHOBHOIO CTaHY BiAIOBimZHOTO
loHa Ta mpollecaMu TieleKTpPoHHOI pekomoOimarii [15]. EdexTusHi me-
pepisu 30ym:KeHHs HOHIB mepexXiJHNX MeTaJiB eJIeKTPOHHUM yIapoM €
BeJIMKMUMU 1 171 iiouiB IluaKy i gocararors 1071% cm? [16]. IlepenymoBoio
IPOTiKaHHA TaKUX MPOIlECiB BUCTYIAE BUCOKA KOHIIEHTPAIIid eJIeKTPO-
HiB B ILIa3Mi IIepeHanpyKeHoro Po3pAnay Ha KaHaJbHINA cTamii, AKa mo-
carae 10" em 3 [17].

4. BUCHOBKH

TakuM YMHOM, eKCIIePUMEHTAJbHI JOCIiIKeHHA XapaKTepPUCTUK Iepe-
HaAIPY:KeHOT0 HAHOCEKYHIHOTO PO3PAAY B CyMiIllax aproHy 3 mapaMu
cpibia i MUHKY, SKi BHOCATHCA B IJIa3My 34 eKTOHHUM MeXaHi3MOM II0-
KasaHo, II[0 IPpU aTMOC(EePHUX THCKAX aproHy MisK ABOMA eJIeKTPOIgaMU
3 cpibima abo MUHKY, 3a MisKeJIeKTPOLHOI Biggai y 2 MM B rasommapoBiit
CyMilrri aprou—cpibjgo samaoBaBCs JOCTAaTHBO OSHOPITHUM Po3pAn 3
iMIyJIBCHOIO €JIeKTPUUHOIO0 IMOTY:KHicTio m0 1,5 MBT i emepreTnunum



1520 0. K. IITYAIBOB, P. B. TPUIIAK, O. 1. MUHS Ta in.

BHECKOM B ILJTa3My 3a oauH immyiasbc — 134,6 m/IK; B rasomaposiit cy-
MIiIlli aproH—IIMHK IIi BeauduHu cKjaagaau 1,2 MBr i 167 mI[»x, Bigmo-
BigHO.

JocaimkeHHa CIIeKTpaJbHUX XapaKTEPUCTUK ILJIa3MH Ha OCHOBI ra-
30IIapOBUX CYMillleii i aproH—cpidio i aproH—IMHK IIOKAa3aJjo0, 0 Hal-
O0iJIBIN iHTEHCUBHUMUY B yJIbTPa@ioseToBill HiJAHII CIEKTPY OyJIH CIIeK-
TpaybHi JiHii aTomiB i ogHOBapAmTHUX HoHiB Apreurymy abo [uuky. IH-
TEHCUBHICTH CIIEKTPAJTLHUX JIiHi#l aToMiB i fiouniB Apreurymy a6o I{uH-
Ky 3pocTaJa i3 30iIbIIIeHHAM YaCTOTH CAiAYBaHHSA iMOYIbCiB He IIPsIMO-
OPOIOPIifiHO 3MiHi WacToTH, 110 BKasye Ha 3HAUHUUN BILJIUB IIPOIIECiB
raciHHs BepXHiX eHepreTHYHUX PiBHIB aToMiB Ta HOHIiB ITUX MeTaJiB
O0ydepHUM rasoM — aproHOM y MisKiMITyJIbCHUI ITPOMIisKOK Yacy.

HaspricTs y mmasmi, o mociaimsKyBajiach, iHTeHCHUBHOro Yd-
BUIIPOMiHIOBAHHSA B cIeKTpajJbHoMYy miamazoni 200—350 HM BasKJIMBO
IS BUKOPHCTAHHS B ILIA3MOXEMiUHMX peaKTopax CHUHTE3W IOBepxXHe-
BUX MiKpPO-HAHOCTPYKTYP cpibsia abo ITUHKY 3 aBTOMATUYHUM ACHUCTY-
BaHHSM 3apPOJKiB ILIiBKM Ha IiAKJaAUHIL Y P-BUIIPOMiHIOBAHHAM aTO-
MiB i ftoHiB Apreutymy abo IluHKY, 1110 IePCIeKTUBHO JJd BIJIMBY Ha
eJeKTPUYHI XapaKTEePUCTUKMN CUHTE30BAHUX ILIiBOK (MOMKJIMBO 3MEH-
mreHHA ix omopy). Ilpu BcTaHOBIEHHI MiAKJIaIMHKY 3 KBapIly 0ins cuc-
TeMH eJiIeKTpox i pobori 3 wactororo 1000 I'tt mporarom 30—50 xBuanu
Ha Hili (popMyBaJIMCA JOCTATHBO OAHOPiAHI IIiBKU cpibaa abo IMUHKY
mworero 6ins 1 em?.
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The formation of carbon-containing composites based on metals opens the
prospect of combining the advantages of their components and manifesting
new electrophysical properties, which are not characteristic of the original
materials. Mechanical synthesis of hydrogenated titanium (TiH) and ther-
mally expanded graphite (TEG) powders leads to such composites formation.
As shown, the increase by 1.65 and 6.3 times in their electrical conductivity
is observed in comparison with original TiH and TEG components, respec-
tively. It is due to an increase of free electrons in the TEG because of their
transport from the metal component.

Key words: powder materials, composite, thermally expanded graphite, hy-
drogenated titanium, mechanical properties, electrical conductivity.

dopmMyBaHHA BYIJIENeBMiCHUX KOMIIO3UTIB HA OCHOBi MeTaJIiB BiIKpUBA€E mep-
CIEKTHUBY IIOETHAHHS IlepeBar KOYKHOI 3 KOMIIOHEHT i IIPOSABY B CTBOPEHUX
KOMIIO3UTaX HOBUX €JeKTPO(iSsMUHIX BIACTUBOCTEH, AKi He BJIACTUBI BUXim-
HuM MaTepianam. [lokasano, 10 TOEAHAHHSA MOPOIIKY TiAPOreHi30BAHOTO TH-
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tany (TiH) 3 repmoposmupenum rpagirom (TPT') 3a tomomoroio MmexaHocUHTE-
3 CIPUSE YTBOPEHHIO TaKOTO poay KommosuTiB. Crocrepiraerbcsa 3pocTaHHsA
iXHBOI eJieKTpompoBigHOCTH ¥ 1,65 i 6,3 pasiB MOpiBHAHO 3 BUXiZHUMHU KOM-
nmonerTamu TiH ta TPT Bigmosigwzo, 1110 3yMOBJI€HO 30iIbIIIeHHAM KOHIIEHTPA-
il BimbHUX eaeKTpoHiB y TPI' 3a paxyHOK MeTaJaiuHOl CKJIag0BOI KOMIIOSUTY .

KarouoBi croBa: mOpOIIKOBI MaTepidAsm, KOMIO3UT, TEPMOPO3UINPEHUI I'pa-
dir, rizporeHisoBaHuil TUTaH, MEXaHIUHi BJJaCTUBOCTI, €JIeKTPOIIPOBiIHiCTE.

(Received October 10, 2022 )

1.INTRODUCTION

Specific electrophysical properties of carbon nanostructures determine
their extensive research and use in various fields of science and tech-
nology. The electronic properties of individual particles of carbon
nanostructures and composites or materials containing such struc-
tures differ significantly. The properties of heterostructures based on
nanostructured carbon depend not only on the characteristics of the
original components, but also on the number and type of contacts be-
tween neighbouring particles, and the presence and type of defects and
impurities in them. Contact phenomena play a significant role in de-
termining specific properties in such structures and composites.

The synthesis of metal-nanocarbon composites is interesting be-
cause they combine components that have completely different me-
chanical, electronic, and thermal properties, which, in turn, contrib-
utes to the emergence of composites with properties and characteris-
tics that are not inherent to the original components|[1, 2].

The optimizing of materials’ properties is widespread in materials
science because it permits to improve the properties in the desired di-
rection. Adding of carbon component (carbon nanotubes, graphene,
carbon fibbers, etc.) to matrices of various types (ceramic, metal, pol-
ymer, etc.) makes possible a significant mechanical strengthening and
a significant change in other properties of such heterosystems|[3, 4, 5].

It is known that graphite has a wide range of applications, for exam-
ple, it can be a sealing material, an admixture for lubricants and heat
insulating materials, to use in gas sensors [6—9]. Today, its modifica-
tions in the form of thermally expanded graphite (TEG) are widely
used and studied as electrode materials for power sources [10, 11, 12].
Thermally expanded graphite is a plastic, chemically inert material
that almost does not change its properties under the influences of high
temperatures. It occupies a special place among dispersed forms of
carbon. In this state, carbon can be pressed without bonding agent into
a continuous material, which makes it possible to use it in many fields
[13, 14], in particular, in microelectronics and current sources [15,
16]. The addition of TEG to the composite materials opens up more
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possibilities for creating composites with unusual physicochemical
properties, for example, it makes it possible to synthesize a conductive
polymer matrix being dielectric in its initial state.

Metals have a high concentration of charge carriers with low mobili-
ty (nm = 10%° em ™3, pn = 103 m?/V-c). Conducting carbon nanostructures
(CNS), on the contrary, have a low concentration of charge carriers
with high mobility along the graphene area (ncys =1.3-10Y° em™,
tens = 10 m?/V-c) [17]. The last is higher by 3—4 orders compared to
metals. Specific conductivity is directly proportional to these quanti-
ties (o = enp).

The metal particles have mainly less value of the work function (o)
then carbon nanostructures with graphene-like electron structure.
Therefore, when the carbon component of the nanocomposite is in con-
tact with metal, some part of free electrons pass from metal to carbon
(for the opposite ratio of work functions there is analogously moving
of holes). In addition, after certain heat treatments [18], new carbon
nanostructures can be formed on the surface of metal-—carbon compo-
sites. They have a wide band-gap and a negative affinity to electrons,
which are simplified autoelectronic emission from the surface of such
systems. That makes it possible to use such composites as cathode ma-
terials for low-temperature thermionic converters (TECs). At the same
time, not only electronic structure, and morphology of surface but the
ability to transfer electronic subsystem of composite to a very non-
equilibrium state due to many types of external excitations of elec-
trons are important. Thus, for the possibility of emission at tempera-
tures lower than the working temperatures (~2000°C) of traditional
TECs based on refractory metals, the carbon nanostructures are added
to a cathode metal. They play a role of electron emitters on the surface.
It is possible to control the structure, orientation, and aspect ratio of
carbon nanostructures, which allows determining the optimal techno-
logical conditions for synthesis new materials for thermal and solar
energy.

For mass use of thermionic conversion of energy from traditional
and alternative sources, it is necessary, on the one hand, to try to
maintain the high values of electrons emission currents characteristic
as for high-temperature TEC, and, on the other hand, to significantly
reduce the operating temperature of the cathode. Today, the lowest
temperature (<200°C) of the electrons emission has been achieved
when we use for cathode a composite material of the Ti—-TEG system
[18]. That determines our interest in this system.

In the present work, the features of the formation and change of me-
chanical and electrophysical properties of composite materials of the
Ti—-TEG system at different content of carbon (TEG) component are
considered.
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2. MATERIALS AND EXPERIMENTAL PROCEDURE

The composites of Ti—-TEG are obtained by mechanical mixing of origi-
nal components in the agate mortar during 2 hours. As original mate-
rials, there are used titanium hydride powder with particles up to 200
um in size and thermally expanded graphite powder.

Electrophysical properties are study by the method described in
[19]. The powder samples are placed in a dielectric cylinder under a
well-conductive piston, which also plays a role of upper electrode; the
metallic bottom of the cylinder is the second electrode. The density of
the sample increases by reducing the distance between the electrodes.
It promotes the establishment of electrical contacts between the parti-
cles of the investigated material and creates conditions for measuring
electrical characteristics during the loading (compression) of the sys-
tem. After reaching the maximum compression (on the used equip-
ment) of the powder sample, the system is unloaded. In this case, the
piston gradually rises, and the material can elastically relax while it
maintains contacts with the electrodes. The termination of the relaxa-
tion process is accompanied by a sharp fall in electrical conductivity
and the rupture of the electrical circuit.

The coefficient of relative mechanical deformation is calculated as
e=AL/L, where L is a sample length in the cylinder after unloading, AL
is a magnitude of sample elastic relaxation.

3. RESULTS AND DISCUSSION

Figure 1 presents the results of studies of the electromechanical prop-
erties of TiH-TEG composites for different concentrations of TEG de-
pending on the density of the composites. The powder samples placed
in the dielectric cylinder under the piston (Fig. 2) are compressed until
the electrical circuit is closed. Therefore, the samples show the transi-
tion to a conductive state at a certain critical value of density p.. (see
Fig. 3). At the higher values of density p, there is a sharp increase in
the specific electrical conductivity o, with the subsequent release of its
values on saturation.

For the studied sample of the disordered pure TEG array (Fig. 1, a)
under load, the transition to the conductive state is at a density of
per=0.19 g/cm?, and a corresponding value of the specific electrical
conductivity is 6 = 5,1-10°% (Ohm-cm). The subsequent compression to
the density of p=0.20 g/cm? is accompanied by an increase in electrical
conductivity by five orders of magnitude. At density p = 0.95 g/cm?,
the electrical conductivity reaches its maximum value c=0.95
(Ohm-cm)™*. Further increase in density up to p = 2.04 g/cm?, on the
contrary, leads to a decrease in the specific electrical conductivity by
7% . The last phenomenon can be explained by the partial destruction
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of graphene-like layers in TEG under compression.

For powder of pure titanium hydride, the maximal value of the spe-
cific electrical conductivity during compression is 6 =3.62 (Ohm-cm)™!
at density p = 3,10 g/cm?. With a further increasing in density up to
p=3.52 g/cm?, there is also a fall in electrical conductivity to 3.01
(Ohm-cm)™? (by =17%, Fig. 4). The obtained values of electrical con-
ductivity of hydrogenated titanium powder differ significantly from
the known in literature values of electrical conductivity of massive
pure titanium [20—22] due to the presence of an oxide film on the sur-
face of metal particles and their leaky contacts with each other.

The mixing of hydrogenated titanium particles with TEG powder
leads to a decrease in the critical density of the transition in conductive
state with an increase in the carbon component concentration ¢ (Fig.
3). Therefore, the main influence on the transport properties of the
composite under its minimal compression and ¢ > 15 wt.% TEG is
mainly due to the peculiarity of the structure and electronic properties
of TEG.

At the same time, for samples of nanocomposite TiH+ ¢ wt.% TEG,
the character of the curve o(p) is changed when the content of the car-
bon component increases (Fig. 1, b, ¢). At low concentrations of TEG
(up to 30 wt.%) at the initial compression stage, it is observed an in-
crease in electrical conductivity without a sharp jump. When ¢ > 30
wt.%, as well as for pure TEG, there is a sharp increasing in electrical
conductivity at the initial stage of compression, due to the peculiari-
ties of the structure of TEG particles.

Significant deformation of the composite causes mechanical stress-
es, which contribute to the appearance of additional potentials for the
scattering of conduction electrons, which is accompanied by a drop in
specific electrical conductivity. Note, that at high deformation, a solid
sample (see Fig. 2) is formed due to coupling of the metal particles with
each other by squeezing the graphite interlayers. Therefore, in addi-

1 - 1 - 1
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Fig. 1. Dependences of the specific electrical conductivity ¢ on the materials
density p in the loading and subsequent unloading process: a—pure powder of
TEG, b, c—nanocomposites TiH with 20 and 49.4 wt.% TEG, respectively.
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Soli

Fig. 2. The structure of the original components and the nanocomposite
TiH + TEG, as well as the scheme of resistometric studies.

tion to increasing the defects (deformation) of both components, there
is also an increase in the number of contacts between the metal parti-
cles with the simultaneously reducing the number of contacts between
them and TEG. Since the contacts between metal particles with oxide
shells have a higher electrical resistance compared to other contacts in
this two-component heterosystem, this also contributes to a decrease in
the specific electrical conductivity of the composites under high loads
(Fig. 1, b, ¢).

The electrical conductivity of studied samples for the values of the
density near the transition to the conducting state has an exponential
dependence, i.e., the curve o(p) (Fig. 1) in the logarithmic scale has a
linear law of increase at low values of the density. This is a conse-
quence of the fact that such objects are actually two-component sys-
tems, which, in addition to the solid component (in our case it is a com-

0 20 40 60 80 100
¢, wt. % TEG

Fig. 3. The dependence of critical density p.. corresponded to transition of
composite into conductive state on the TEG concentration.
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posite), contain cavities filled with air. After reaching the compression
at which the maximum values of specific electrical conductivity omax is
observed (all the more at the maximal compression pmax available on our
equipment, which corresponds to the value of electrical conductivity
Cp,.,)» the composite is compacted and its porosity is significantly re-

duced. Therefore, investigated material practically becomes a two-
component system of the TEG + metal type.

After reaching the maximum possible compression, the unloading
process is carried out, and the specific electrical conductivity is meas-
ured during the piston return stripping. The end of the elastic relaxa-
tion process is accompanied by a sharp drop in electrical conductivity;
a decrease in the contact area between the composite components and
electrodes leads to a breakdown of the electrical circuit.

The coefficient of relative mechanical deformation ¢ is calculated
based on the value of elastic relaxation AL (Table 1). The metal compo-
nent of the composite is characterized by the absence of an elastic com-
ponent, so its shape recovery practically does not occur (Fig. 1). The
addition of TEG to hydrogenated titanium powder does not signifi-
cantly affect the elastic characteristics of the obtained composite (Ta-
ble 1), but a significant change in its electrical conductivity is observed
(Figs. 1, 4).

As already mentioned, at the initial stages of samples compressing,
the porosity of the composite decreases and TEG particles fill the cavi-

o, (Ohm-cm)*!

0 20 40 60 80 100
¢, wt. % TEG

Fig. 4. Dependences of the maximum value of specific electrical conductivity
Omax and the specific electrical conductivity op _ at maximal compression of

the powder nanocomposites TiH-TEG on the TEG concentration.
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TABLE 1. Coefficient of relative mechanical deformation ¢ of nanocomposites
TiH + ¢ wt.% TEG and their density ps___ at which the maximum values of

max

specific electrical conductivity are reached.

¢, wt.% TEG\ 0 \0.53|4.96|14.83| 20 | 25 |34.66| 49.4\ 85 \100
e, % 9 6 9 37 9 295 12 44 9.7 14.6
Pones, g/cm® 3.10 1.88 1.24 0.45 1.27 0.42 0.90 0.55 0.29 0.95

ties between the metal particles of hydrogenated titanium, which con-
tributes to the appearance of conductive bridges between the composite
components during compression. The TEG is characterized by the pos-
sibility of creating solid bodies without a binding material [23]. In the
obtained samples, TEG particles do not have a specific orientation: they
are randomly oriented. It can also assume that in the process of mecha-
nosynthesis, a thin layer of TEG is formed around the hydrogenated
titanium particles (this was observed in work [24]). The TEG wraps the
metal particles when an amount of the carbon component is sufficient
and the required loads are enough to the formation of a continuous
sample. In this case, during the lowering of the piston and compaction
of the sample, the contribution to the specific electrical conductivity is
made by the effects on the boundaries between the components of the
composite of different types. The influence of these interfacial effects
determines the behaviour of the dependences o(p) in Fig. 1.

An increase in specific electrical conductivity by orders of magni-
tude is characteristic of all samples when they are compressed under a
piston (Fig. 1). At the same time, the maximum value of the specific
electrical conductivity oma.x = 5.98 (Ohm-cm) ! is observed in the compo-
site with 4.96 wt.% TEG for its density value of 1.24 g/cm?. It is 1.65
and 6.3 times bigger than the similar values for the initial TiH and
TEG components, respectively (Fig. 4). As can be seen from the Table
1, for various samples, the values of cun.x are observed at densities in
the range of p,__=0.8-3.1 g/cm®. After adding TEG to Ti, the values

of ps . decrease significantly (<1.27g/ cm?).

For all studied samples, further compression is accompanied by a
decrease in electrical conductivity relative to its maximum values:
from 6.3% (for pure TEG) to 86.7% (for a composite with = 15 wt.%
TEG) (Fig. 4). This dependence of the specific electrical conductivity
on the degree of loading is conditioned by a change in the dominant
mechanism of formation of the transport properties of the system: in
the beginning, an increase in the contact area between the particles of
the powder sample leads to an increase in the electrical conductivity,
and then the deformation of the TEG and metal particles as well as the
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increasing of number of contacts between metal particles contribute to
a decrease in the electrical conductivity.

When particles of hydrogenated titanium have contacts with TEG,
electrons begin to pass from the metal particles to the carbon compo-
nent due to ¢r < @rre, and the electron concentration in TEG increases
(with a slight change in their mobility) [25]. Thus, higher values of omax
in all composites (Fig. 4) compared to the original components are as-
sociated with the main role of metal-TEG interfaces, through which a
redistribution of charges occurs between the composite components.
Since the density of electronic states of TEG remain graphene-like and
the Fermi level must lie in the region of the (quasi)gap in the energy
spectrum, even small changes in the electron concentration can lead to
a significant increase in the value of the density of electronic states at
the Fermi level, which determines the electrical conductivity of carbon
component of the composite.

The transfer of charges also leads to the opposite charging of TEG
and metal particles, as a result, a Coulomb attraction between them oc-
curs, which causes an additional bond strength in the studied samples
at low concentrations of TEG and probably the above-discussed absence
of a sharp jump on o(p) curve at the initial stage of compression (Fig.
1, b, ¢) for TEG concentrations up to 30 wt.% . Therefore, this effect is
an additional evidence of charge transfer through the interfaces in the
composites of the Ti—-TEG system.

Note, that the electrons transferred from Ti particles are distribut-
ed overall volume of the carbon component of composite, which is in-
creased with an increase in the concentration of TEG. This leads to a
decrease in the average electron concentration and corresponding de-
crease in the specific electrical conductivity (Fig. 4) at ¢ > 15 wt.%
TEG (in comparison with the maximal value of omax of the composite
with 4.96 wt.% TEG).

4. CONCLUSIONS

1. In the hydrogenated titanium—TEG composite, there is an increase
in the maximum values of electrical conductivity compared to the ini-
tial TiH and TEG components by 1.65 and 6.3 times, respectively,
which is associated with the transport of electrons from metal particles
to TEG through the corresponding interfaces. This effect indicates
that the current in the studied systems flows mainly through their
carbon component.

2. For all investigated powder samples, the maximum values of specif-
ic electrical conductivity are observed in the range of the density val-
ues = 0.3-3.1 g/cm?, which corresponds to the maximum contact area
between powder particles. Subsequent compression of the materials is
accompanied by a decrease in electrical conductivity relative to its
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maximum values from 6.3% (for pure TEG) to 86.7% (for a composite
with = 15 wt.% TEG). Such charges of transport properties are due to
deformation of TEG and metal particles as well as increasing of num-
ber of contacts between metal particles with oxide shells.

3. The transfer of charges through the interfaces also leads to the ap-
pearance of the Coulomb component of the bond force between the TEG
and the metal particles that mostly manifests itself at the initial stages
of compression of samples with low TEG concentrations (up to 30
wt. % )

4. An increase in the concentration of TEG in the composite (= 15
wt.% ) leads to a decrease in the average electron concentration and a
corresponding decrease in its specific electrical conductivity.
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This study explores the mixing nature of sodium—indium liquid alloy at tem-
peratures of 713 K, 850 K, 950 K and 1050 K. It uses quasi-lattice approxi-
mation for the thermodynamic analysis of concentration dependent mixing
behaviours of sodium—indium liquid alloy under the assumption of NasIn
complex. It compares the obtained theoretical results with the experimental
result and result of Redlich—Kister (R—K) equation for the validity. The re-
searchers concentrate on the viscosity and surface tension of the alloy under
the modelling equations as suggested by Kaptay and improved derivation of
Butler equation, respectively. This paper focuses on the interaction energy
parameters among neighbouring atoms of the alloy. It observes that the alloy
is moderately interacting and ordering nature at the lower concentration of
sodium. The theoretical results of the thermodynamic properties are nearly
in agreement with the corresponding experimental data as well as results ob-
tained by R—K equation at 713 K. It claims that the ordering behaviour, vis-
cosity and surface tension of the alloy decreases with the increase in tempera-
ture.

Key words: liquid alloys, thermodynamic properties, R—K equation, energy
parameters, ordering.

HocaigsxeHo xapakTep 3MilllyBaHHA PiKOTO CTOIy HATpPiii—iHAi! 3a TemMIepa-
Typy 713 K, 850 K, 950 K i 1050 K. By;10 BUKOPMCTAHO KBAa3UI' PATHHUIIEBE Ha-
OJIMKeHHA IJIA TepMOIMHaMiuHOI aHAJIi3M 3ajJeKHUX BiJ KOHIIEHTpAaIlii xapa-
KTEePUCTHUK 3MiITyBaHHS PiAKOTO CTOIIY HATPiA—iHAIN 3a MPUIYII[eHHAM HaAB-
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HOocTH KoMmiLIekcy NasgIln. IlopiBHSHO ofepskaHi TeopeTUUHI pe3yabTaTH 3 €KC-
MepUMeHTAJbHUMU Ta pesayJbTaTaMH, 10 nae piBHAHHA Pemrixa—Kicrepa.
HocaifHUKY IIepeBakHO 30CePesKyIOThCA Ha BUBYEHHI B A3KOCTU Ta IIOBEPX-
HEeBOT'0 HATATY CTONY BiAMMOBiAHO M0 pPiBHAHL, 3ampormoHoBanmx Kamraem, i
BJIOCKOHAJIEHOT'O BUBeJeHHA PiBHAHHA Barsepa. 1o craTrTio mpucBAYEHO I0C-
JiIKEeHHIO eHEPTeTUYHUX IIapaMeTPiB BBaeMOAil MisK cycimHiMu aTtomamMu CTO-
my. 3a3HAYAEThCS, 1[0 B3a€EMOJiA AJIA IILOrO CTOIY € MOMipHOIO; KpiM TOro,
HasiBHEe BIOPSAAKYBaHHA 3a HHM:KUYOI KoHIeHTparii Harpiro. Teoperuuni pe-
3yJILTATHU IJIA TePMOIMHAMIUYHUX BJIACTUBOCTEH Y3TOAKYIOTHCS 3 BiAIIOBiTHM-
MU eKCIIepUMEeHTAJIbHUMU TaHUMU, a TAKOMK pPe3yabTaTaMu, OJep:KaHuMU 3a
momomororo pisaauaHA Pemnixa—Kicrepa aaa 713 K. CreepasKyeThes, IO BIIO-
PAIKYBaHHSA, B’A3KICTH i MOBEPXHEBUM HATAT CTONY 3MEHINYIOTHCSI 3 IiIBU-
IIeHHSAM TeMIIepaTypHu.

Karouosi croBa: piaki cromu, TepMoguHaMiuHi BJIacTUBOCTi, piBHAHHA Pemri-
xa—Kicrepa, eHepreTuuHi mapamMeTpu, BHOPAIKYBaHHS.

(Received January 20, 2022; in final version, September 23, 2022 )

1.INTRODUCTION

The properties of liquid alloys mainly depend on composition of con-
stituent elements, temperature and pressure. The alloying phenomena
play an important role on stability, strength, electrical character etc.
of the materials. Thus, the study of mixing nature of elements forming
alloys has been given great attention by researchers. However, detailed
analysis of different behaviour of the alloys at high temperature and at
all compositions of constituent elements becomes strenuous due to in-
convenience in experimental task and time limitation. To overcome
such difficulties and to speed up the study, many theoreticians have
put forward different theoretical models [1-7].

The sodium element is highly reactive and makes complex alloys
with other elements like lead, potassium, calcium and so on. Because of
the development of such complexes, the thermodynamic properties of
binary sodium alloys frequently deviate significantly from those of
regular alloys. This makes it fascinating to investigate the properties
of various alloys of sodium. Hence, different researchers [8—14] have
investigated different properties of sodium alloys. However, the alloy-
ing nature of sodium with indium is found lacking till now except few
experimental thermodynamic results explored by few experimentalists
[15].

The present study aims to study the thermophysical behaviours of
sodium—indium alloy at temperatures 713 K, 850 K, 950 K and 1050 K
by assuming NasIn complex. The thermodynamic behaviours of the al-
loy are analysed by quasi lattice approximation [4]. The validity of this
model is tested comparing result obtained with theoretical results of
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Redlich—Kister (R—K) equation [2] and experimental results at tem-
perature 713 K. The viscosity and surface tension of the alloy have
been studied at aforementioned temperature by Kaptay model [16] and
improved Butler equation [17], respectively.

2. THEORETICAL DETAILS
2.1. Thermodynamic Properties

Let an alloy of constituent metals X and Y has chemical complexes
XY, in such a way that uX + 8Y = X Y, where p and 8 are small in-
tegers The excess Gibbs free energy of mixing GXs in the case of quasi
lattice approximation [4] can be written as:

G = N0 + 04y Awryy + O3 Aidgy + 04y Ay ), 1)

where N is Avogadro’s number, 6, ; (i,j = X,Y) are simple polynomials
in concentration (C), o is 1nterchange energy and Aw;; are interaction
energy parameters.

The value of 0 is always CxCy, where Cx and Cy are concentration of
constituent elements X and Y respectively. The sum of concentration
of two components is always one (i.e., Cx+ Cy=1). The values of 0, ;
the caseof u=3 and 9 =1 are found to be [4, 18]:

1 2 1 1

eXY:gCX+§C§_C§_gC§+§C§, (2)

3 2 3 2 1
OXX Z—%CX+§C§—ZC§+EC}5{—EC§, (3)
0, = 0. (4)

The Gibbs free energy of complex formation of an alloy is given by
standard equation as:

G, = GX* + RT(Cy InCy + Cy InCy) = N(0w + 0,y Aoy +

5
+0, 5 A®yy + O3y A0y, ) + RT(Cy InCy + Cy InCy). ®)

The enthalpy of mixing of an alloy is found out from Gibbs free en-
ergy by standard thermodynamic equation as:

oG 190 OAw OA®
M :GM—T(—MJ =Gy —TN( 0+ X0, + —XXGXXJ. (6)
T Jonp oT oT oT

The activity a; of each constituent element of the alloy is related to
Gibbs free energy by standard relation given as:
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RTIlna, =G, +C, 0Cy and RTlna, = G, — Cy 0Cy . (D
aC T,P,N aCY T,P,N

X

Similarly, the partial excess Gibbs free energy is related to activity
of each component by the following relation[19, 20]:

G* = RTIn(a, / C). (8)

2.2. Structural Properties

For the theoretical study of arrangement of atoms in the binary alloy,
we compute concentration fluctuation in long-wavelength limit and
Warren—Cowley chemical short-range order parameter.

The concentration fluctuation in long-wavelength limit Scc(0) is
given as[21]:

2 -1
Sec(0) = RT(aag;“ j . 9)
T,P,N
Scc(0) can also be found out by observed activities as:
da, ) da,
S,.(0) = Cya, (&J = C,a, [ﬂj . (10)
aCX T,P,N 6CY T,P,N
Thus, Scc(0) obtained from observed activities is also called as experi-
mental Scc(O)
From equations (5) and (9), the theoretical Scc(0) can be obtained as:
RT
S (0) = (11)

(20 + 0% Ay, + 0%y Ay + RT / CLCy)

The Warren—Cowley chemical short range order parameter o, is re-
lated to the ratio of concentration fluctuation in long-wavelength limit
S to coordination number Z [22, 23] as:

a, =(S-D[S(Z-1)+1]", (12)

where

B S (0)
880

and Sédc (0)is the concentration fluctuation in long-wavelength limit
for an ideal alloy. Z is co-ordination number and its value is taken 10
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[24, 25] for the liquid alloy study.

2.3. Transport Property: Viscosity

Kaptay considered the relationship between the cohesive energy and

activation energy of the viscous flow and developed an equation of vis-

cosity n for binary alloy as given below [16]:

3 hN o C.G, +C,G, —DH,
CyVy +C,V, + V" RT ’

n (13)

where & is Planck’s constant, V; (i=X, Y) is the molar volume of pure
metal, VE is excess molar volume upon alloy formation, G; is Gibbs acti-
vation energy of viscous flow in pure metals and @ is a constant whose
value is (0.155+0.015) [26]. The Gibbs energy of activation of pure
metal i is calculated by the following equation:

G = RTIn[ 1], (14)
AN

where 1; is viscosity of individual elements X and Y, respectively. The
variation of viscosity of a metal with temperature is given as[27]:

e
=1, exp| — |, 15
=M p(RT) (15)

where no and € are constants of each metal having units of viscosity and
energy per mole respectively.

2.4. Surface Properties: Surface Tension

According to this model, there is an existence of a monoatomic layer,
called surface monolayer at the surface of the molten alloy as a sepa-
rate phase and it is in thermodynamic equilibrium with that of the bulk
phase. The surface tension ¢ of binary alloy at temperature T is given
by the improved Butler equation [17] as:

0 S S,Xs b,Xs
. RT. C° G -G~
G:y—lc? +—ln—’b+%,

(16)
Y; v, C Y;

where Gf,y?,yi are surface tension, molar surface area of each liquid
metal and partial molar surface area of i® component, respectively.
Gis’XS and Gib’XS are partial excess free energy of mixing in the surface
and bulk of constituent elements of the alloy respectively and are re-
lated as G*° = BG*. For the liquid phase, the value of p is taken as
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0.818[28].
The molar surface area of i** component is given as [26]:

MO 2/3
v = (—j N, (17)

where M l.o , p?, v are respectively molar mass, density of each constitu-
ent element at its melting temperature, and geometrical constant. The
value of y is obtained from volume packing fraction fv and surface
packing fraction fs by the expression as [26]:

X—( 4j o (13)

For the liquid metal, the values of both fy and fs are taken as 0.66
and 0.906, respectively [26, 28].

The density p; and surface tension o of each constituent metal of
the liquid alloy at any temperature T are expressed as[27]:

d
p; =pi+d—;(T—7})), (19)

0 do
=0, +—(T-T)), 20
G, =0, dT( 0) (20)

where p; and c; are density and surface tension of each component at its
melting temperature Ty. Similarly, dp/dT and do/dT are temperature
coefficient of density and surface tension, respectively.

3. RESULTS AND DISCUSSION
3.1. Thermodynamic and Structural Properties

In order to analyse thermodynamic properties of an alloy under the
quasi-chemical treatment, it is necessary to determine the interaction
energy parameters and their temperature derivatives. The energy pa-
rameters between the atoms of the alloy at a temperature are carried
out by successive approximation method using Eq. (1) and experi-
mental results [15] within concentration range 0.1 to 0.9. Now such
parameters at high temperatures are obtained using Eq. (21) under the
assumption that the parameters are linearly dependent on temperature
and independent on the concentration of each component of the alloy:

0w, (T) . ow,;
dlo,;(T)]; = TdT, i# Jj; o;(Tg) —w,T) = ﬁ(Tj -T). (21)
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TABLE 1. Interaction energy parameters (J/mol) at different temperatures.

Temperature, K o) ‘ Aoxy Amxx
713 -2641.197 -7800.238 77408.543
850 -2088.8403 -4156.642 65842.259
950 -1685.587 -1497.082 57399.716
1050 -1282.334 1162.477 48957.172

The parameters thus found at different temperature are shown in the
Table 1.

Similarly, we optimized linear temperature dependent R—K poly-
nomials [29] to compare our results with Redlich—Kister equation [2].
The R—K polynomials thus optimized are given below:

L, = -35087.119 + 27.878T,
L, =8399.395 - 0.220T,
L, =16556.200 —12.267T.

The plot of Gibbs free energy versus concentration of Na of the alloy
at temperature 713 K is shown in Fig. 1. As clear, the theoretically
computed result is in good agreement with experimental result. This
proves the validity of model and interaction parameters. Figure 2 is
the Gibbs free energy of mixing at higher temperatures at three differ-
ent compositions, Naiolneo, NasoInse, and NagInio of the alloy. The fig-
ure depicts that as temperature increases the Gibbs free energy of mix-

CNB
00 01 02 03 04 05 06 07 08 09 1.0
R L I L L R R R R N
+—¢ this work
#—k R—-K
-1000 @ experimental
S _ -
£ 2000
-
)
8z _ L
5 3000
—-4000 —
-5000

Fig. 1. Excess Gibbs energy vs. concentration of Na at 713 K.
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Fig. 2. Excess Gibbs energy vs. temperature.

ing becomes less negative indicating that interaction decreases with
increase in temperature.

The temperature derivatives of interaction energy parameters are
also acquired by successive approximation method by using Eq. (6) and
experimental result [15] within concentration range 0.1 to 0.9. The
values of such parameters at temperature 713 K are dw /0T =0.485R,
Owxy/0T =8.198R, and Owxx/0T=-10.154R. However, for small
change in temperature the temperature derivatives of such parameters
are considered constant. Figure 3 is the computed enthalpy of mixing
of alloy at 713 K, which nearly agrees with experimental results. The
computed enthalpy of mixing of alloy at higher temperature and at

CN»::
00 01 02 03 04 05 06 07 08 09 1.0
R e
¢ This work
_051 ® Experimental
=
3 -1.0
)
[ ]
-1.5+
-2.0

Fig. 3. Enthalpy of mixing vs. concentration of Na at 713 K.
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Fig. 4. Enthalpy vs. temperature.

Najolngo, NasoInse, and NageInio compositions of the alloy is shown in
the Fig. 4.The less negative values of enthalpy of mixing at higher
temperatures indicates that the alloy shows less interacting behaviour
with increase in temperatures.

Chemical activity of constituent of the alloy is considered another
important thermodynamic property of the alloy. It mainly gives the
idea about the deviation of constituent element from the ideal behav-
iour. According to Porter and Easterling [30], the activity informs the
tendency of constituents of the alloy whether they are willing to leave
the mixture or not. If the activity is high, the atoms show high tenden-

1.0
+—e this work
#= R-K
0.8 @ experimental
0.6 —
<
04+
0.2
0 . T P IR T S B
0 01 02 03 04 05 06 0O

7 08 09 1.0
CNa

Fig. 5. Activity vs. concentration of Na at 713 K.
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Fig. 6. Activity vs. temperature.

cy to leave the mixture and vice-versa. Equation (7) is used to calculate
the chemical activity of components of alloy Naln. Figure 5 is the re-
sult of experimental, theoretical and R—K equation of the chemical ac-
tivity of the alloy at 713 K which shows a good agreement between the
experimental and theoretical results. It suggests that at lower concen-
trations of Na, there is probability of pairing of unlike atoms. Howev-
er, as temperature increases, the activity of each component increases
as shown in Fig. 6 indicating that the atoms of constituent elements
have less tendency to mix together when temperature of the alloy’s in-
creases.

For the theoretical analysis of internal adjustment of atoms in the
binary alloy, the concentration fluctuations in the long-wavelength
limit Scc(0) and Warren—Cowley short-range order parameter o, are
considered important tools. The concept of Scc(0) removes difficulties
on diffraction experiments[21].

The Scc(0) provides the qualitative information whereas the oy pro-
vides quantitative information of local arrangement of atoms. For giv-
en concentration and temperature, if S,,(0) < Sé‘fj (0), then, a;=-1.In
this situation the alloy is expected to have ordering nature and if
S (0) > Sé'é(O), then, a; =1 and expected nature of the alloy is segre-
gating. The value of Scc(0) goes to be zero for strong interacting alloys.
The graph of experimental and theoretical values of Scc(0) at tempera-
ture 713 K is shown in Fig. 7, which suggests that the alloy has order-
ing tendency up to concentration 0.7 of Na, but at above concentration
0.7, it shows segregating nature as shown in Fig. 8. Accordingly, the
value of o is less than zero at 0.7 and more than zero above concentra-
tion 0.7 of Na at all temperatures as in Fig. 9.
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Fig. 7. Concentration fluctuation in long-wavelength limit vs. concentration
of Naat 713 K.
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Fig. 8. Concentration fluctuation in long-wavelength limit at different tem-
peratures.

3.2. Transport Properties

The concentration and temperature dependent viscosity at tempera-
ture 713 K—-1050 K is calculated by Kaptay model as shown in Fig. 10.
During the calculation, the value of V® is taken zero due to the lack of
experimental values [16, 31]. As clear, the viscosity of alloy decreases
with increase in temperature which is the indication of reduction of
interatomic attractive forces with rise in temperature and it is obvi-
ous.
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Fig. 9. Warren—Cowley short-range order parameter vs. concentration of Na
at different temperatures.

3.3. Surface Properties

In order to calculate the surface tension of the Naln liquid alloy, the
densities and surface tension required for each metal at temperatures
713 K-1050 K are calculated using equations (19) and (20). Similarly,
the partial excess free energy of Na and In at afore-mentioned temper-
atures are obtained by the theoretical activities obtained from equa-
tion (8).

Kaptay [17, 32] suggested that for unknown or negligible excess mo-
lar volume of the mixing, the partial molar volume of each component
can be replaced by the molar volume of same component. In such situa-

0.7

0.6 -

04

1, mN-s/m?

0.3 -

. . . PR AR AN S R .
01 02 03 04 05 06 07 08 09 1.0

0.2 1 | | |
0

CNa

Fig. 10. Viscosity vs. concentration of Na at different temperatures.



THERMOPHYSICAL STUDY OF SODIUM-INDIUM ALLOY 1547

1.0

0.8 —

0.6 —

CS

04—

0.2 -

. . . PR R B R | .
0 01 02 03 04 05 06 07 08 09 1.0

0 A | | |

CN&

Fig. 11. Surface segregation vs. concentration Na at different temperatures.

tion, the surface area y? of each component replaces the partial surface
area y;. Now, using above-input parameters and solving Eq. (16), we
find surface concentration of each component. The surface concentra-
tion of Na at afore-mentioned temperature is shown in the Fig. 11. The
figure indicates that the sodium atoms prefer to stay on the surface.
Similarly, at higher concentration of Na, the surface segregation of
both components shifts towards the ideal value to revoke the tempera-
ture effect. Thus, it can be said that at higher concentration of Na,
there appears phase separation in the alloy. Similarly, the surface seg-
regation of Na decreases with increase in temperature. The computed
values of surface tension obtained at different temperatures are shown
in Fig. 12. The figure suggests that the surface tension of the alloy re-
duces with increase in temperature.

4. CONCLUSION

The present study is the theoretical investigation of thermodynamic,
structural, transport and surface behaviours of binary liquid Naln al-
loy at 713 K, 850 K, 950 K and 1050 K under the assumption of exist-
ence of NasIn complex in the binary liquid mixture. From the thermo-
dynamic study, we got the information that the alloy is moderately in-
teracting and exhibits asymmetric behaviour as a function of concen-
tration. The less negative values of thermodynamic properties at high-
er temperature indicate the weak tendency of compound forming alloy.
The study also insights ordered tendencies of the alloy at about 0.7
concentration of Na at 713 K, but it becomes weaker with increase in
temperature. As also observed, the surface segregation of sodium in-
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Fig. 12. Surface tension vs. concentration Na at different temperatures.

creases and that of indium decreases with increase in concentration of
Na, which is the proof of segregating nature of alloy beyond 0.7 con-
centration of sodium. The thermophysical properties, viscosity and
surface tension both decrease with rise in temperature.

This contribution was created under the support of University
Grants Commission, Nepal.
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Oco0IMBOCTi MOYATKOBOTO €TAIly B3a€EMO/il KOMIIOHEHTIB CTOILY
Cu—Fe mig uac TomJIeHHA B iHAYKI[IMHIN TUTeJIBbHiN meui

O. B. HoroBinuu, B. O. Cepenenko, O. B. Cepenenko, I. P. Bapanos,
B. II. IlIkonsapeHKO

Dizuko-mexnono2ivHUll incmumym memadnieé ma cnragie HAH Ykpainu,
6ynve. Akademira Bepradcvrozo, 34/1,
03142 Ruis, Ykpaina

HocuaimxeHo 0cob6aIuBOCTI MOUYaTKOBOTO Iepioay Baaemonii qobasxu (1% mac.)
3ajiza 3 MiZHHMM PO3TOIIOM 3a iHAYKI[IMHOTO TOILJIEHHA. BCTaHOBJIEHO BILJIUB
XapakTepUCTUK M00aBKU BiIHOCHO PimKoi Mimi (CTPYKTYypH, TeMIEpaTypHUX
3aJIe;KHOCTEeH I'YyCTUHU, TUTOMOTO eJIEKTPOOIIOPY, MAarHETHOI TPOHUKHOCTH) Ha
IIOYaTKOBOMY eTailli ii po3uMHeHHSA 3a TOILJIEHHS B IIevi 3 rpaiToBuM TUTJIEM i
JaMiHApHOTO PyXy PO3TOIly Ta piBHOMipHOro migiiomy Temmepartypu Bix 1,07
o 1,29 remneparypu ToiieHHsS Migi. BeranoBieHo, 1o 3a nepiri 30 ¢ KOHTa-
KTy mobaBku (Maca — 8T, Temneparypa — 293 K) 3 pigkoro (1448 K) miggio
BUHMKJIN Pigki dasu, AKi He sMmimmysBajaucsa 3 Heo Ta 36eperyuca A0 KiHIA
(30 xB.) TonnenHa. Posunnennsa Fe BigOyBasoch y 3mimmanomy pexumi (KiHe-
TUYHUN 1 audysiiiuuii iinan napaieiabHo). Oapasy micas koHTaxTty Fe 3 Cu
TeIIonepesaveio Big posTony Ta Ai€io BucokouacToTHOro (44 xI') eekTpoma-
FHETHOI'O II0JIA HarpiBascs Ayske TOHKUM (mo 5-107° M) mosepxHesuii map de-
pomMarHeTHoro 3aiisa. Ileperpis Buiiie Touku Kopi 3MeHIITyBaB iHTeHCUBHICTE
BILJIMBY IIOJISI Ha MOBEPXHEBUH IIap, ajie KOHIIEHTPOBAHA Hif IOJIA MiATPUMY-
BaJIacs PO3BUTKOM €JIEKTPOBUXPOBUX Teuill 0issa moBepxHi mobasku. Iligmar-
Ts1 Temnepatypu 1o 1643 K iHTeHCcu(DiKyBao pO3UYMHEHHS Ta PO3IOBCIOIKEH-
HA pigKuX i TBepAMX MIKP006’€MiB y PO3TOIIi Ta HACUUEHHS HOr0 KMCHEM. 3ri-
IHO 3 OJEp:KAaHMMU pPe3yJIbTaTaMU CHPUATIUBUM [TiAITa30HOM TOILJIEHHS €
1523-1623 K uepes3 BuU3HAUEHHS ONTHMAJLHOTO IIEPEMIIIIyBAaHHSA PO3TOIIY.
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dopMyBaHHA MiKpPOeMyJbCiHHUX, CyCHeH3iMHUX abo OiMeTaseBUX CTPYKTYD
MOJKe peasiisyBaTHCA ¥ 3JIUBKaX CIENiAJIbHIMY TeXHOJOTiYHUMY IPUHAOMAaMHU.

Karouosi ciosa: cron Cu—Fe, ingykitiline TomieHusa, B3a€MOLisd KOMIIOHEHTIB,
IOYaTKOBUH eTall, CTPYKTypa.

The peculiarities of the initial stage of interaction of an iron solid additive
(1% by mass) with a copper melt in the process of induction smelting are in-
vestigated. Some characteristics influence of the additive relative to liquid
copper (structure, temperature dependence of density, specific electrical re-
sistance, magnetic permeability) at the process initial stage of its dissolution
in the conditions of melting in an induction furnace with a graphite crucible
with laminar movement of the melt and a uniform rise in its temperature
from 1.07 to 1.29 of the copper melting temperature. As established, during
the first 30 seconds of contact of the additive (armco iron cylinder weighing
8 g with a temperature of 293 K) with liquid (1448 K) copper, liquid phases
appeared that did not mix with it and remained in the alloy until the end
(30 min) of melting. Dissolution of Fe took place in a mixed mode, with kinet-
ic and diffusive processes proceeding in parallel. Immediately after the con-
tact of Fe with Cu, due to both heat transfer from the melt and the action of a
high-frequency (44 kHz) electromagnetic field, a very thin (up to 5-1075m)
surface layer of iron, which was in a ferromagnetic state, heats up sharply.
Overheating the additive above the Curie point reduces the intensity of the
field effect on its surface layer, but the concentrated effect of the electro-
magnetic field is supported by the development of electro-eddy currents di-
rectly near the surface of the additive. As found, raising the temperature of
the melt to 1643 K intensified the dissolution and spread of both liquid and
solid microvolumes in the alloy base and saturation of the melt with oxygen.
Taking into account the obtained results, the most favourable melting tem-
peratures are the range of 1523—-1623 K when determining the optimal melt
mixing intensity level. To create conditions for the formation of microemul-
sified, suspension or bimetallic structures, they can be implemented in ingots
during the development of special technological methods.

Key words: Cu—Fe alloy, induction melting, components interaction, initial
stage, structure.

(Ompumano 4 cepnna 2022 p.; ocmamoyr. eapianm — 16 cepnus 2022 p.)

1. BCTYII

Cronu Cu—Fe moeHyIOTh BUCOKI MexXaHiuHi, eIeKTPOIPOBiIHI, TEII0MI-
poBigHiI BJacTHMBOCTI, 34I0HICTH €JEKTPOMArHETHOTO eKpaHyBaHHSA, y
TOMY YMCJIi 3a TifBUINIEHUX TeMIlepaTyp. BoHU BUKOPUCTOBYIOTHCA B
aBTOMOOLIeOyAyBaHHi, eJIeKTPOTEXHiIli, eJIeKTPOHHINA ITPOMMCIOBOCTI i
MaTepiaau B cucTeMax I akyMmyaoBaHuA Temiua [1, 2]. I1i maTepisanm
MePCHeKTUBHI IJA 3aCTOCYBaHHS B IIPUJIAJAX HOBOTO HMOKOJIIHHA (KO-
myHikaiii 5G, mpoMucaoBi poboTu, Kabeai 3B’A3KY, eJIeKTPOMATrHeTHi
eKpaHyBAJbHI MaTepidan, BAaKYYMHI IPUCTPOi, MOCTOBI 3’ € THAHHS, Mi-
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CTKOCTI aJia 30epiraHHs, YCTaTKYBaHHI BUCOKOIIIBUAKICHUX 3aJIiBHUIID)
[2—4]. Taki maTepidanau MOXKYTh 3a0€3MeUUTH MTOBTOTPUBAJTY €KCILIya-
TaIil0o B yMOBaX BEJIMKUX TEIJIOBUX i MeXaHiUYHMX HaBaHTaKeHb, eJIeK-
TPOMATHETHUX IIEPEIIKo] V (QYHKIIIOHYBaAHHSA CHEIITeXHiKMU (BUCOKO IT0-
TYKHUX PaJioTeXHIUHMX CTAHIIiM, KOMYHiKaIliii 38’ 43Ky, 0e3IiJoTHIX
TMOBITPAHMX Ta MiABOAHMX amaparis). IuTepec go cuctemu Cu—Fe 3ymo-
BJIEHUH THM, 1110 fo0aBka Fe € s3mauno gernesinono Hix KommoueHnTu Nb,
Ag, Co i HeTokcuuHOI0 K Cd, IKi BUKOPUCTOBYIOTHCA IJIS 3MiIlHEHHS
MiZHUX CTOIIiB i CyTTE€BO IIepPeBUIIyE 3a TeMIIepaTypoio TOIIEHHS (T ron)
Migb [5, 6]. CTpyKTypa CTOIiB, ofepsKaHuX TPASUIIMHUMUA METOIAaMU,
CKJIAJIaETHCS 3 3€PEeH O.-TBEPAOro PO3UMHY Ha OCHOBI Mizni i memapuriB
saiaisa. Croerigaasui BI1acTuBocTi MmaTepianis 3i cromiB Cu—Fe 3abestme-
YYIOTHCSI OCOOJIMBUMU CTPYKTYpPaMu, 30KpeMa, 110 CKJIamaloThCa 3 Mij-
HOI OCHOBU i PiBHOMipHO DOSIOAiJIEHMX BKpaIlJieHb Ha OCHOBi 3aJiza
KOMIIaKTHOI, OKPYTJIOi, BUTATHYTOI hopMu ab0 y BUTJISALI BOJOKOH. 3a-
rotoBKu 3i cromie cucremu Cu 3 Bmictom Fe (8ix 0,3 1o 50% mac.) oxme-
PIKYIOThCA MeTomaMu JUTTA [ 7], moporrkoBoi Mmetanyprii [1], ocagom 3
rasoBoi ¢asu [8], 1asepHUM HATOILIEHHAM CyMillri mopomikis [2]. 3aro-
TOBKM IiJJal0ThCSI MIOAAJBLIIIOMY TepMOOOpPOOIeHHI0, Ae)OpMYBaHHIO
abo ix KombOimoBaHoMy BILIMBY. UmM apibGHiIIoo i ommopimmimioio €
CTPYKTYypa 3aTOTOBKHY, TUM MEHII 3aTPATHUMHU i TPUBAJINMU € HACTYIIHI
omeparrii ii o6pobienus. [aa 36epeKkeHHA BUCOKOI TEILJIO- i eJIeKTPOI-
POBiAHOCTY OCHOBU CTOITY IIPATHYTh SKHANMEHIIIOTO HACUYEeHHI OCHOBH
aTomamu godasku [9].

Hiarpama crany cucremu Cu—Fe xapaxTepusyerbed 3i croponu Fe es-
TEKTOITHUM i IepUTEKTUUHUM IIEPETBOPEHHAM, 3i cropornu Cu — mepu-
TeKTUUYHUM IepeTBopeHHAM. CHcTeMa Mae peTporpagHuii coaigyc i
Maiike miaackui gikBigyc [10]. Bamos:k Takoi siHii JikBigycy mosxe ic-
HYBaTH CKYyIUeHHA omHOpPimHmx aromiB [11]. Ilpm meBHUX ImepeoxoJio-
IKEeHHIX MPOABJIACThCA HEe3MIINTyBaHHA PigKux ¢as Ha ocHosi Cu i Fe.
TomMy B JIUTOMY CTOIIi MOKYTh ()OPMYyBATUCA €MYyJbCOBAHI CTPYKTYPHU.
3INTTA Kpaleab eMyJibcii uepes ceguMenTalliro, orpyoaenss OcTBajb-
Ia, epekT MapaHT'oHI TpUBOAUTEL A0 (hopMyBaHHA IIapiB Ha OCHOBI pi-
JIWH, 1110 He 3MiNTyIThCA HABITH IIPU HMIBUAKOCTAX OXOJOAKEHHA PO3TO-
ny mopazaky 10°-107K/c [10]. ¥ yacTMHKAX IIOPOIIKiB, POSNUICHUX 3
poarony cuctemu Cu—Fe, momiOme 3IuTTSa Kpameab BUKJINKAE YTBOPEHHS
obomouku Cu Ha ocepzi 3 Fe, abo moasiiinoi mapysaToi obomorku 3 Cu i
Fe ma migaomy ocepni. TeHmeHIlis 10 YTBOPEeHHSA 000JOHKM CIIOCTepira-
Jach TaKOK B cepequnHi eMyJbCOBAaHUX KpalleJb Ha OCHOBI 3aJisa y Mif-
Hilt ocHOBi nmopommukY [12]. Ycknanuenua GopMyBaHHSI eMyJIbCOBAHOI
cTpykTypu B cucteMi Cu—Fe uepes cXuIbLHICTD 0 YTBOPEHHS IIapiB i 1e-
HIPUTIB 3ajIiza MPU 0XOJIO»KEeHHI CTPUMYIOTh BUKOPUCTaHHA JUTUX 3a-
TOTOBOK 3 €MYJbCOBAHOIO CTPYKTypoio [2]. OcHOBHA KiJbKicTb mocri-
mxenb cucteMu Cu—Fe cupamoBana Ha ¢hopMyBaHHS CTPYKTYPH Wi dac
OXOJIOMKEeHHs i TBepOiHHA, a JaHi, HaBeJleHi B JiTepaTypi CTOCOBHO Ojie-



1554 O. B. HOT'OBIITVH, B. 0. CEPEIJEHEKO, O. B. CEPEJEHKO Tais.

psKaHHSA PO3TOIIiB, € oOMe:kKeHmMM. Bimomo, 110 MiKpoOHEOZHOPimHMIA
CTaH PO3TONY 3HAUHO BILIMBAE Ha CTPYKTYPY OAEePKYyBaHUX JIUTUX 3aT0-
TOBOK.

CxuibHiCTB 0 posinapyBanusa B cronax Cu—Fe, 110 mos’a3ama 3 oco-
OJIMBiCTIO JiKBiAyCy CHUCTEMM, 3yMOBJIIOE CKJIAAHICTH CTOILIEHHS KOM-
TIOHEHTIB i 3a0e3IeUueHHS OJHOPiAHOTO CTaHYy po3Tomy. 3TifHO HaBeme-
HOI im(popMmarii misa omep:KaHHS PO3TOIIB 3aCTOCOBYETHCSI BAaKyyMHO-
OYTOBE i eJIEKTPOHHO-IIPOMEHEBE TOILJIEHHS, a TAKOMK 1HIYKI[ifiHEe TOII-
JIeHHA B IleuaxX BUCOKOI i cepeHBHOI UaCTOTHU B BaKyyMi i BUKOPUCTAHHSA
mponyBKu Ar. [Ina 3abesmneueHHsT OJHOPiAHOCTH PO3TONY 3aCTOCOBYBa-
JIOCh JeKiTbKa IIePeTomiB, CTOILIEHHA MiAi 3 jJiraryporo (1o mictumia
50% sauiza), romorexisamiiina surpumka [3, 5, 6, 13, 14].

Ha renepimniuiii yac faHi 1Mo xapakTepy B3aeMo/Iil KOMIIOHEHTIB CTOITY
cuctemu Cu—Fe nmpu ofep:KaHHI pO3TONY B iHAYKITIHHIN TUTeIbHiN meui
obmerxeHi. Uepes I1e BUHNKAIOTEL CKJIAAHOII KePYBaHHS IPOIIECOM OJie-
PsKaHHS PO3TOIY, IO IPUBOAUTE 4O 30iJbIIIeHHSI KiILKOCTHU omepartii i
TPUBAJIOCTH IIOTAJIBIIIOT0 0OPO0IeHHA JIUTUX 3ar0TOBOK. SIK BUKJIaIeHO
[9] B3aemogmia TBepmoi mobaBKU 3 GiNBIIIOID TEeMIIEPATYPOIO TOIJIEHHS
HiK PO3TOII OCHOBU BifOyBaeThCcsa B Au(dy3iiitHOMY peskuMi abo KimeTmu-
nHomy. Ilpu audysitiniit B3aeMomii Mae Miciie podunHeHHA J00aBKY 3 Ha-
CUYEeHHAM II aToMaMHX PO3TOIy OCHOBU 1 uepes MOHMMKEHHA TeMIlepaTy-
PU TOIJIEHHSA ITLOTO PO3UMHY MOXKE OTOILTIOBATHCS HMOBEPXHEBUH ITIap
mobaBku. IIpm kKimermuHomMy peXuMi BimbyBaeThcs BimpuB MiKpo-
00’eMiB 3 MOBepXHi J00aBKHU, AK 3 ii piAKOTO IMIapy, TAK i 3 TBEpAUX Ii-
aaHoK. HeoguopigHOCTi cTPYKTYpH H06GaBKU i i HarpiBamusa B PO3TOIi
CIIPUSIOTHh PO3BUTKY KiHETHYHOTO PeKUMy B3aemoxmii. IligBuiienasa re-
MIIepPaTypyu PO3TOIY i IMIBUAKOCTH OOTiKAHHSA HUM MOOABKU IIPUBOIUTD
IO IPUIBUAIIEHHSA IIporecy ii posunHeHH [9], a TaK0K IPUBOAUTD IO
CYTTE€BOTO HACUUEHHS PO3TOIy KucHeM [15].

Mera mpenacraBieHoi po6OTH — YTOUHEHHSA MeXaHi3My DPO3UMHEHHS
TBepaoi nobaBku Fe y pigkiit Cu B iHTepBaJi TeMmeparyp, 110 3abesme-
yye HU3bKe HACUUEHHS PO3TONY KUCHEM P HEeBMCOKill iHTeHCHMBHOCTI
IMepeMilllyBaHHA IIIJISIXOM JOCTII:KeHHS OCOOJUBOCTEHM II0YATKOBOTO
eTany B3aeMoxii mobaBKu 3 posToiaeHoo Cu B iHAYKIIHHINA TUTeIbHIN
neui B miamasoHi (0,80—0,96)T.onre 1 BimmoBiguo (1,07-1,29)Toncu B
JaMiHapHOMY PEeXUMi pyXy pO3TOIly.

2. EKCIIEPUMEHTAJBHA METOJUKA

s mpuroryBanusa poaromy macoio 0,8 kr 6yau Bukopucrani Cu Buco-
Kol uuctoru (99,99% ) i apMKo 3airiso y KiapkocTi 1% mac. Masa KoH-
IeHTpallia 3ajiza 3yMoBJeHa METOIO IPUTHIUeHHA 3JIUTTA 00’ eMiB 3 pi-
3auM BMicToM Fe mjia uiTKimmoro BuABJIEHHA KapTuH B3aeMmomii. [lobas-
Ka OyJa y BUIVIALL MUIiHApa AigsMeTPoM 8 MM i BicoTo0 15 MM 3 cepef-
HiM posmipom 3epua 30 MM (puc. 1).
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TommeHHSA cTOIIY Big0yBajgocs B iHAYKIIMHIN TUT'eIbHil meui BLCOKOI
yactoTu (44 kI'm) 3 rpaditoBuM TUTIEeM (TOBITUHA CTIiHKY 5 MM). B Tur-
Ji Buminanoch 77% HOTYKHOCTH €JIeKTPOMATHETHOT'O IIOJIS, a PeInTa
BILIMBaJIa Ha posTomn. Ilepes yBomOM ¥ pO3TOI J00ABKHU 3 TEMIIEPATYPOIO
293 K coiBBigHOINIeHHA TycTHUH mo0aBKu i postomy (K1) cTaHOBMIIO
0,994, cmiBBigHOIIIEHHA IX TUTOMHUX eJeKTPoomopiB (K2) ZopiBHIOBAJIO
0,463, a marHeTHa TPOHUKHICTL 3ajIi3a mepeBUINyBaja ITel IMOKa3HUK
migi — K3;=500. Borna BBogIIach B PO3TOILJIEHY Milb 32 PAXYHOK CHJIU
TAKIHHA Tpu cKuganHi 3 Bucotu = 0,05 M Bif moBepxHi po3ToIy B TUIII
0iya fioro cTimku. BBogy 4oOaBKM TaKOMK CIIPUAJIA Ile OgHA cuja. B 30Hi
CKUJAHHSA AidJI0 eJIeKTpOMAarHeTHe IIoJIe PO3cifoBaHHA iHgyKTOpa. Moro
CHUJIOBIi JIiHii 3aBepTaJm BijJ IeHTPAJbLHOL 30HM THUIJIS IO MOTO CTiHOK i
TaM KOHIleHTpyBaauch [16]. EneKkTpomMaraeTHe mojie 3axXOIIIOBAJIO (e-
poMarzeTHe Tijo J0O0aBKHM Ta BTATYBAJO OO 30HU CBOEl HAMOLIbIIOI Ha-
MIPY?KEeHOCTH.

B micTi KoHTAKTYy mo0aBKu 3 pigKoi0 Migmio ii HarpiB, KpiMm Temoite-
penadi Bif posToIiy, AONOBHIOBaBCA [JKOYJIeBUM TEMJIOM BiJf BUXPOBUX
€JIEKTPOCTPYMiB, IITO BUHUKAJIN 3aBASAKN €JIeKTPOMAarHeTHIiN iHAYKITil y
caMmoMy Tiji mobaBKu i TuMM, IO OYJIM 3T'eHEePOBaHi y MiZHOMY PO3TOTi i
oYaar 3aMUKATHUCSA TA KOHIIEHTPYBATHCA B Ileil MOMEHT Yacy B OiIbIn
eJIEKTPOIPOBiAHil HiXK posTom gobaBii. IlmToMa mOTYy:KHiCTHL HArpiBy
3aJriza y mouaTkoBuii mepion ckiaazana 1 kBr/kr, migi — 0,1 kBt/Kr.
IIpoTArom TOmIEHHS HOTYKHICTh HArPiBy MiZHOTO po3Tony 36epiraiach
Ha BKasamomy piBHi. IIpu 3araubieni fodaBKu B piAKy Mifb IIouaB iH-
TEHCUBHO IIPOTiKaTU IIPOIleC HAarpiBy B pPeKUMi TepMoyAapy il moBepx-

Puc. 1. CtpykTypa 1ob6aBku (I11aBJIeHO peakTUBOM 2).
Fig. 1. The structure of the additive (etched with reagent 2).
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HEeBOTIO ITapy Ta Pi3KUM HOoro posmimpeHHaM. /1o Toro »x B yacTuHi goda-
BKMU, III0 ONMHMNJIACH HAWOJIMMKUE OO iHAYKTOpa, IOTYKHO 3aIpaljloBaB
moBepxHeBUil epeKT (CKiH-edeKT) HarpiBy (hepoMarHeTHOTO Tijia eJIeKT-
POCTPYMOM BHMCOKOI YacTOTH. B pO3TOIIi BUHUKJN i aKTHBi3yBaJInCh
eJIeKTPOBUXPOBi Teuii cKoHIIeHTpOBaHi 0isa moBepxHi gobaBku [17], 1m10
3aHypIOBaJach y IJINOMHY PiIKOMETaJIeBOTO CepeloBUIlla. 3aBAAKHU TO-
My, 110 K; ~ 1 qo6aBKa IIIBUIKO 3aXOILIIOBAJIACA TEUi€I0 IMIUPKYIIOBAID-
HOT'0 PO3TOIY i yTpuMyBaJjach B iioro o6’emi. B mepiox HarpiBy mo 585 K
(K2< 1) B mobaBI1i Majio MicIie JJOKadbHe 3TYIIeHHA JiHIHA eJIeKTPUYHOTO
CTPYyMY, IO HEePEeBaKHO IIPOTIiKAB II0 PEUYOBWHI 3 MEHIINM ITMTOMIM
€JIeKTPOOIOPOM, HiK Y OTOUyBaJbHOTO MigHOTO poaromy [17]. Ile mpu-
BOJIJIO IO IIOSABHU €JeKTPOBUXPOBUX TeUili 0ijiag TBepAOro Tijia B 30HAX
pimgkoi mimi Bxomy Ta BuXoay cTpyMy 3 mobaBku. IIpu momansiioMmy Ha-
rpiBamHi m06aBKU mOKas3HUK Ko>1 i JiHil eleKTpUUIHOTO CTPYMY 3Ty-
IYBAJINCh Y 30Hi IpMJIerol 40 moBepxHi modbasxku. Ilpu mocArueHHi Te-
mnepatypu 3amizom Touku Kiopi (1043 K) smauenns Ks =1, axe mpu mo-
IaJBIIIOMY HIPOTrPiBi moOaBKM 3ajauIiagoch HeaMimHUM. IIpu 3piBHAHHI
TeMmnepaTtyp nobaBku i posromny (1448 K) K1=0,943, K, =6,21.

TaxuMm umHOM, I'yCTHHA JO0OaBKHU IPHU ii HarpiBaHHI 3ajMIIajgach 1y-
JKe OJM3BbKOI0 M0 T'yCTHHU poadTomy. CHiBBigHOIIIEHHA eJeKTPUUYHHX i
MAaTrHEeTHUX XapaKTEePUCTUK 3MiHMJINCH KapAnHaJAbHO. ['TMOnHa TpOHM-
KHEHHS eJIeKTpOMAarHeTHOTO 1o (A) v hepomarueTHy gobaBKy A0 IO-
caraenna Touku Kropi Gyna gysxe maiomo (npu 293 K, A=3,4-10°wm, a
npu 975K, A=1,13-10* M), 1110 IPUBOAUIO 4O iHTEHCHBHOTO HATPIiBY
IIOBEPXHEBOTI0 IIapy J00aBKHU eJIeKTPUUYHUM cTpyMoM. Ileperpis qo6as-
Ku Buire Touku Kiopi i mepexin ii y mapamaraeTHu# cTam CyTTEBO IIijI-
BUIIUB INIMOMHEY IPOHUKHEHHS noasa — A=2,8-10° M, ane KoHIeHTpO-
BaHUU HarpiB il moBepxHeBoro Iapy 30epircs. JIokansHi exekTpomar-
HeTHi Teuii posTomy, 110 BUHMKAJIM 0iJisd ITOBEpPXHi HJ0OaBKU, CIIPUAIN
IMHaAMiuHOMY BILJIMBY Ha ii meperpiTuii moBepxHeBUH I11ap.

3a pe3yJabTaTaMH TeIJIOBOTO PO3PaxXyHKY, 3TilTHO METOAUKHU, SKa
BpaxoByBaJia TeIJIOBUM KOHTAKTHUI cuporuB [18], HarpiB mobaBxku mo
TeMnepaTypHu, npu Aakiit K. =1 Bigoysca 3a 0,3 ¢ 3a mBugkocTu ii Harpi-
By 1285 K/c; K3=1 3a 2,1 c¢; a o TeMIiepaTypu po3Tony 3a 3,2 ¢ IIpu ce-
penuiit mBuakocti 420 K/c.

IIo xoxy TommeHHSA mocaigoBHO mpoTsaroMm 30 XB. BigOupaarch Ipoou
poaTomy 3 fioro moBepxHeBoOro mapy (= 1/4 raubunn). Ilepira mpoba po-
srony Oyia B3sTa uepes 30 c micasa ysomy mobaBKuM, maji BimOip mpob
amificHoBaBCcA 3 cepenHiM imTepBasom 5 xB. Ilopiii posromy Opasuch
CIIEIIisIJIbHOIO JIOIIATKOIO i CKUOAJINCh Ha KPUIIEBY IIOBEPXHIO, e 0X0JIO-
IKYBAJINCh 1 KPHCTAJNI3YBAJNCh Y BUTJISAAIL IIJAaCTHHYACTUX YaCTOK 3i
mBuaKocTamMu ~ 103-10* K /c. IIIBUAKICTD 0XOJI0MKeHHA 6yIa po3paxo-
BaHa mo piBHAHHIO HhioTrona—Pixmana. Ilicns Bim6opy ocTaHHBOI Tpodu
yBech MeTaJI 3 TUIJIA OyB 3aJIUTUI y TUBapHY OPMY, e OXOJIOIKyBaB-
cd 3 cepenaboro mBuAKicTI0O = 10 K /¢, sxa Oyia BusHaueHa BUMipIOBaH-
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HAM TeMIlepaTypu B yaci.

OpepsxkaHuil MUIIHAPUYHUN 3JIUTOK OJA MOCIIMKEHHS CTPYKTYpH
pospisaBca mo BepTUKaJBLHIN Bici. CTpyKTypa MeTaay BUABJIAJNACH 3a
JIOTIOMOTOIO IITaBJIEHHS peakKTuBaMu: 1 — PO3UMHOM JIMMOHHOI KMCJIOTH

Puc. 2. 06’eMu 3 pi3HUM CKJIaJ0M B OCHOBI cTomy (II[aBJI€HO peakTUBOM 1): 30HA
CTUKY TPHhOX 06’€MiB OTOILJIEHOTO IIapy A0OaBKU 3 pisHUM cKJazoM (a), Bimo-
KpeMJIeHU pigKkuit 00’eM 3 XapaKTEePHOIO TOBII[MHOIO OTOILJIEHOIO IIapy J100aB-
Ku (0), OKpeMi eMyJIbCOBaHi BKpAILJIeHHA (8), CKYITUeHHS BKPAIlJIeHb CyCIIeH3ii
(2); 1 — BKpamJIeHHSI eMyJabcii, 2 — BKpamJeHHs CyCIIeHaii.

Fig. 2. Volumes with different compositions in the alloy base (etched with re-
agent 1): the junction zone of three volumes of the molten additive layer with
different compositions (a), a separated liquid volume with the characteristic
thickness of the molten additive layer (6), separate emulsified inclusions (8),
accumulation of suspension inclusions (2); 1—emulsion inclusions, 2—
suspension inclusions.
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i moBapeHoi coJIi y mepeKucy BOAHIO i 2 — PO3UYMHOM IIJIaBUKOBOI KHCJIO-
TH Y CYMIiIlli JMCTUIHOBAHOI BOAM i eTHJI0BOTO ciupPTy. PeakTuB 1 BUKO-
PHUCTOBYBABCS AJIA BUSABJIEHHA CTPYKTYPU MiJHOI OCHOBH, 2 — JIJIS aHA-
J131 BKpAaIlJieHb 3aJjriza.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Amnajriza nmepioi mpo6u poartony (1448 K) mokasaia, 1110 B pO3TOIIi Mic-
TUJINCH JIOKAJBHI piaKi 00’eMu 3 pisHuM BMicToM 3asisza. Ha pucyury 2,
a TIPeJCTaBJIeHO CTHUK TPhOX JOKAJLHUX 00’ €MiB, IO Bigpisuaamcs 3a
KOJILOPOM i MasIy UiTKi MeKi momisy. BunukHenHa Takux 00’eMiB uepes
KOPOTKHUIM uac 00po0JeHHs PO3TOIY, BipoTigHO, IOB’A3aHO0 3 Ji€I0 eJIeK-
TPOMATHETHUX TEeUiii, 110 CIPUSAIN BifPUBY II€PErpiToro mapy f00aBKHM,
1o 0yB HacuueHWH Miamio i oronuBesa. Ha 1meit pakT BKasye xapakTepHa
TOBIIIHA BiJOKpeMJIeHOT0 00’eMy Ha OCHOBI 3asiiza — mo 200 MmxM (puc.
2, 0), IKa € CIIiBPO3MipHOIO 3 PO3PAX0BAHOIO BEJIMUYNHOIO A IJ1a 100aBKHU
JI0 MOMEHTY JTOCATHEHHS Helo TeMmuepaTrypu Touku Kiopi (muB. posmin 2).
Tako:k y mpobi cmocrepiraimch OTUHUYHI eMyJIbLCOBaHi BKpAILJIEHHS 3
poamipom Bix 6 o 15 MKM, 1110, BiporigHO, YTBOPUINCH BHACTITOK IIe-
peMilTyBaHHS PO3TONY eJIeKTpOMarueTHUMU Tedvismu (puc. 2, a, 0, 8). B
npobi 3adikcoBaHO CKYIIUYeHHS BKpAaIlIeHb cycHeH3ii 3 posmipamu 1o
30 MmKM, AKi mpeacTaBiIAan coO0I0 BimokpeMIeHi Bix mobaBKM 3epHa i
6s10Ku cy0O3epeH (puc. 2, 2).

et
S ’f' X
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Puc. 3. JlokanbHUI 06’€M 3 eMyJIHCOBAHUMHU BKPAILJIEHHAMY (II[aBJIEHO PeaKTH-
BoM 1): 1 — oKpeMi eMyIbCOBaHi BKpaIlJIEHHS, 2 — MiKpoeMyJIbCOBaHi 30HU.

Fig. 3. Local volume with emulsified inclusions (etched with reagent 1): 1—
separate emulsified inclusions, 2—microemulsified ones.
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ITpu Temneparypi postony 1523 K B 1po6i 6ys10 3adikcoBamo oKpemi
eMyJIbLCOBaHi BKPAIJIEHHS 3 PO3MipoM 0 15 MKM aHaJIOTiuHO IoIepe-
Hilt Tpo06i (puc. 3 i guB. puc. 2, a, 6, 8) i MiKpoeMyJIbCOBaHi 30HU 3 PO3-
MipoM BKpaIlLieHb 10 6 MKM (ZuB. puc. 3).

3rigano mammx [9] omep:kaHUX TPM BUBUEHHI HPOIECY PO3UMHEHHS
ITO00aBKM XPOMICTOTO YaBYHY B PO3TOIIi MiZi eMyJIbCcOBaHi BKpalJeHHS
MOJKYTHb YTBOPIOBATUCHL BHACJHITOK HACHUYEHHS MIiJII0 IIOBEPXHEBOTO
mapy Ao0aBKHU M0 KOHIIEHTpPAIlil, Ipu AKUI B CUCTEMi BifOyBaeThC HO-
I'0 PO3TOILJIEHHS 1 BiflITapyBaHHA BiJi OCHOBU CTOIY.

B miamasoni remnepatyp poarony 1548—-1573 K B mpobax 0yJi0 3adik-
COBAHO BiJOKpeMJIeH] JIOKAJbHI 00’eMu 3a (DOPMOIO i CTPYKTYPOIO aHAJIO-
riuHi TMM, I1I0 TTOKAa3aHi Ha puc. 2, 0, aje 3HAYHO MEHIITi 38 TOBITUHOIO (10
100 mxM™). B mpob6i posTomy, Bimibpanoi mpu Temmepartypi 1643 K, cmoc-
TepiraJnch JOKaJbHI 00’eMI 3 Pi3HMM BMiCTOM 3ajiza, OJHa YaCTUHA 3
AKX OyJia momioHa g0 momepenHix mpob (miamazony Temmepatyp 1548—
1573 K), a ixmia BTpaTuia 4iTKy IIOBEPXHIO PO3ILTYy 3 OCHOBOIO CTOIY AK
TIOKas3aHo Ha puc. 4, a. B cTpyKTypi mpobu Ha 1ioIri muIiga ciiBBigHo-
IITeHHS ILJIOI 3 00’eMaMM 3 YiTKOIO MOBEPXHEI0 PO3IiJly MisK HUM i OCHO-

Puc. 4. Po3unHeHHs BiJOKpeMJIeHNX YaCTUH JOOABKMU: BTPATA BiTOKpPEeMICHIM
00’€MOM YacTKOBO PO3TOILIIEHOTO MIapy A00aBKU YiTKOI IOBepXHi po3ainay 3 oc-
HOBOIO CTOTTY (II[aBJIeHO peakTuBoM 2) (a), PO3MOBCIOMKEHHA 30H 3 PO3UNHEHUM
3aJizom 0e3 4iTKOI Meki moxaisy B OCHOBI cTonmy (11aByieHO peakTuBoM 1) (6); 1
— 006’eM 3 UiTKOIO IOBEPXHEIO PO3AiNy, 2 — OKPeMi eMyJIbCOBaHi BKPAIJIEHHS.

Fig. 4. Dissolution of separated parts of the additive: loss of the separated
volume of the partially molten additive layer of a clear interface with the base
of the alloy (etched with reagent 2) (a), spreading of zones with dissolved iron
without a clear interface in the base of the alloy (etched with reagent 1) (6);
1—volume with a clear interface, 2—separate emulsified inclusions.
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Puc. 5. PylinyBaHHSA TBEepAUX YaCTOK JoOaBKU Ha APiOHI cycmeHsiifioBaHi BKpa-

mIeHHA (IaBjeHo peaKTuBoM 1): 1 — CcKymueHHS BKpAIlJieHb, 2 — 30HA PO30-
cepemKeHHA BKPAIJeHb, 3 — 000JI0HKOB1 hopmm.

Fig. 5. Destruction of solid particles of the additive into small suspended in-
clusions (etched with reagent 1): 1—accumulation of inclusions, 2—zone of
dispersion of inclusions, 3—shell forms.

BOIO CTOIIY i 30H 3 pi3HMM BMicTOM 3ajiza 6e3 UiTKOI MoBepXHi IPUOIU3HO
mopisuoBaso 1. Tako:x BMABIEHO MOSBY BKPAILJIEHL OKCHUAY Mimi. 3a
1706 K TenmeHIlis po3UMHEHHA BiJOKpPEeMJIEHNX PiIKKUX 00’€MiB B OCHOBI
CTOTIY i oTO HacHMUeHHA KucHeM mocuaniaacs. Ile Bizo6pasuiocs y 3Hau-
HOMY 3MEHIIIeHHi KiJTbKOCTH i po3Mipy 06’eMiB 3 4iTKOIO ITOBEPXHEIO PO3-
iy B IOPiBHAHHI 3 MomepenHiMu mpodamu (1o = 5 pasiB). Byau sadikco-
BaHi OKpeMi eMyJIbCOBaHi BKpaIJIeHHA 3 podaMipoM 10 15 mKM (puc. 4, 0).

IligBuienna Temieparypu pos3tony a0 1743 K BUKJIMKaANIO IIOSABY B
CTPYKTYpPi mpobu ApiOHMX BKpaIlIeHb cycHeHsii 3 posamipom mo 5 MKM
(puc. 5). Bonu, BiporigHo, yTBOpUJINCH B Pe3yJIbTATI pydHAIlii 3epeH i
0JI0KiB cy03epeH, BiloKpeMJIeHUX Bil TBepmoi mob0aBKU (IuB. puc. 2, 2) i
IPeACTABIAIN co00i0 cyOs3epHa. Taki BKpaIllIeHHsS YTBOPIOBAJJIU CKYII-
YeHHs B OCHOBI CTOIIY i 30HU, Je BiOyBaJIOCh iX posocepemxents. Ilopan
3 TUM B CTPYKTYpPi BUHUKAJIN YTBOPEHHS, 1110 HAa MOBEPXHIi ILIiha maam
BUTJIAI MiJHOTO OCEPs, OTOUEHOr0 TOHKOIO 3aJIi3HOI0 000JIOHKOIO (IUB.
puc. 5).

IIpu B3aemomii ;o6aBKM 3 PO3TOIOM ii HarpiBaHHSA OyJI0 HEOTHOPiA-
HUM i OTHOUYACHO MaJIX MicIie AK An(py3iiHMHA TaK i KiHeTHYHUNA MeXaHi-
3MH1 PO3UMHEHHSA, KAapTUHU AKUX Oyau 3adikcoBaHi Ha ii Bigokpemie-
HUX yacTuHax (puc. 6).

AK BuAHO 3 pUCYHKY 6, a npu audysilinoMy MexaHidmi BaaeMogii Bi-
I0yBaoCh YTBOPEHHSA IIApiB 3 Pi3HUM BMicToM KoMIoHeHTiB. Ilpm Ki-
HEeTUYHOMY XapaKTepi B3aeMoii 3AilicHIOBaJIOCh BiIOKPEMJIEHHSA TBEP-
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Puc. 6. Baaemoaisa TBepaoi no6asku Fe posromom Cu (m1aBieHo peakTUBOM 2):
nudysiiitunii MmexaHism (a), KiHeTuuHUHM MexaHisM (0).

Fig. 6. Interaction of solid Fe additive with molten Cu (etched with reagent 2):
diffusion mechanism (a), kinetic mechanism (6).

INX YacTOK J00aBKM, IKi B CBOIO Uepry PyMHYBAJIHCH HA YaCTKU H—
50 MKM mo Me:KaM 3epeH i 6JI0KiB cyOsepen (muB. puc. 6, 6). 3 ypaxy-
BAHHAM OJIeP:KaHUX Pe3yJIbTAaTiB HAWOIJIBLIIT CUPUATIUBUMU TeMIIepa-
TypaMu BeJleHHs TOIJIEHH € misgmason 1523-1623 K.

3a aHaJIisu CTPYKTYPHU 3JIUTKA BCTAHOBJIEHO, ITI0 Y HHOMY 30eperanch
dasu, BUSABJIEHI 3a aHANi3uW MPO0 MeTaJy IO XOMy TOILIeHH:A (puc. 7).
3HauHy YaCcTUHY ILJIOIII MIidha 3InTKa 3aiiMaan 00’eMU 3i CTPYKTYPOIO
TUITY 3aMOPOKEeHOi ApibHOaMCcIIepcHOI cycnensii (auB. puc. 7, a). 3adi-
KCOBaHi OKpeMi FiIAHKH], 110 MiCTHIN 00’ €MI Pi3HOTO CKJIALY, PO3Aile-
Hi HiTKO0 MisK(as3HOIO MOBepXHeIo TUIry Oimerany (auB. puc. 7, 6), a Ta-
KOJK 30HU CTHUKY TPhOX 00’eMiB pisHoro ckaany. Crocrepiraancs oKkpemi
eMyJbCOBaHI BKpaIJIeHHA, AKI MOXXKHaA KJjacu(ikyBaTu AK (pparMeHTH
CTPYKTYPU THUITY 3aMOPOKeHO0i eMyJibcii (puc. 7, 6). B cTpyKTypi BusaB-
JIeHi YyTBOpPeHHs 000JIOHKOBOI (hopMM 3HAUHO OiJIBIIL 3a po3MipoM, Hix
Ti, 1110 OyJIM BUABJIEHI B IpoIieci TomieHHs (quB. puc. 7, 8, 2 i puc. 5).

4. BUCHOBRKH

BcraHoBieHo, 110 B yMOBaxX TOILIEHHS B iHAYKI[INHINA THUT'eJNIbHIN meui
6imapuoro crony Ha ocuoBi Cu 3 nobasxo 1% mac. Fe npu raminapso-
My pe:KuMi Teuii posTomy B HbOMY (mepiox mo 30 ¢ micss BBOAY B PiAKY
Migs 3 Temmepatypoio 1448 K no6aBku Fe muainapuunoi popMu 3 TeM-
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Puc. 7. 06’emMu 3 pi3HUM CKJIaJOM B CTPYKTYPi CTONKY (IITaBJIeHO peakTUBOM 2):
30Ha 3 PO30CEPEIKEHNMU BKPAIJIEHHAMU CyCcIeH3ii (a), OKpeMi eMyJibcOBaHi
BKpAILJIEHHA i 30HA CTUKY ABOX 00’eMiB 3 pisuum ckaangom (6), 06’em mini, oro-
YeHU 000JI0HKOIO 3 YaCTUHOK (8), 00’eM Mifi, oToueHUI mIiBKOIO (2).

Fig.7. Volumes with different compositions in the ingot structure (etched
with reagent 2): zone with dispersed inclusions of the suspension (a), separate
emulsified inclusions and the junction zone of two volumes with different
composition (6), a volume of copper surrounded by a shell of particles (8), the
volume of copper surrounded by a film (2).

nepatypooo y 293 K) Bunukaau mekinbka pigxux ¢as, 1Mo Maan YiTKi
MixkdasHi MeKi.

Busnaueno, 1o mpoiiec podunuends Fe BigdysaBca y sMmimanomy pe-
JKUMIi IpUYOMY KiHeTuuHui i mudysitianii iy napageabno. Oapasy Ha
nouaTky B3aemozaii Fe 3 Cu moumHamoch pyiHYBaHHSA IIOTPAHUYHOIO ITIa-
Py ZobaBKM, BiporigHO, 38 paXyHOK iHTeHCHBHOI'O II€PETrPiBY TOHKOTO 30-
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BHIIITHBOTO ITIapy (pepOMAarHeTHOTO Tija AO0aBKM iHIYKOBAHMMMU B Hil
€JIeKTPOCTPYMaM1 BMCOKOI YaCTOTH SAK IIPOSAB MOBEPXHEBOTO e(heKTy
(ckim-edexTy). Ileit mpolec miciia mepexony A00aBKM y ITapaMarHeTHUH
CTaH Iricjig HarpiBy Buille Touku Kiopi TpuBas, aje 3 MEHIIIOIO iHTEHCHUB-
HicTIO uepe3 30iJbINIeHHA TNIMOWMHY ITPOHUKHEHHS eJIEKTPOMATHETHOTO
IIOJIS B IOBEPXHEBUI MIap J00aBKH, IO IPUBEJIO A0 3MEHIIIeHHA BeJINUH-
HY BUJIiJI€HOI IIMTOMOIL IOTYXXHOCTH €JIEKTPOMAaTrHEeTHOT'O II0JISI B METAJIi.

BcranosieHno, 1110 Bei 3ad)ikcoBaHi B mpobax mo Xo4y TOILJIeHHA (asu,
1110 YTBOPMJINCE B IIpoilieci B3aemoxnii Cu 3 Fe, 36eperiuce B 3JIUTKY, OZe-
pexaHoMmy Imicaa 3anmBKuU Beiel macu TomneHHs (0,8 Kr) B tuBapHy Gop-
my uepes 30 xB. micasa Beogy Fe.

Bussieno, 110 OigHATTS TeMoepaTypu posrony o 1643 K intencu-
diKkyBaIO PO3UMHEHHS BiJOKPEMJIEHUX PigKUX 06’€MiB B OCHOBI cTOmYy i
HaCHMUYEeHHs po3Tonmy KucHeM. Tomy, /s CTBOPEHHSA YMOB (DOPMYyBaHHS
MiKpoeMyJIbCii, 3am00iraHHa HaCUYeHHSI OCHOBU CTOITY aToMaMu J00aB-
KM 1 KMCHeM HAMOiIbII CIPUATANBUM HisgIIa30HOM TEMIIEPaTyp BeJeHHs
roreHHda € 1523—-1623 K nmpu BusHaueHHi ONITMMAJIBHOTO PiBHS iHTeH-
CUBHOCTH IIEPEMiITyBaHHSA PO3TOILY.

Busnaueno, 1m0 3agikcoBaHi CTPYKTYPH TUITY 3aMOPOKEHUX CYCIIeH-
3ii i emyibcii Ta 6iMeraneBoi, y TOMY UmMCIIi, AKi CKIaZAINCh 3 MiJHOTO
ocepas i 00010HKY 3 a3y Ha OCHOBI 3as1i3a, MOKYTh OyTH peasiidoBaHi y
3JUTKAaX IIPU PO3POOIIi CIIeIiAIbHNX TeXHOJOTIUHIX IIPHUHAOMIB.
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