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IH®OPMAIIA A1 ABTOPIB

Mi:xnaponuuii HaykoBuii sxypHaa «Metanodisuxa ta HoiTHI TexHomorii» (MHT) momicansa my0Ommikye crarti,
SAK1 paHiIre 111e He IyOIiKyBaJIrcs Ta He mepe0yBaroTh Ha POSTJIAI 1JId OMyOIiKyBaHHA B iHIIMX BUgaHHAX. CraTTi
MAalOTh MiCTUTH PE3YJIbTATH €KCIIEPIMEHTAJBHUX 1 TEOPETUYHUX HOCHTiIKeHb B 00JacTi (DisMKM Ta TEeXHOJIOTii
MeTaJIiB, CILIABIB i CIIOJIYK 3 MeTaJIiYHUMU BJIACTUBOCTSIMM; pelleHsii Ha MoHorpadii; indopmartiro mpo KoHDepeH-
1ii, ceminapu; Bimomocti 3 icTopii MeramodisuKuy; peKiaMy HOBUX TE€XHOJIOTIH, Marepiaiis, npuianis. sKypuaa
JIOTPUMYETHCSA 3araIbHOIPUHHATAX IIPUHITUIN B, 3a3HAYEHNX Ha M10r0 CaiiTi B JOKYMEHTaX 3 ITyOIiKaIliiTHOI eTUKU
Ta HEIPUIHATHUX IIPAKTUK.

TemaTuxa :xypHaiy: Enekmponni cmpyxmypa ma éaacmueocmi, Jeexmu kpucmanivnoi rpamuuyi, @asosi
nepemeopenns, Pisura miyrocmi ma naacmuunocmi, Memaniuni nosepxri ma niieku, Bydosa ma eacmueocmi
HAHOMACULMABHUX | Me30CKoniLHuXx mamepianie, Amop@ruil i pidkuii cmanu, Bsaemodii sunpominenus ma wac-
MUHOK i3 KOHOeHC08aHOI0 pevwosuHolo, Mamepiaau 6 ekcmpemanvhux ymosax, PeaxmopHe i asiaxocmiure me-
manosnascmeo, Meduuhe memanosnascmaeo, Hosi memanesi mamepianu ma cunmemuuni memaau, Memanos-
MicHi cmapm-mamepianu, Pisurxo-mexHiuHi 0CHOBU excnepumenmy ma diazHocmuru, JJuckyciiiii nogidomieHHsA.

Crarri myOJIiKyIOThCsI OMHIEIO 3 TBOX MOB: aHIVIIMCHKOIO (Ia€ThCS IepeBara) ab0 YKpaiHChKOIO.

Crarri, B ohopMIeHH] AKUX He JOTPUMAHO HACTYIHUX IPaBuWI AJs omybrikyBanus 8 MHT, noseprarorbes
aBTOpaM 0e3 Po3rJIsAAy 10 cyTi. (aTor HaTXOI KeHH BBAXKAETHCA I€Hb TOBTOPHOI'O HAZIAHHS CTATTI ITICJIs JOTPU-
MaHHSA 3a3HAYeHUX HUKUeE IIPABIJI. )

1. Crarra mMae GyTH migmicanoro BciMa aBTopamu (i3 3a3HauUeHHAM IXHIX afpec eJIEKTPOHHOI ITOIITH); CJIiZ
BKasaTu Mpi3BUIIle, iM’s1 Ta 1o 6aThbKOBi aBTOpA, 3 IKMM PeJaKIlisi Oy/ie BeCT! JINCTYBAHHSI, FOT0 IIOIIITOBY aApeCcy,
HOMepH TestehoHy Ta (haKcy i afipecy eJIeKTPOHHOI ITOIITH.

2. BukagaHHa MaTepiasy Mae OyTH 4iTKUM, CTPYKTyPOBaHMM (PO3AilaMu, HApUKIaL, «1. Berym», «2. Exc-
nepuMenTaiabHa/ TeopeTnuna MeTonKa» , «3. PesybraTu Ta ix 00roBOpeHHs», «4. BucHoBKn», «IluToBana site-
parypa» ), CTUCJINM, 6e3 JOBIuX IpeaMOyJI, BiIXJIEHb i IIOBTOPIB, a TAKOK Oe3 IyOJIIOBAHHS B TEKCTi JaHuX Ta0-
JIIh, PUCYHKIB i migmucis 1o Hux. AHoTaris Ta po3aii « BUCHOBKI» MaroTh He yOJIFOBATH OAMH OfHOro. Huctosi
JIaHi CJIiZi HABOJUTHU B 3araJIbHOIPUITHATUX OAMHUIIAX.

3. 06’em crarri Mae 6yTu He Gisbiire 5000 ci1iB (3 ypaxyBaHHAM OCHOBHOTO TEKCTY, TAO/INIIb, MiAKCIB 10 PUCY-
HKIiB, COIMCKY BUKOpHCTAHUX MKepen) i 10 pucyHKiB. YxBasia mpo mybstikarito HaykoBux oruisagis (1o 9000 citis Ta
30 prc.) IpUiMAaETHCS PEIKOJIEr i€10 ITiCJIsT 03HAMOMIIEHHSA 3 PO3IIIMPEHOI0 aHOTAIIEI0 POGOTH.

4. To pepakiii moxxe Hapasarucs 1 apyxkoBanwuii (A4, nosiitauii iHTepBas) NIPUMipHUK PYKONIXCY 3 iyrrocTpa-
miAMu.

5. JTo pepakiii 060B’s13K0BO Ha#AeThes (10 e-mail) daiin crarri, HaGparwuii y TekcTroBoMy pegakropi Microsoft
Word 2003, 2007 a6o 2010, 3 Ha3BOIO, IT0 CKJIAAAETHCS 3 ITPI3BUIIA MIEPITIOTO ABTOPA (JIATMHUIIE0), HATIPUKJIIA,
Smirnov.doc.

6. EjleKTpomHa Bepcist pyKOMIUCy Ta foro ApyKOBaHM BapiaHT (B pasi #oro HaJaHHs) MAlOTh OyTH iIeHTUYHY-
Mu. BoHU MaroTh 0hOpMITIOBaTUCA 3a I1a0JI0HOM, KU MOYKHA 3aBAHTAYKUTY 3 CAUTY JKypHAaILy, i mictutu 6—7
inmexciB PACS B penaxiii ‘Physics and Astronomy Classification Scheme 2010°. Tekctu crareii MaloTh TaKOMXK
MicTHTY Ha3BY CTaTTi, CIINCOK aBTOPIB, HOBHI HA3BM TA MOIITOBI aIpeCH YCTAHOB, B AKMX BOHU IIPAIIOIOTH, AHOTA-
wiro crarri (200—250 cniB), 5—6 KIFOYOBHX CIIB TPHOMA MOBaMM (AHIJIIICHKOI0, YKPATHCHKOIO, POCIHICEKOIO), &
3ar0oJIOBKY TAOJIUIh 1 MANNICY [0 PUCYHKIB MarOTh IIOAABATHCH SIK MOBOIO PYKOIIHCY, TAK i AHIIIICHKOI0 MOBOIO;
AHIJIOMOBHA AHOTAITiA MOXKe OyTH ITPeICTABJIEHOI0 B OLIIBIIT posropHyToMy BapianTi (zo 500 ciis). Hassa craTri, ii
aHOTAIlifA Ta KJIIOYOBI CJIOBA HE IOBUHHI MiCTUTH CKIATHUX (DOPMYJI, MATEMATHYHIX BIPA3iB UM IO3HAUEHb.

7. EnexTpoHHi KoIIil PUCYHKiB MaioTh GyTH IPEACTABIEHNMY Y BUTUIA/] OKpeMuX haiiriB (B rpadiunux dopma-
rax TIFF, EPS a6o JPEG 3 poszaibuoto 3xaTaicTio y 600 dpi) 3 HazBamu, 1110 CKJIAAIOTHECS 3 IPISBUIIA IEPIIIONO
aBTOpa (JIATWHUIEI0) Ta HOMepa PUCYHKA, Haupukiazx, Smirnov_fig2a.tiff. [JonarkoBo pucyHKu HajgaroTecs y
cdopmaTi mporpamu, B IKiii BOHU CTBOPIOBAJIVICA.

8. Harucu Ha pucyHKax (0COGIMBO HA ITiBTOHOBYX) CJIL 110 MOKJIMBOCTI 3aMiHUTH JIITEPHUMY TO3HAYEHH MU
(mabpaHrMu Ha KOHTpacTHOMY (hOHi), a KpHBi mO3HAYNTH InpaMu ab0 PisHUMU THUIAMU JIiHill/MapKepiB, AKi
MaloTh OyTH pO3’sICHEHUMH B IiAnmcax N0 PUCYHKIB a6o B Tekcri. Ha rpadikax yci sinii/Mapkepu Maiors OyTu
JIOCTATHBHOI TOBIIMHY/ PO3MIPY AJI X AKICHOrO BiITBOPEHHA y 3SMEHITIEHOMY B 2—3 pasu BUIJIAAL (DeKOMeHAOBaHA
TI0YaTKOBA MIMpuHA pucyHKa — 12,7 cm). CBiTiinHI MarOTh OyTH YiTKMMU Ta KOHTPACTHVIMY, a4 HATIVICH Ta ITO3HA-
YeHHS MalOTh He 3aKPUBATH iCTOTHI JeTaJi (I 40ro MOKHa BUKOPYCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUEHHSA B
i ITEKCTOBITI 30LIBIITEHHS IIPY 3HIMaHHI 6ayKaHO IIPOCTABUTH MacITad (Ha KOHTpacTHOMY (hOHi) Ha OfHiil 3 imeH-
TryHUX cBitauH. Ha rpadikax mianucu no oceii, BUKOHAHI MOBOIO CTATTi, MAIOTh MiCTUTH ITO3HAYEHHA (a00 Ha-
HIMeHyBaHHS) BeJIMUMH, 1110 B3ZIOBK BiIKJIaIaI0ThC, 1 Uepe3 KOMY iXHi OMMHUITI BUMiDIOBAHHSA.

9. @opmysi B TEKCT HEOOXiJHO BCTABIATH 3a AOHOMOroio pemaxropa dopmys MathType, cymicaoro 3 MS
Office 2003, 2007 a6o 2010. BexTopu c1iz HaGUPATH YKUPHIM IIPU(TOM 6€3 CTPLIOK 3BEPXY.

10. Pucynxn, a6, hopmMyss, a TAKOXK HMiAPAAKOBI MPUMITKY (BUHOCKH) MAIOTh HYMEPYBATHUCS [IOCIILIB IO
Bciif crarTi.

11. IlocunaHus Ha JliTepaTypHi JPKepeJia CJIiA AaBaT y BUIVIAAL IOPAAKOBOTO HOMepa, HAPYKOBAHOTO B PAZOK
Yy KBaZpaTHUX Ay:kKaxX. CIHCOK JiTepaTypy CKJIAJAEThCs IIOYEProBO 3a IIEPIIIO0 3TafgKoo MJKepesa. ITpukianu
odopMIIEHHS TIOCJIAHb HABEIEHO HIKUE (IIPOCUMO 3BEPHYTH yBary Ha MOPSAOK PO3TAllyBaHHA iHiriastis i mpi-
3BUII] aBTOPiB, Gibriorpadiurmx BigoMocTeil i Ha PO3ALIOBI 3HAKM, a TAKOK Ha HEOOXiMHICTH 3a3HAUEHHS BCiX
criBaBTOPIB ITuTOBaHOI poboTy Ta it DOI, AKIIO BiH €):
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2. M. Chegini, A. Fallahi, and M. H. Shaen, Proc. Mater. Sci., 11: 95 (2015). DOI:
https://doi.org/10.1016/j.mspro.2015.11.116
3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung[X-Ray Spectra and
Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).
4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow: Mir: 1974) (Rus-
sian translation).
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Detecting Helical Andreev Edge States
by Shot-Noise Measurements
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It has been theoretically argued that a combination of two electronic tech-
niques, measurements of conductivity and shot noise spectra, can be an effec-
tive method for detecting helical Andreev edge states in quantum coherent
conductors. To implement this methodology in practice, we propose an inter-
ferometric phase-sensitive configuration consisting of two independent
scanning probe tips, normal and superconducting, and show that the corre-
sponding edge current is strongly dependent on the applied magnetic field.

Key words: helical Andreev edge currents, two-probe scanning setup, super-
conducting tip, electronic shot-noise spectra.

TeopeTnuHo MOKa3aHO, 10 KOMOiHAIliA ABOX €JIeKTPOHHUX METOiB, BUMipIO-
BaHHS CIIEKTPiB IPOBiZHOCTI 1 eJeKTPOHHOTO APOOOBOrO MIyMy MOKe OyTu
e(eKTUBHOIO IJIs BUABJEHHSA I'BUHTOBUX AaHAPIiIBCBKUX KpPaAMOBUX CTaHIB y
KBAHTOBUX KOrepeHTHuX npoBigHumkax. IIlo6 peanmisyBaTu 10 MeTOZOJIOTiIO0
IPaKTUYHO, MU IIPOIOHYEMO iHTepdepoMeTpruyHy (PazouyTamBy KOH(pirypa-
I[if0, ITT0 CKJIAAETHCA 3 MBOX HE3aJeKHUX CKAHYBAJIbHUX 30HiB, HOPMAaJIbHO-
ro i HaAIIPOBiZHOIO, i MOKA3yeMO, II0 BiAMOBIAHWI KPalOBUUA CTPYM CUJIBHO
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3AJIEKHUTDH Bi,lI IIPUKJIaAE€HOI'O MAarHeTHOI'O I10JIdA.

KuarouoBi ciaopa: rexikoigaabHi aHApPiiBCBKI KpaiioBi CTpyMu, JBO30OHIOBUIA
CKAHyBaJbLHUI IPUCTPili, HAAIIPOBiHE BiCTPsA, CIEKTPHU €JIEKTPOHHOTO AP0bo-
BOTO IIIYMY.

(Received December 8,2021 )

1. INTRODUCTION

Discovery of the integer quantum Hall effect in strong magnetic fields
and then their topological electronic phenomena led to a new revolu-
tion in understanding the ubiquitous topological structure of quantum
matter. As known, the topological properties are characterized by a
global integer quantity invariant under smooth geometrical defor-
mations or material changes. Therefore, the related physical charac-
teristics have some form of topological protection or, by other words;
they are guaranteed to withstand any continuous disturbance. In par-
ticular, it relates edge states with a strong immunity to distortions of
the sample unlike non-topological boundary states that are fragile.
Although the topological edge modes originate from the internal topolo-
gy, they exhibit properties, forbidden in the bulk.

Canonical example of such phenomenon is the mentioned above quan-
tum Hall effect where electrons are moving along cyclotron orbits in the
bulk while the quantum transport is dominated by unidirectional propa-
gating states localized at the boundaries and is robust against local per-
turbations, too[1].

Quantum Hall edge states in proximity with an s-wave superconduc-
tor can give rise to electron-hole hybrid states called Andreev edge
states. Because of the absence of a backscattering channel, an electron
moving along such state can be either Andreev reflected as a hole, or
transmitted as an electron to the superconductor. In this paper, we
compute the differential conductance and the noise spectra associated
to this partitioning in the two outgoing channels. In our interferomet-
ric setup for probing long-range conducting edge modes by the power-
ful methods of superconducting proximity effect, there are two inde-
pendent probe tips, one normal and one s-wave superconducting. Along
these lines, in the paper [2], we showed that such a device is able to re-
alize quantum interference effect of quasiparticle excitations moving
in opposite directions along metallic-like one-dimensional edge chan-
nels and therefore, it can be useful for revealing the origin of anoma-
lous conducting edge states in quantum materials. Furthermore, the
helical states might also be advantageous to analyze the entanglement
of electrons injected from a singlet s-wave superconductor.

Recently, a new intriguing physics is found at the boundary between
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two active fields of research, non-Hermitian systems and topological
effects [3]. In quantum samples, broken Hermiticity means a lack of
probability conservation or a loss of quantum information. At the same
time, all practically important systems are non-Hermitian due to the
inevitable coupling to degrees of freedom outside the system of inter-
est. For classical-wave (electromagnetic or mechanical) phenomena,
non-Hermiticity is related to a lack of conservation of the wave energy.
In this case, novel effects are observed, using active mechanisms that
couple local degrees of freedom of artificial materials to the environ-
ment. Such topological classical-wave systems allow for robust point-
to-point energy guiding with an engineered immunity to disorder or
geometrical imperfections. That is why now there is a surge of activity
in the study of non-conservative topological systems [3, 4].

Moreover, it is shown that, under some general conditions, topologi-
cal insulators, non-Hermitian in the bulk, i.e., with complex bulk ener-
gy spectra, can have chiral boundary states with an effective Hermiti-
an Hamiltonian [5]. In particular, it relates Hermitian helical hinge
states in three-dimensional second-order topological insulators. In this
case, the transmission coefficient of each chiral channel in non-
Hermitian topological insulators is precisely unity, in contrast to the
non-quantized value of a general non-Hermitian topological insulator
and such Hermitian nature of the boundary states is insensitive to
smooth changes of material parameters and cannot be destroyed unless
the system undergoes a topological phase transition [5].

A key challenge to discriminate between pure quantum and classical
phenomena in the topologically protected charge transport concerns
experimental techniques able to explore and/or to control quantum
properties of the edge currents. In this paper, we propose to realize this
task by performing shot-noise measurements in metallic-like edge
channels with a phase-sensitive setup with normal (V) and supercon-
ducting (S) tips described in our previous paper [2].

In mesoscopic devices, noise arises both at equilibrium, leading to
thermal noise, and out of equilibrium, when partitioning of electrons
at a scatterer generates shot noise [6]. The recent progress in the de-
velopment of scanning tunnelling shot noise spectroscopy using a
scanning tunnelling microscope with a tip used to simultaneously
measure the current-voltage characteristics and the zero-frequency
shot noise has proved to be extremely useful to gain insights on the na-
ture of charge carriers [7]. Electronic shot noise is known to be a useful
informational source because it depends on the distribution of trans-
mission channels, which determines quantum transport in the frame-
work of the Landauer formalism. In particular, such measurements
have provided first experimental proves of fractional charges [8].

They are very sensitive to particle-hole symmetry, an evident prop-
erty of Andreev edge states carrying superconducting correlations
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across the non-decaying modes. It has been one of the main reasons for
the S tip in our device [2].

2. MODELLING

To elucidate the difference between the conductive boundary and the
insulating bulk contributions to the transport characteristics as well as
quantum versus classical character of the edge currents, we discuss a
two-dimensional Corbino disk with the uniform density of mobile carri-
ers in the quantum Hall effect plateau. To calculate the current-versus-
voltage curves for such setup, we use our general scattering-like ap-
proach to transport characteristics of a superconductor-based device
coupled to two electron reservoirs, left (L) and right (R), with different
chemical potentials y; and iy as is explained in the work [2].

Following our methodology [9], we interpret the charge transmis-
sion across the setup shown in Fig. 1, a as a sequence of an infinite
number of interface scattering events including Andreev electron-hole
and vice versa transformations at the boundary with the S tip. As is
explained above, for an electron (e) entering the N tip from the L res-
ervoir there are two possibilities, to be scattered back as an electron
with the probability amplitude R*(¢) or as a hole (h) with the probabil-
ity amplitude R*"(¢):

R™ = b (L + rhrtrer™ + .. = e5r ) [ - rhortertorty;

ee _ _.e—> e_.eh_h«_heje h« _ he_,e«_.eh _
R* =1y +trry rtg(A+ 1y r 5 r™ +..) =

e_.eh_h«_ he h« _ he e« _.eh

=18 e J(L - R, (1)
e(h)

Here ¢ is energy of quasiparticles. In Eq. (1) to are probability ampli-
tudes for an electron (e) or a hole (h) transmitted across the normal-
state edge mode, r{™” and r§™“ are probability amplitudes for qua-
siparticles arriving from the tip N (—) and the tip S («-) and scattered
back from the O region shown in Fig. 1. The presence of an S tip intro-
duces additional Andreev-retroreflection r** and ™ amplitudes when
an electron (hole) incident from the O side to the interface with a su-

perconductor is scattered back into a hole (electron) state, respective-

ly. The latter events by which normal current is transfe a super-
current are c?a.cas.terized by amplitudes A(¢) = sign(e) Ve* — A* for |¢| >
A and h(g) =iVJA® —&* for |¢| < A, where A is the energy gap of the s-wave
Stip[9].

The probability amplitudes ¢, rs®~, and r{™“ are found in the

work [10] using modified Griffith boundary conditions at the junction
nodes. In the external magnetic field H perpendicular to Corbino disk
plane, electrons and holes propagating along a loop from the left to the
right node pick up an additional phase +2n®L, , / (P,L) depending on
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Fig. 1. The spectroscopic device (a) and expected conductance G(V)R, (solid
lines) and the normalized shot noise S(V)/(4€%/h) (dashed lines) spectra in the
presence of an external magnetic field H (b). Magnetic flux through the quan-
tum loop is 0, 0.01®,,, and 0.1®,, (curves I, 2, and 3), ®,. = k/2e is the elemen-
tary quantum flux in a superconducting state, Ry = (dI(V)/dV)y is the resistance
of the sample in the normal state, A is the energy gap of the S tip. L; =L,,n=1.

the carrier charge and a clockwise or anticlockwise motion in the two
segments of the loop with lengths L; and L,, ®,= h/e being the elemen-
tary flux quantum for a normal circuit [10]. The sum L = L, + L, is the
loop circumference. The difference in the amplitudes ¢, ™, and
r&™< for holes and electrons originates from that between wave num-
bers k"™ (g) = k, + ¢ / (hv,), kyand vy are Fermi wave number and veloc-
ity, respectively. An impact of the inequality k°(¢) # k"(¢) depends on
the value of the dimensionless parameter n = LA / (fvg).

If all scattering parameters are known, we can calculate the proba-
bility amplitudes R*(¢) and R*"(¢) as functions of the energy ¢ and, at
last, the current I, differential conductance dI/dV, and zero-frequency
shot noise S as functions of the applied voltage bias V at zero tempera-
ture. In the latter case, we limit ourselves to the low-frequency limit of
the spectral density S;(V), which is the Fourier transform of the corre-
lation function S(¢-t')=(AI@)AI(t)) with AI(t) = I(t)-({I(t)), the
current fluctuation depending on time #:

4@2 ev

S(V) = — UR%(S = eV)\2 (1 - \Ree(s = eV)f) + \Reha - eV)‘z x

’ (2)

x(l _ ‘Reh(l _ ev)‘2 )} ds + 8_;2” UR”(S = ev)r ‘Reh(e = ev)‘z} de.

0
This result will be compared with the normalized differential conductance
spectra G(V)=(dI(V)/dV)s/(dI(V)/dV)y that is calculated in the paper[2]:

G(V)=1-|R*(@e = V)| +|R*c=eV) . (3)
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3. NUMERICAL RESULTS AND DISCUSSION

To show the advantage of shot-noise measurements performed togeth-
er with those of the differential conductance, we have performed nu-
merical calculations for the same parameters as in our paper [2] where
we discussed only effects in the G(V) dependence. The voltage V= (u, —
— ug)/e applied to the setup generate the charge flow across it. The
presence of the S tip strongly enhances sensitivity of the shot-noise
spectra S/ (V) to the charge transmission regime across the quantum
ring. Observation of this effect in external magnetic fields together
with related conductance spectra that is shown in Fig. 1 will prove the
presence of quantum correlations in the charge flow localized at the
edges of the sample. Even more, in classical-wave systems, the shot
noise is absent, and its measurement will unambiguously clarify the
nature of the currents under discussion.

As is stressed in the paper [11], electrical conductance measure-
ments have a limited scope in identifying hybrid Andreev edge states,
which form the basis for realizing various topological excitations in
normal-state edge—superconductor contacts. To detect the exotic
states, the authors [11] measured shot noise together with the con-
ductance spectrum in a graphene-based quantum Hall—
superconductor junction. They declared a closer agreement of experi-
mental results with the scenario of uniform phase averaging that
demonstrated crucial involvements of static disorder and inelastic
processes along the current-carrying boundary modes even at very low
temperature. We have proposed another type of the shot-noise spectro-
scopic devices based on two independent N and S tips, charge transport
between which is carried out along topologically protected metallic-
like edge channels.

Generally, a combination of two electronic methodologies in quan-
tum coherent conductors, conductance and shot noise spectra, has been
extensively used for extracting an information on quantum transport.
In particular, it has been done in studies of the fractional quantum
Hall effect [12], spin-polarized quantum transport [13—16], Kondo ef-
fect [17], electron-vibration interaction [18, 19], etc. We expect that
similar two-probe experiments together with conductance measure-
ments can be applied as a detection tool in the search for topologically
protected excitations in novel quantum materials with a non-
Hermitian interior. The interest in such phases stems from their ro-
bust transport properties, which offer fascinating possibilities for the
passage of quantum information exploiting topological immunity to
defects and disorder [20].

Concerning an experimental implementation of the proposed exper-
iments, we can refer to the paper [21] where two-probe scanning tun-
nelling experiments are performed at cryogenic temperature of 4.5 K
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with electrochemically etched tungsten tips independently driven on a
surface and probing distance below 50 nm. In our opinion, there will be
no problems to replace normal-metal tips in such device with supercon-
ducting ones and to use a related well-developed technique [22]. In this
case, such device will be suitable for the experiments proposed above.

This work is supported by the joint German-Ukrainian project ‘Con-
trollable quantum-information transfer in superconducting networks’
(DFG project SE 664/21-1, No. 405579680 and NRFU project F81/
41396).
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Po6oTa Buxoay e1eKTpoHiB i mo3uTpoHiB, 6ap’ep IloTTKi
MeTaJ-TieJIeKTpUuuYHuX canasiuein. Merox Pitiia

B. B. Ilorocos, B. 1. PeBa

Hauyionaavruil ynigepcumem «3anopisvka noiimexnika»,
sya. ARykroecvkozo, 64,
6906 3 3anopixcics, Yepaina

B pamkax meroxy Pitma, KBaHTOBO-CTATHMCTUYHOTO (PDYHKIIOHAJNY i Momeri
cTabisIbHOTO JKejie POSTIIAHYTO 3aJauy 3HAXOMKEHHSA IUTOMOI IOBEPXHEBOI
eueprii, poboT BUXOAY €JEKTPOHIB Ta IMO3UTPOHiB, 6ap’epy IloTTki Hia me-
TaJly 3 NieJIEKTPUYHUM IMOKPUTTAM. BenuunHu, podpaxoBaHi metogom Pitna,
3a7I0BiJTbHO y3TOMKYIOTHCA AK 3 €eKCIepPUMEHTAJIbHUMHU TaHUMU, TaK i 3 pO3-
paxyuxamu metomoMm Kona—Illema. Posrasmyro HaimpocTimii HeomHOpPigHI
MOKPUTTs. BeTanoBieHO 3B’ A30K Teopii meTony PiTia a1 HeogHOPiAHUX IIOK-
putTiB 3 Teopieio meroma Kouma—Illema moBepXxHEBUX XapaKTEPUCTUK MeTaJ-
IieJIeKTPUYHUX HAHOCAHABIUiB. 3alpPOIIOHOBAHO BILJIMB HEOJHOPiIAHOCTI IOK-
PUTTA Ha XapaKTEePUCTUKM MeTAJIeBOl MOBEPXHi OIliHIOBATH MACIITA0yBaHHAM
BUIIAAKY OTHOPiIAHOTO MOKPUTTS. EdeKT 3a1eKHOCTi eHepTeTUYHUX XapaKTe-
PHUCTUK KOHTAKTiB 3BeI€HO JUIIIE O CePEeIHBOr0 3BAYKEHOTO 3HAUEHHA dieJIeK-
TPUYHUX NPOHUKHOCTEHN NieJIeKTPUUYHUX OOKJIAIWUHOK aCUMETPUUYHUX MeTaJ-
IieJIeKTPUYHUX caHABiuer. OOGTOBOPEHO MOMKJIMBICTH BUKOPUCTAHHS OJleprKa-
HUX Pe3yJIbTaTiB y Pi3HUX eKCIIePUMeHTAJIbHUX CUTYallifdX.

KuarouogBi cioBa: moBepxHeBi ABuIlia, podoTa BUXOAY €JIeKTPOHA Ta II03UTPOHA,
6ap’ep IIIoTTKi, MeTaI-mAieIeKTPUUHI caHABIUi, MOZe b cTaOiIBLHOrO JKeJle.

Within the framework of the Ritz method, the quantum-statistical function-
al, and the stabilized jellium model, the problem of calculating the surface
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energy per unit area, the electron and positron work function, and the
Schottky barrier height for a metal with a dielectric coating is considered.
The calculated values are in satisfactory agreement with both experimental
data and the results of the Kohn—Sham calculations. The simplest inhomoge-
neous dielectric coatings are considered. The connection between the Ritz
theory for inhomogeneous coatings and the Kohn—Sham theory for the sur-
face characteristics of metal—dielectric nanosandwiches is established. Invit-
ed to take into account the effect of inhomogeneous coating on the metal sur-
face characteristics by scaling a uniform coverage case. The effect of dielec-
tric confinement for the energy characteristics of the asymmetric metal—
dielectric sandwiches is reduced to the weighted average value of the dielec-
tric constants. The possibility of application the obtained results in various
experimental situations is discussed.

Key words: surface phenomena, electron and positron work function, Schott-
ky barrier, metal—insulator sandwiches, stable jellium models.

(Ompumano 14 rucmonada 2021 p.)

1. BCTYII

HociimxenHa eJIEKTPOHHNX BJIACTUBOCTEI MeTaJIeBOl ITIOBEpPXHi 3i cKJa-
ITHUM IIOKPUTTSAM CTAHOBJIATH iHTEpec AJA CyYyacHUX TEXHOJIOTiil 3 Me-
TOIO CTBOPEHHs, HAIIPUKJIaJ, MaTepiajiB, 1110 BOJOAIIOTH 3HAUYHUM CEH-
COPHUM Biarykom i ceiektuBHicTiO. IIpo cKJIamHicTh omep:KaHHSA
00’eKTiB i MeTO[iB BUMipIOBaHHSA FOBOPUTH IMOPiBHAHO HEe3HAUHA Kilb-
KicTh €eKCIepuMEeHTiB, IIPUCBIUYEHNX, 3a3BUUYal, KBAHTOBO-PO3MipHUM
edbexram. Onuieio 3 GpyHIaMEHTAILHUX XapaKTEePUCTUK METAJeBUX Ha-
HOCTPYKTYP € po60Ta BUXOAY eJeKTPOHIB.

Hait6inpr gocaimgxenuM y mboMy HampaMKy € 6ap’ep Ilortki — po-
0oTa BUXOY €JIEKTPOHIB y AieJeKTpuK abo HamiBopoBiguuk [1-3].

Bucotry 6ap’epy IHloTTKi @, KOHTAKTy MeTaJI—i30JIATOP OIiHIOIOTL HA
ocHoBi mpasuja Illorrki—MorTa [1, 3] 3a XxapaKkTepucTUKaMH i30J1b0Ba-
HUX OJUH BiJ OHOTO MeTaJy I idoasaTopa:

@, * W, — L 1

me W, iy, — poboTa BUXOIY €JEeKTPOHIB 3 MeTaJay y BaKyyM i riimbuHa
3aJATaHHsA 30HU IIPOBiTHOCTI €JIeKTPOHIB B i30J1ATOPI O KOHTAKTY Bif-
MOBimHO. 3a MaJMX 3a30PiB MeTaJy ¥ iB0/isiTOpa «XBiCT» IPOCTOPOBOTO
PO3IOAiNY eJIeKTPOHIB MeTaly 3HAXOAUTHCA MHiJ BIJIMBOM IOJAPU3AIlii
isonaTopa.

¥V pasi iH:KeKIIii mo3uTpoHiB y MeTaiu, IJad AKuX podoTa BUXOIY MHO-
suTpoHiB W, < 0, mO3UTPOHU 3yCTpiuaioTs 6ap’ep BICOTOIO:

O ~-W (2)

p p
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(aHajoriume cIiBBiZHOIIIEHHA MOKHA 3aIUCATH 1 11 aHTUBOAHIO [4]).

TexHoJsoTiuHNI iHTEpeCc HNPeACcTaBJISIOTh IIIBKU, BUPOIIEHI Ha pPis-
HuX migrkaaguaKax [5—7]. Hampukaaz, y po6oTi [ 7] ekcriepuMeHTaIbHO
mocaimxyBanu mwiiBku Pb (111) Tosmuuoro L Bix 1 o 16 momomapis,
BupoireHni Ha migkaanmni Ge (111). 3okpema, ITpOBOAUIN BUMipIOBaHHS
poboTu BUXOAy eJIEKTPOHA Y BAaKYyM MeTOA0M (oToeMiciiiHoi cmeKkTpoc-
Korrii. ABTopu cmocTepiranm miHinr piBua @epmi ereKTPoHIB y mriBIri
Pb (111): yci cepenui suauenna W,~ 4 eB (Take :x 3HaUeHHA Mae Y, JJIA
Ge), a posMipHi paykryarii posnoginanuca B inrepsaai AW(L) € (0,2;
0,5) eB. [lyia yrounerHa ominounux Bupasis (1) i (2) moyxkHaA BBecTH 3a-
nexxHicTe W, (€), e € — HieJeKTpUYHA cTaska i3074TOpA.

Y xomi pospaxyHKiB MeTaJs-mieIeKTPUUYHUX iHTepdeliciB y HabIM-
JKeHHi CYI[LJIBHOTO cepeqoBUIIa i30JIATOP XapaKTePU3yIOTh JIUIIIE BeJI-
YUHOIO €. ¥ paMKax HaOJmKeHHA JoKaabHOI ryctunu (LDA) BuKoHAHO
YUCJIeHHI PO3paxXyHKU IIOJApU3allil i moBepXHeBOT0 IJIA3MOHHOT'O PEe30-
HaHCY B MeTaJleBUX HaHO-cpepax, HUTKAX i IJIiBKax y Pi3HUX JlieJIeKT-
PUYHUX MaTPUIAX (IUB., HAIPUKJIAI, OTJIAL [8]), a TaK0K ImepeadaueHo
3MiHYy 3HAKY POOOTH BUXOAY IIO3UTPOHIB 3aJIEKHO BiJ € TieIeKTPUUHOTO
moxpurta metaay [9]. B pamkax metony Kona—Illema Mmu mpoBesu pos-
PaxyHKU eJIeKTPOHHUX XapaKTEePUCTUK MEeTAJ-TieJJeKTPUUYHUX HaHOCAa-
HaBiueii [10, 11], a TaK0OK XapaKTEepUCTUKY IMO3UTPOHIB y MeTajaax, IIo
micTaTe gedextu [12].

¥ pobori [10] manu miciie 0cOGIMBOCTI, IITO0 HE OTPUMAJIN OSICHEHHS.
Hanpuxaazn, sanesxuocti W, (L) njaa acuMeTpUYHUX CaHABiuiB 36irasa-
cA 3 pobOTOI0 BUXOY €JIEKTPOHIB CUMETPUYHUX CAHABIUiB 3 cepeqHboa-
pudMeTUUYHNM SHAUEHHAM JIieIeKTPUUYHOI KOHCTaHTHU.

IIpobaemy ommcaHHSA MeTaJy 3 HEOTHOPITHUM IIOKPUTTAM OesIoce-
PenHbBO MOB’A3YIOTH TAKOMK 3 MUTAHHAM IIPO aHi30TPOIIiI0 poOOTH BUXO-
Iy abo IIpo JIOKaJIbHY POOOTY BUXONY, AKa 3a CYyTTIO BiITIOBiTae JJOKaIb-
HOMY 3Ha4YeHHIO e()eKTHBHOI'O0 OJHOEJEKTPOHHOT'O IIOTEHIIiay i 3aJe-
JKUTDH Bim koopauHat [13—17]. IloxiboHi mocmimxeHHA TPUHAHATO BUKO-
HyBatu abo ab initio merogamu [14, 15], abo merogom Kona—Illema [16,
17], axi 3a3BUUAil He JO3BOJIAIOTH IIPOBECTH JeTAJIbLHUI aHAJI3 olepKa-
HUX pe3yJabTaTiB, AKUUA MOKJINBO BUKOHATH 3 BUKOPMCTAHHAM Bapia-
mifinoro meroxny Piriia.

MeToio poboTH € PO3pPaxyHOK MeTomoM PiTiia XxapakTepuCcTUK MeTaJl-
IieJJeKTPUYHOTO CAHABIUY i MJIOCKOI MeTaieBOl MOBEPXHi, JIIAHKY SIKOI
MOKPUTi piBHUMMU JdieJIeKTPUKaMU.

2. METOJ PITITA
2.1. ITocranoBka 3amaui

PosrissaeMo MaKpOCKOIIIYHY MeTaJieBy CYIiJabHYy chepy paxgiyca R, 1mo-
KPUTY IIapOM JieJeKTpUKiB 3i cramumu ;. [[JIsa cpoIeHHsa o0YncieHb,
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Kepylourch OOCBiOM HAIMOi momepenuboi pobortu [17], Mu mpuiiHAIN
TOBIIIUHY ieJIeKTPUKIB HECKiHUEHHO BeJIUKUMHU. [loCUTH MIBHUJKE cIa-
ITaHHSA eJIEKTPOHHOTO PO3IOIiIy mo3a MeTaioM (IpuOJIM3HO Ha BigcTaHi
5—10 A) mosBosnsAe 3HeXTyBaTH e(peKTOM TOBIIIHMU IIHOTO MOKPHUTTA, Mi-
HiMaJbHA TOBIIMHA AKOT0 IIOBUHHA OyTH HabaraTo 0ijbIlla MOHOATOM-
HOTO (200 MOHOMOJIEKYJIIPHOI0) IIapy AiejieKTpuKa. [JoB:KuHA BiIbHO-
ro IPoBiry eJIeKTPoHiB v HienekTpukax [, — me gecarku A [18].

JJia aHaJiTUYHOrO BUPINIeHHA 3aJadi IPUIIYCTUMO, 110 Ha MeTale-
Bilf MOBEPXHI MeKYIOTh Jiuire aABa giejdekTpuku 112 (i=1, 2). O6xacts
TieJeKTpUKA 3 € BUBHAUYAETHCA MOJIPHUM KyToMm O, (puc. 1, a). ¥ Bu-
magKy, KOJu €, = 1, puc. 1, a po3B’sI30K 3amaui MosKe OyTH 3aCTOCOBAHUA
1o MeTaJIeBOl KpaIli, 110 JeKUTh Ha AieJeKTPUUHIN miakmanii 3 ;. Ilo-
3HAYAIOUYN YaCTKY MOBEPXHi chepu

a=5/S, (3)

Eugnt  £=1

[

52 i

Egs AP

Puc. 1. TeomerpruHa cxemMa MeTaJIeBOi cpepu, MOKPUTOI JBOMA HieJIeKTPUKA-
mu (a), mepexif Bix cepu mo AUCKA, CHMMETPUYHO PO3TAIIIOBAHOTO MiK dieseK-
TpuKkamu (6), MeTai-TieJeKTPUYHUHE caHaBiY (8).

Fig. 1. Geometric scheme for a metal sphere covered by two dielectrics (a),
transition from a sphere to a disk symmetrically located between dielectrics
(0), metal-dielectric sandwich (8).
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sKa 3aiHaTa giemrexktpukoMm 1 (S;=2nRh, h — BucoTa chepuyHOro cer-
MEHTA), OJIePIKYEMO 3HAUEHHA I'PAHUYHOTO KyTa

cosO, =1-h/R=1-20. (4)

Y mogmesi sKejie MeTanay POSIOAiJ IIO3UTHUBHOTO (HOHHOTO) 3apAmLy €
OoXHOPigHMUM Ii isoTponHUM. Bil Moxke OyTHu 3agaHnii OMMHUYHOIO CTYIIi-
HYACTOIO (PYHKI[IEIO0

p(r) =pO(r - R), p =711 = 3/(4nr?), (5)

(posmoxin p(r) ogHakoBU NJia obJsiacredt 11 2), 1 — eJeKTPOHHA I'yCTU-
Ha B 00’eMi meTany, r, — cepeaHsa BiicTaHb MiXK eJIeKTPOHAMU.

B izoTpomHOMYy BuUIagKy, Ha IPUKJIALL Kejae-chepu y Bakyymi [19],
BizloMo, 1110 pafiyc eJeKTpoHHOI xMapu R’ Biapisudersea Big R. 1la Big-
MiHHiCTL oc R i BHUBHAUAETHCA YMOBOIO €JIeKTPOHEHATPAIbHOCTL

[ vy dr = 0, v(r) = n(x) - p(r). (6)

Hirouu B iumriit mamepi, A4 Keae-chepu y BakyyMmi (Te 3K came MOXK-
Ha CTBEePAKYBATU i MJIA KYJi 3 OSJHOPIZHUM [TieJJeKTPUUYHUM ITOKPUT-
TAM), Pajgiyc eJeKTPOoHHOI xMapu R’ mpupiBHAEMO 10 pagiyca HOHHOTO
sKesae R, a eleKTpoHHUM Npodins BigmoBiguo meTony Pitiia BubGepeMo y
BurJIAAi [6, 19]

n(r)=n{l-Ae" ™" r<R,Be®* " r>R}, A= %f, B=1-4, (1)

Ie f BpaxoBye BigminuicTs R’ Big R.

3rigao pucyury 1, a KoxkHOI obJiacTi BiamoBimaroTh cBoi mpodisi.
s KyJi 3 HEOTHOPIAHUM IOKPUTTSAM BUKOPHUCTAEMO 3aTalbHY GOpMY
mpodiaio (7), ane 3 BizmoBiguumu ingekcamu aada n(r), A, Bif:

n,(r) ={n,(r),0 € (0, 6,,),n,(r),6 € (8,,, M)}. ®

Bimomo, 1110 IyiA MeTaJly 3 OJHOPIZHUM IOKPUTTAM PoO0OTa BUXOIY
esqeKTpoHiB W(e) smeHIyeThbea 3i 30inbienuam € [10, 17]. Hamecernna
Ha ITOBEePXHIO MeTaJy PisHUX MieIeKTPUKIB (g, # €,) IIpU3Bee 10 IIepeTi-
KaHHSA eJIeKTPOHHOI pifnHy mobams3y MoBepxHi MeTaay 3 obaacTti 1 B 00-
JacTh 2 (a00 HaBMAKM) BHACITOK BUHUKHEHHSI KOHTAKTHOI PidHUIII 1TO-
TeHIiaJIiB.

Posnoginu n,(r) i ny(r) Ko mboro & 31e0iabIIOr0 3MiCTATLCS Y IIPOTH-
JIeXKHI CTOPOHH 110 HOPMAJIi 40 IMOBEPXHi Brimubd abo MeTasy, abo mienex-
Tpuka. Takuii epeKT MOKHA BiZoOpasuTH BBeJEHHAM BapialfifiHoro ma-
pameTpiB 0, y BinmoBigHi KoedimieHT:
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A =lfi +9,,B, =1-A,.
2
ITapamerpu A,, A,, B;, By i A, Ay, XapaKTepu3yIOTh PO3MipH JOKAJIbHUX
IUIIOJbHUX 0ap’epis obaacteit 1i 2 BigmosigHo.
IuTerpyBanna y Bupasi (6) 3 ypaxysamuam (7)—(9) mpuBoguTh O0
CIIiBBimHOIIIEHHA

5, = - (ijzs col X 1], )
1-o)% 22 g

IIporune:xxuuii 3HaK O, i O, 0O3HAUAE BTPATY JIOKAJIbHOI eJIeKTPOHeNTpa-
JBbHOCTI B o0JsacTax 1 i 2 BHACHiIOK mepeTiKaHHA eJIeKTPOHIB, aje y BU-
magKy 30epekeHHs IIOBHOI eJIeKTPOHENTPaJIbHOCTI chepu.

Posriguemo cmouatky Bunaaok o.=0,1 (puc. 1, a) i R — 0 — maocKy
TIOBEPXHIO METAJTY, IIOKPUTY OTHOPiTHUM AieIeKTPUKOM.

2.2, IInmockmii inTepdeiic MeTad—mieIeKTPUK

Y mogeni crabisbHOro keje i meroni PiTiia BUKOPHUCTOBYEMO OIHOIA-
pameTpuuHMUHi npodinas eaeKTPoHIB n(2)i p(r) = nO(-2) .
KBanToBo-cTraTucTuuHM QyHKI[IOHAT 3 00’€MHOIO TYCTUHOIO eHeprii
enexkTpoHiB g(n) B LDA ckiagaeTbca 3:
KBa3iogHOPiAHOI KiHEeTHYHOI eHeprii HeB3aeMOIIMHOIO eJeKTPOHHOTO
rasy;
ujIeHiB poskaagaHHa Befinzexkepa—Kipxuaima—Xomka KiHmeTuuHoil
eHeprii, mo micTuTh rpagieuT n(2) 3 TAPHUMU CTYIIEHAMH;
obmimuoi eHeprii Ta xKopenamniiinoi eneprii Ilaiitnca—Hossepa (merainn-
HUH BUTJIAL QYHKITiOHAY HaBeaeHo B[6]).
EnexTpocTaTuuHUi mOTEHIIiald (¢ BU3Ha4YawTh 3 piBHAHHA [Iyaccona
(TyT i masi BUKOpHCTaHO OAMHUIIL XapTpi)

Vip(2) = -

) v(z), oz —> ©)—>0. (10)

dyukrnia F(z) nopisHioe 1 ycepenuHi merany, e eJIeKTPOHU i HOHU

3HAXOAATHCA Y BAKYYMi, i JopiBHIOE € 30BHI MeTany. Po3B’ 30K piBHAH-
Hs (10) mae BUrIIAn

+00

(p(2)=6—4j (z 2)dz, §=- j zd2<0 (11)

—0

e (¢ — 3HAUEeHHA y ITUOVHI MeTamy.
Pob6oTy BUXOAY €IeKTPOHIB Yy MOJeJi cTabiILHOTO K ejie BU3HAUYAIOTh
HACTYIIHUM YMHOM
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W =—5 dfl(:) <8V >g) (12)
e crabimizamiiiumii moreHIiaa
< 8V >,4= 2(0,0026 + k, / 81— k2 / 10).
Ha mo3uTpoHiB
W, =6+ W, (1), (13)

e pr““‘(rs) MiCTUTH BHECKH BiJ MO3UTPOH-€JEKTPOHHUX KOpeJdAliii B
OTHOpPimHOMY eneKTpoHHOMY rasi [20] i mo3uTpoH-1ioHHOI B3aemMofii B
eJileMeHTapHi#i KoMipiii merany [21] (prulk =3,97 eB mna Al).

IlincraBuBmiu B (11) ogHOIIapaMeTpUUYHY (PYHKILII0, OIEPIKYEMO
n(z) = n{l-0,5¢”*,2<0,0,5e ", z>0}, (14)

sika sb6iraetrbes 3 (7). AKIimo R — o, ofep:KyeMo

¢(2) = 21\’ {(1 + lj etz < 0,1(3'2“,2 > O}. (15)
€ €

Bupas (15) 36iraerbcsa 3 BigmoBigHUM pesyJsbTaToM pobotu [22]. ¥V
(15) xoau z=0 IpPoOCTEKYETLCS 3B’ A30K i3 3HAUEHHAM €JIeKTPOCTATHY-
HOT'O IIOTEeHITiaJly Ha rpaHuIli npoBigHoi Kyui B gienekTpury [23]. Huaa
IIBOTO IIOTPiIOHO POSTVISHYTH BHECOK c(hepuUYHOro HOHHOTO KeJje i ce-
PHUYHOI eJIeKTPOHHOI XMapu OKPEMO.

IIuToMy moBepXHEBY €Heprilo ¢ BU3HAYAIOTL BiAIIOBigHO 3 BUpasiB
I TycTuHU eHepril g(n) [6]. ¥V pesyabrarti iHTerpyBanua GpyHKIii (14)
OEPIKYEMO

o =n")°C, (1 + 1) +MmPC, + n**C, +nC, ) +

cor
€

B s (16)
n

n —
+Icg1 + ?(ng + Cg3 + Cg4) + nAC,, s (V) 1y

e C,=0,785, C,=-1,842, C..=0,2502, C,.,.=6,589-1073,
C,= 9,627-1073, Cp= 5,115-:107%, Cp= —4,832.107%, C.= 1,611-107%,
Cys=-0,5.

Hami posriguaemo Bumagok o= 1/2 ma pucyury 1, a, Koiu 1eHTp Me-
TaJeBOl KyJIi PO3TalllOBAaHO Ha ILJIOCKIM I'paHUIIl ABOX IieJIeKTPUKIB
(0, =1/2).
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2.3. Canasiu

Hedopmyoun KyJio B IUCK, MOKHA IIEPEUTH 10 MAKPOCKOIIIUHOI «IIja-
CTUHU>» TOBITUHOIO L y mieleKTpuuHOMY OoTOueHHi (puc. 1, 6) — mera-
TieJeKTPUYHNIN CAHABIY 3 INIOCKUM iHTepdericom.

s canagBiua BubepemMo npodiab eJIeKTPOHHOTO PO3IOIiNY Y BUTJIAIL

(2+Z4)/\
Be 1, z2<Z,
—(2+Zy) /A
1-Ae ™M 7 <z<0,
=n ! ! 17
n) =7 o (1n
1-A,e” 2"2,0<z<7Z,

B

2

—(2-Z5)/ M
e 222> 7,

ae Z1’2 = L/2 + 61’2.

3’sicyBaJiocsi, II[0 YMOBa 3IIMBAHHA MOHOTOHHOrO Ipodinio (17) B
z=01 fioro moxigHOI A1 MOBiIBHOrO L 1 yMOBA €JIeKTPOHEUTPATIBHOCTI
BUKOHYIOTHCA TiIBKU TOi, KOJIN

ho=h, 1 8 =-5,=0. (18)

IligcraBasioun (17) y Bupas a4 eJIeKTPOCTATUYHOIO IIOTEHITiaIy ca-
HABiua

o) = ~dx 4z [ YZ1 42", alr) =0

i 36epiraroun TiJIbKM €KCIIOHEHTHY KOOPANHATHY 3aJI€KHiCTh IJIs BUIA-
Iy L >> A, omep:ryeMo

%e(Z+L/2)/}"’ z2 < -L / 2,
€
1+%_e(z+la/2)/7\’ -L/2<2z<0,
€
zZ) = —27Tﬁ7h2 19
0(2) 1 (2-L/2)/1 w
1+U—e ,OSzSL/z,
€
|
Ue y 2> L / 2’
€
Ie
(&=t (20

2
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IIpodins (19) BimoOpaskae eKBiIOTEHIIMHICTL MOBEPXHi MJIACTUHU
0esmocepeIHBO HA TPAHUITI IIOBUTUBHO 3aPAIKeHOro GoHy.

Takum umHOM, IJIS CAHABiUa MOKHA 3aCTOCOBYBATH TOI cCaMU BUPAa3
(17), ame 38 ¢ —> (g) . na poboru Buxony (12) sHaueHHA ¢ Temep 3aMi-
HIOEMO Ha 3HAYEHHS IIOTEHI[iaJIy B IIEHTPi caHaBiua

0(0) = —2mAA> (L + () ™).

Bupas (19) mae awmagorii. Ilo-mepire, cmocrepiraeTbcs NTpPAMUK
3B’S30K 31 3HAUEHHAM eJIeKTPOCTATUYHOTO IIOTEeHIIialy Ha I'PAHUILi IPO-
BiIHOI KyJIi, CHMETPHUYHO PO3TAIIIOBAHOI MisK TBOMA HieJIeKTPUKAMU 3 €
i g, [23]. Ilo-apyre, BUABIAETHCSA MPIMUN 3B’ A30K 3 pe3yJabTaTaMU Me-
rony Kona—Illema mias mMeTas-mieIleKTPUUYHNX HaHOCAHIBiuell, HaIpu-
KJaan, mrisku Al ToBimuHOO L, JiBOpyY i MpaBOpyY Big AKOI 3HAXOIATE-
cA AleTeKTPUKU: {€,,, |A1L| €gnt) (PHC. 1, 0).

¥ pesyabraTrax pobotru [10] manu micite oco6aImBOCTI, 1110 HE MAIOTh
nosicHenHs. 3anexxuocti W(L) nis cauasiuis {1|A1L|5} i {3|A1L| 3} 36i-
ranucs. PospaxyHoK mjis {1|A1L| 9} i {5|A1L| 5} mokasas Texx came, TOO-
TO po6oTa BUXOAY AJIA ACUMETPUYHUX CaHABiuiB {g, |A1L| €11 ) B0ira-
Jacs 3 po60TOI0 BUXOAY CUMETPUUYHUX CAHABIUiB {(s>|A1L (e)} 3 cepen-
HbOAPU(METUUYHUM 3HAUCHHAM (&) = (g, + aright)/Z (puc. 5 8[10]). Tax
caMo OyB BUSABJIEHU ropb IOTeHIiany, HaIpUuKIam, aasa {1 |Al L| 5} 3 60-
Ky BakyyMy (€4 = 1). Temep Ha migcrasi meTony PiTma mamo moscHeHHSA
IIUM OCOOJTMBOCTSIM.

Y Bunmagky o= 1/2 i R — o eIeKTPOCTaTUYHUYA HOTEHITiaa B aHAJIITH-
YHUX QYHKIIIAX He BUBHAUYAETHCA, ajie MOJKHA BUMHUTH TaK.

¥ BUIAAKY PO3PaxXyHKY €MHOCTI ILJIOCKOTO KOHAEHCATOPAa, YaCTKOBO
3alIOBHEHOTO PiBHUMU TieIeKTPUKaMU, BEJIUUYUHU & BXOAATHL B KOMOi-
Hamii €,S;, me S, — maomii KouTakTiB. IIponoHyeThCA y3araJbHUTU BU-
pasu (15)i (16) 3a mormomororo 3amMiHu

£ g0, (21)

[JIsT TOBLIBLHOTO YMCJIa KOHTAKTIB MeTaJIeBOoi MOBEpPXHi 3 AieJeKTpuKa-
MHU. ¥ POBTJIAHYTOMY HAMHU BUIIAKY ABOX Ji€JIEKTPUKiB

e > ga+eg(l-a) (22)

imnaoa=1/2 maemo € = (g).

3. PE3YJIBTATH TA OBI'OBOPEHHSA

Pospaxyuku sukonysaau aias Al (r,=2,07a,, a, — 60piBcbKUiI pamiyc).
OnTuManbHiI 3HaueHHs BapialifiHoro mapamerpa A(g) 3HAXOAUJINCH 3
yMmoBu o(7,€,A) > min. 3i 30iIbIIeHHAM CTAJIO]l € IOKPUTTSA SHAUECHHS
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A 8pocraiots Big 0,709a, (e =1) mo 0,805a, (¢ = 5), BUXOAAYM HA TIJIATO.

Ha pucyHKy 2 HaBeIeHO 3aJIeKHOCTI IT0OBEePXHEeBOoi eHeprii o(g) i podo-
TH BUXOAY e1eKTpoHiB W(e). 3i 30igbIIeHHAM CTAJIO] € HOKPUTTS BEJIV-
ynHu 6 i W 3MeHIIyIOThECA 1 TAK0MK BUXOIATD Ha I1aaTo. PesyabTaTu po-
3paxyHKiB MeromoMm PiTia mjii KBAaHTOBO-CTATHCTHUYHOT'O 3aJ0BiIHHO
YB3rOMKYIOTbCSI 3 eKCIEePUMEHTAJbHUMU 3HAUEHHAMHN MOJda &=1
(6 =926 epr/cm?, W = 4,25 eB) i pospaxyakamu metozoMm Korna—Illema.

Y rabauni 1 HaBegeHO pe3yJabTaTH OOUMCIEHb s KOHKPETHUX i30-
JIATOPiB Ha moBepxHi Al, AKi 1eMOHCTPYIOTH 3MiHY 3HAKY POOOTH BHUXO-
ny nosutpora W (¢).

MosxkHa BigMiTHTH 3aJl0BijibHE Y3TO:KEeHHA PO3PaxyHKIB MeToJaMu
Pitia i Koma—Illema, 1110 o3Hauae i 3a40BiJibHE y3TOMIKEHHS PO3pPaxo-
BaHMX BeJUUYNH AUIOJILHUX 0ap’epiB y muX Bepcigx MmeToxy (PYHKILiO-
HaJja TyCTUHU.

PesyibraTu pospaxyHKiB MmeTogom PiTma njsa meras-gieieKTpUYHOTO
cagnaBiua (o=1/2) maBeneni B Tabs. 2. 3icraBienusa 3HaueHb c i Wy
Tabiu. 2 qua g =3 1 g =1 30iratorbca 3i 3HaueHHAMu o i W pua
€ — (g) =2 ma puc. 2 AJa OTHOPiTHOTO HOKPUTTs. AHAJOTiUHA PiBHICTH
cIocTepiraeThbeA TaAKOMXK M1 &,=51ig,=1, € > (¢) =3 Ha puc. 2, mo i e
HaCJIIIKOM eKBilIOTeHI[1aJIbHOCTI MeTaJIeBOl IIOBEPXHi.

ITosaBa ropba moTeHIIiady AJs acuMeTpuUyHOro caHaBiua B [10], Ha-

900 = T T =
" - .
] - ]
i 700 - =]
=9 - ]
I - -
sk ]
500 _ 1 I 1 ]
1 2 3 4 5
T T T =
VI .
& - ]
E' E B 2 E
3,61 ]
28 - | ] 1 &
1 2 3 4 5

& — <&>

Puc. 2. PospaxoBawui 3ame:xkuocTi o(c) i W(e) metomom Pittia (1) i Kona—Illema (2).

Fig. 2. The calculated dependences o(¢) and W(g) by the Ritz method (1) and
the Kohn—Sham one (2).
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TABJIUIIA 1. Pesynbratu pospaxyukis W, meronom Pirna i merogom Kona—
IlTema () imeanbuux KoHTaKTiB Al/i3omaTop.

TABLE 1. The results of calculations W, by the Ritz method and the Kohn—
Sham one (*) for perfect Al/insulator contacts.

Izosmarop - Ne Ar Kr Xe SiO, Al,04
| | | | | | |

€ 1 1,2 1,5 1,65 1,9 2,43 9
WE’ eB -0,65 -0,45 -0,24 -0,16 -0,06 0,32 0,52
W ,eB -0,67 -0,41 -0,15 -0,06 0,06 0,56 0,85

p°?

MIPUKJIAT, {1|A1 L| 5}, moB’A3aHa 3 mepe3apALKOIO TOBepXHi. EleKTpoHN
epeTeKJIN 3 IPaBoOro OOKY IJIACTUHY Ha JIiBY BiAIIOBigHO 1O YMOBU PiB-
HOBAar¥ JIJIsI XeMiUHOT0 IIOTEHITiaay eJIeKTPOHIB L(2) = const. O6uucien-
HS 3 HAUTPOCTIiMMuUMU TpoOHUMU (GyHKIigMu 3a ymoBu (18) me 3marhi
BijoOpasuTu 1eii epexT.

B Tabiauii 2 HaBegeHO pPe3yJIbTATH BiAIOBIZHMX OOUYMCIEHDL IJII
a#1/2. BuauenHa A, ci W nna g, = €, =1 BignmosizaioTs inTeppeiicy me-
TaJ—BaKyyM i «IIepIIinM» TOUYKaM Ha pUC. 2.

«HeogHopigHiCTE» MOKPUTTA (hopMabHO BUBHAYAETHCA CKJIAJOBUMU

¢ = —2nn\’ 1+; i 52K3Cq 1+;
go+¢g,(1-a) go+e(l-a)

TABJINIISA 2. PesynbraT 00unciieHb MeToI0M PiTiia XapaKTepHUCTUK caHABiIva.

TABLE 2. The results of calculations by the Ritz method for sandwich charac-
teristics.

o ‘ £, €, X, ag ‘ G, epr/cm? ‘ W, eB
1/2 1 1 0,709 872 4,88
1/2 2 1 0,741 760 4,47
1/2 3 1 0,760 698 4,25
1/2 4 1 0,774 658 4,12
1/2 5 1 0,784 630 4,03
1/2 4 3 0,791 609 3,96
1/3 2 1 0,732 790 4,58
1/3 3 1 0,748 736 4,39
1/3 4 1 0,760 698 4,25
1/3 5 1 0,770 669 4,16
1/3 4 3 0,789 615 3,98
1/4 2 1 0,727 807 4,64
1/4 3 1 0,741 760 4,47
1/4 4 1 0,752 725 4,35
1/4 4 3 0,787 619 3,99
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nna Wios(15)i(16) sizmoBigHo.

Tomy, AKIMO AJA Pi3HUX 3HAUEHD O, €; 1 €, KOMOiHAaIiA ;a0 +&5(1 —a) e
IiJIOYMCEeILHOIO, TO TOUKM Ha puc. 2 IJId OJHOPIAHUX MOKPUTTIB BigmO-
BiZaroTh caMe IIMM YHCJIaM.

TakuM YMHOM, PUCYHOK 2 € KJIIOUOBUM, 8, BUKOPUCTOBYIOUH CITiBBiI-
HoreHH (21) Ak MaciTabHe IepPeTBOPEHHA, MOKHA OIiHUTH 3HAUECHHS
o i W nmiiss HeOmHOPiAHOTO IIOKPUTTSA.

KomeHTyoun posb mapamerpis 9, i 0,, CJIig BKasaTu, 1110 BUOUpaOUn
MOHOTOHHI mpobHi GpyHKIii Bumy (14) a6o (17), ymoBa eleKTpoHelTpa-
JBHOCTI Y IIJIOCKOMY BUIIAJIKY Ja€ MOKJINBICTH BUKOPHUCTOBYBATHU TiJib-
KU ONWH Bapiamifiumii mapameTp A.

Toune pimmeHHA 3amadvi IJd caHABiUa 3HAXOOATH i3 CCTEMM OJHOBHU-
mipaux piBaaab Kona—Illema i IIyaccona [10]. ¥ TpuBumipHOMY BHUIIA-
IKY IIi pillTeHHA TOBUHHI 3a/J0BOJIBHATH YMOBi U(x, Yy, 2 = const). O6uuc-
JIOBAJIbHA IIPOIleaypa y TaKii IIOCTaHOBIII I0Ci He peaJii3doBaHa.

Taxum YMHOM, Po60OTa BUXOAY eJeKTpoHiB W(e) — eHeprisa eaexkTpo-
Ha BifipaxoBaHa BiJi BaKyyMHOTro piBHA A0 piBHA Pepmi € i30TpPOMHOIO
He3aJIe;KHO Big (hopMU MOBEPXHI METaJIeBOro 3paska i JieJIeKTPUYHOTO
noxkpuTTsa. TaKuii BMCHOBOK BUILJIMBAE 3 €eKBiIIOTEHITIAJIBHOCTI MeTaJIe-
Boi moBepxHi[13—-1T7].

Bap’ep IIIoTTKi A7 KOMIIO3UTHOTO IIOKPUTTS

oY =W,(&) -1 (23)

HaBHOaKW, € aHiB0TPOIIHOIO BEJIMYMHOIO i y IIpollecax IepeHeceHHa BU-
3HAUaE€THCA Halbinbmon Bermumuowo ) (madimenmum ®). y,=0,1,
0,2, 0,45,0,68, 1,1, 1,35, 4,051 4 eB g Ne, Ar, Kr, Xe, Al,O,, SiiGe
BigmoBinmHO.

O6roBOopUMO MOKIUBICTE CIIOCTepeskeHHA 3anesxxHocTelr W (€) i W ()
LIS PisHUX KOHTAKTiB.

AxImo poboTy Buxoay enekTpoHiB y BakyyM W () BuMipiooTh y pe-
3yJbTaTi 30BHIMIHLOTO (hoToedeKTy, TO TAaKy MOKJIMUBICTHL BiHOCATH
TiIBKY OO METaJy 3 JieJeKTPUUYHUM IIOKPUTTAM TOBITHHOIO A <[, (Bix-
CYTHICTh €HeprooOMiHy eJIEKTPOHA 3 i30aATopoM). Y IIPOTHUICIKHOMY
Bunaakry (A > [,) Benuunny W (€) Moske OyTH BCTAaHOBJIEHO 3a (hopMyJI0I0
(23) i BuMipy ©, BHACTITOK BHYTPiTHBOTO hOTOEhEKTY.

PoGotry Buxoay mosutponis y BakyyMm W (1) ogepKy0Thb, BUXOAAYN 3
HUKHBOI I'PAaHUI] KiHEeTUYHOI eHeprii To3UTPOHIB 3BOPOTHOI emicii [24],
TOOTO TiNIBKU JJA TUX MeTaJiB, And axux W (1) <0. Tomy y Bunagky
KOHTAKTiB 3 i3osiATOpamMu BUMip 3anexHocTi W (€) MOKJIMBUN TiMTBKU y
pasi BUKOHaHHA ymoBu A <[, me |, — nmoB:xwuHa qudysii 103UTPOHA B
izomaropi. ¥ Bunagky A > [, IO3UTPOH BTPATUTh HAAJIUIIKOBY €Hepriio B
i307ATOpPi, OMMyCTUTHCA HU)KUE BAKYYMHOI'O PiBHA eHeprii i Tam aHiri-
J10€. Y HaBeleHNX eKCIepUMEHTAJNbHUX CUTYAIliAX B pe3yJibTaTi BUPi-
ImeHHs oOepHeHOI 3azadi i3 BumiproBanHA W (g, L) i W (g, A) MmoxHA
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oumirwuTH l,il, B idomaropi.

Y Hamomy gocaiKeHHI MU IPUMTYCKAJIX BiICyTHICTh XeMiUHUX 3MiH
B KOHTAKTi, 110 TOCUTH IPABOIOAIOHO /I 130/IATOPiB 8 MaIuM Y. g
HamiBOpoBigHUKIB Si, Ge HaABHICTL MOBEePXHEBUX CTAHIB IIPU3BOAUTH
o miHiHTy eHeprii @epmi. ¥ 1IbOMY BUNAIKY 3aJaUy BUPINIYIOTH KJac-
TepHUM MeToaoM [25].

Y metoni Pitia asa meTasieBol mOBepXHi 3 JieJIEKTPUUYHUIM ITOKPUT-
TAM IIUTOMA IIOBEPXHEBA €HEPTid BUKOHYE AOIOMiKHY POJIb: V Pe3yJIb-
TaTi omTMMisallii BUBHAYAJNM «CIPaBXKHE» 3HAUeHHA mapamerpa A(g,
€;), AKe HeoOXimHe AJa pospaxyHKy poboru Buxony W, (g). MoxHa 3a-
IIPOIOHYBATH HACTYIIHE IPAKTUYHE BUKOPUCTAHHS OePKaHUX Pe3yJIib-
TaTiB A5 6(&;, €5).

ExcrnepuMeHTa/IbHO IIOBEPXHEBUN HATAT BUBHAYAETHCA KYTOM 3MO-
yyBaHHA 3a 3akoHOM IOmnra [26]. Bognouac omep:xaHa y maHiii po6ori
3ayIeKHIiCTh o(L, €, €,) |52=1 y IIeBHOMY CeHCi MOJeJIl0oe MeTaJIeBy Kpall-
JII0, III0 TOPKAETHLCS IJIOIIEI0 ouS BJIACHOI IIOBEPXHI MieIeKTPUUHOIL Mif-
KJIagKU 3 KOHCTAHTOIO &, (puc. 1, a). 3anponoHoBaumuii y gaHiit pobori
migxiz, a TakoK pes3yJbTaTH, HaBeJeHi y TabJ. 2, J03BOJIATH 301IBIIINTHI
TOYHiICTH BUMipIOBaHHA C.

4. BUCHOBRKH

VY maniit po6oTi B pamkax metony PiTma mociim:keno emepreTuuHi xapa-
KTEePUCTUKHU MeTaJieBOl MJIOCKOI MOBEPXHi 3 MPOCTIIIUM HEOAHOPiAHUM
IieJIeKTPUUYHUM IOKPUTTAM. /I OMHOPiAHOTO IMOKPUTTA IIOBEPXHEBA
eHepris, podboTa BUXOAY €JEKTPOHIB i MOBUTPOHIB, pOo3paxoBaHi MeTO-
nom Pitma, 3a0BLJIBHO Y3TrOIKYIOTHCSA SIK 3 €KCIIePUMEHTAJILHUMHA Ja-
HUMU, TaK i 3 po3paxyakamu meronoMm Korna—Illema.

Amanisz B pamkax metony PiTiia mo3BoJMB maTw iHTepIIpeTaliio me-
SIKUX 0COOJIMBOCTEH PO3PAXYHKOBUX MOIEPEIHIX pPe3yabTaTiB IJIA acu-
METPUUYHUX MeTaj-TieIeKTPUUHNX HaHOCaHABiuel. 3acTOCyBaHHsA IIPO-
OHMX PYHKIi aHaAIiTHUHOrO MeToAy PiTiia, AKWIi € MEHIII TOUHUM II0-
PiBHAHO 3 IIIIKOM CAMOY3TOKEHUM PO3paxyHKOBHUM MeromoMm Koma—
IlTema, yMOKJINBUB PO3KPUTH MEeXaHi3M 3MiHM BEJINUYNH IIMTOMOI IIOBE-
pxHeBoi eHeprii, poboTu Buxonmy 3 MeTtany, 0ap’epy IIIoTTKi 3a paxyHOK
Oigbopy HOro HeOHOPiIAHOTO JieIeKTPUYHOTO OTOUEHH.

3amnpoIIOHOBAHO OIIiHIOBATH BIIJIMB HEOAHOPiZHOCTI MOKPUTTS Ha Xa-
PaKTepUCTUKY METAJIeBOI MOBEPXHi MacHITaOyBaHHAM BUHOAAKY OHO-
PiIHOIO IIOKPUTTA.

ITokasano, 1110 po60oTa BUXOAY €JIEKTPOHIB € CKAJISIPHOIO BEJIMUMHOIO
He3aJIe;KHO Big (hopMU MOBEPXHI METaJIeBOro 3pasKa i JieJIeKTPUYHOTO
nokputtsa. Bap’ep IIIoTTKi a1 HEOOZHOPIZHOTO IMIOKPUTTA, HABIAKU, €
BEJIMUNHOIO aHi30TPOITHOIO.
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STRUCTURE AND PROPERTIES OF NANOSCALE
AND MESOSCOPIC MATERIALS

PACS numbers: 43.35.+d, 61.05.cp, 65.40.gd, 81.07.Wx, 81.20.Ev, 81.40.Rs

CrpykTypa, (pa30BuUii CKJIAX i MATHETHI BJIaCTHBOCTI
BHCOKOIMCIIEPCHUX MOPOIIKiB BHUCOKOEHTPOIIINHNX CTOIIiB
cuctemu AlCoCrCuFeNi 3 pizaum Bmictom Al Ta Cr,
oep:KaHuX YIbTPa3BYKOBHM O00PO0OJIEHHAM Y KYJIbOBOMY MJINHI

A. O. Ilepexoc, B. M. Mopgiok, B. 3. Boiinai, B. B. Bouzgap,
€. 0. CeuctyHOB, /1. JI. Bamyx, C. }0. Makapeuko, T. I'. Ka6au1es
ITncmumym memanogisuru im. I'. B. Kypdiomosa HAH Ykpainu,

oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

ViasTpasBykoBuM 00pobiaeHHAM y KysaboBoMy MunHI (Y3KM) KpymHO3epHUC-
Tux moporrkoBux cymimieit (K3IIC) axtominito, samrisa, KobaabTy, Mifi, HiKe-
JII0 Ta XPOMY BIIEPIIle OJIeP:KaHO BUCOKOJAMUCIIEPCHI IIOPOINKY BUCOKOEHTPOMIi-
uux cromiB cucremu AlCoCrCuFeNi Ta mocaig:keHo BIJIMB BMiCTy aJaOMiHi0 i
XpOMYy Ha iXHi¥l (pa30oBHUU CKJIaJ Ta MarHeTHi BjaacTuBocTi. MeTomaMu peHTI'e-
HOCTPYKTYPHOTO aHAJi3y, MeccOayepiBChbKOI CIIEKTPOCKOIIii Ta MarHeTroMeTpii
TMOKas3aHo, 1110 Bci BucokoaucmepcHi moporku (BIII), oxep:xani Y3KM, 3Ha-
XOOATHCA Y BUCOKOEHTPONINHOMY CTaHi Ta MiCTATH ABa TBEPAUX POSUYMHU — 3
OIIK- i TTIK-rparaunamu. Bogaouac KinbKicTs OIIK-(dasu Ta BernuuHa Ou-
TOMOI HaMarHeueHOCTi HacHuYeHHs 3ajexxarsb Bix Bmicty Al i Cr y Buxigumx
K3IIC. ITokasano Takok, 1o dhepomarueTusm ogep:kanux BIII o6ymoBiaenmit
TOJIOBHUM YMHOM IIPUCYTHicTIO y mopoinkax OITK-dasu.

KarouoBi c1oBa: BICOKOEHTPOIIIHI cTonu, yabTPa3ByKOBa 00POOKa, BICOKO-
OUCIIEPCHI IOPOIIKY, PEHTIeHOCTPYKTYPHUI aHAaIi3, MeccOayepiBChKa CIIEKT-
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POCKOIisl, MarHeTHi BUMiplOBaHH4.

For the first time, ultrafine powders (UFP) of high-entropy alloys (HEA) of
the AICoCrCuFeNi system are produced by ultrasonic milling of the coarse-
grained powder mixture of aluminium, iron, cobalt, copper, nickel and chro-
mium in a ball mill. X-ray analysis, Mdssbauer spectroscopy and magnetic
measurements shows that the phase composition and magnetic properties of
UFP are affected by the aluminium and chromium contents. These investiga-
tions have shown that all UFPs produced by ultrasonic milling are in high-
entropy state and contain two solid solutions with f.c.c. and b.c.c. lattices.
Both the quantity of b.c.c. phase and magnitude of specific saturation mag-
netization of UFPs depend on the aluminium and chromium contents in the
original powder mixture. Ferromagnetism of the obtained UFPs is shown to
be mainly due to the presence of b.c.c. phase.

Key words: high-entropy alloys, ultrasonic milling, ultrafine powders, X-ray
analysis, Mossbauer spectroscopy, magnetic measurements.

(Ompumano 26 aunnsa 2021 p.; ocmamoun. eapiaum — 16 epydns 2021 p.)

1. BCTYII

OcTranHiMu pokaMu Po3po0JIeHO HOBUH KJIac 6araTOKOMIIOHEHTHUX CTO-
IIiB, TaK 3BaHWX BUCOKOeHTpomiitHuxX crouiB (BEC), mo ckiamy saKumx
BXOJATH II’ATH i OisbIle OCHOBHUX ejeMeHTiB [1, 2]. 3aBaaKu BUCOKIii
€HTPOIIil 3MilITyBaHHs KOMIIOHEHTIB, sIKa JOCATa€ CBOT'0 MaKCHUMAaJbHO-
o 3HAUEHHS Yy BUIIAJAKY eKBiaTOMHOT'O CIIiBBiTHOIIIEHHA KOMIIOHEHTIB, Y
BEC ¢dopmyeThbca cTiliKMil, TepMOSUHAMIUHO-CTAOIILHUHA CcTaH, AKHWHI
XapaKTepus3yeThCA HASIBHICTIO B HUX OJHOTO a00 KiTbKOX TBEPAUX PO3-
yuHiB i3 mpoctumu kKpucramgiuammu rpataunamu — [1IK, OLIK un
I'I1Y. BEC nmpuBepTraioTh 10 cebe migBUINIeHNH iHTepec y 3B’ ABKY i3 Iri-
JUM PAIOM He3BMUYANHUX CTPYKTYPHUX CTaHIB 1 KOMIJIEKCOM MiJBUIIe-
HuX (QPismunumx BiactuBocTeit. Tak, 11i cTony BUTiTHO BUPi3HAIOTHCS BU-
COKMMU TE€PMO-, Kapo- i KOPO3iNHOI0 CTiHKiCTIO, HU3BKOIO €JIEKTPOIPO-
BiZHICTIO, BHCOKOI0 TBEPHIiCTIO Ta IiHINNMH IIiABUINEHUMU (PiBUKO-
MeXaHIYHUMU XapaKTepPUCTUKAMU.

OcTranHiM YacoM AJIs CTBOPEHHS MaTepiajiB 3 MiJBUINEeHIMU eKCILIY-
aTaIifHUMI XapaKTepPUCTUKAMU Bce OiJIBIIIOTo MOIINPEeHH Ha0yBaoTh
MeTOIU, IO I'PYHTYIOTHCS Ha iHTEHCMBHOMY MeXaHiuHOMY HaBaHTa-
JKeHHi Ha peyoBuHY. [lo ynciaa Mux MeTO/IiB HacaMIIepel BApTO BifHECTU
iHTeHCUBHY ILIACTUUYHY MedopMalliio IIijJi BUCOKUM THUCKOM i MexXaHiuHYy
00pOOKY B KYJBOBUX MJMHAX pisHoro tuny [3, 4]. 3o0BcimM HelogaBHO
3’ABUINCH POOOTH, B AKX BUCOKOI'O CTYIIEHIO MeXaHiuHOI 00poOKH Io-
cATANN 3a JOIIOMOT'0I0 KOMOIHOBAaHMX METOMiB BIJIMBY Ha 00pPOOJIIOBA-
Huii martepian. Tax, aBropu [5—7] y pobouy KamMepy KYyJIHLOBOTO MJIMHA
ITOIAaTKOBO BBOIWJIM YJIBTPa3BYKOBi KoamBaHHs. IlokaszaHo, IO Taka
KoMOimoBaHa 00pOOKA CYTTEBO IPUINBUAIIYE KiHeTHKY IuU@y3ifiHMX
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mporieciB i TBepmodasHUX peakIiii B oO0poOI0BAHOMY MaTepiasi, IIo
CBOEIO YeProio JO3BOJISAE CYTTEBO CKOPOTUTHY TPUBAJIICTL MeXaHiuHOI 00-
PpoOKm.

Pawmimnre kom6inoBaHi MeTogu 00POOKM MU BUKOPHCTOBYBAJIHU IJIsI BU-
BUEHHS TIPOIIECiB PO3UMHOYTBOPEeHHA y OiHApHMUX i MOTPiHHMUX IIOPOIII-
KOBHUX cHCTeMaXx Ha ocHOBi mMifi[8, 9]. ¥V mux mammux poborax moxasaHo,
IITO CHiJIbHA i MeXaHiuYHOTO HaBaHTAMKEHHA 1 yILTPa3ByKOBOI'0 00p0o0-
JIeHHSI ¥ KYJIbOBOMY MJIMHi, a4 TAKOK JOJATKOBE HAKJIAAAHHA 3MiHHOTO
MATHETHOTO IIOJIS IPU3BOAUTH OO0 3HAYHOTO IIPUIIBUIINIEHHS HPOIECY
PO3UYMHOYTBOPEHHSA B OCHIIKEHNX IIOPONTKOBUX CyMiIllaX IIOPiBHAHO 3
iHIITM MU MeTomaMU.

Y mamiit poboTi mocraBieHo 3a MeTy c(hopMyBaTH BHCOKOEHTPOIIili-
uuii cran y BIII 6araToxommonenTHux cromiB (BKC) Ha ocHOBi cucTemu
AlICoCrCuFeNi meTomom yiabTpasBykoBoro 0opobiernusa (¥Y30) y Kyabo-
BOMY MJIMHI 3 OJHOYACHOIO Mi€l0 3MiHHOTO MAarHeTHOI'O II0JISI, a TaKOMK
BUBHAUYNTH IXHIO CTPYKTYPY, (pa3oBuii CKJIaL Ta MarHeTHi BJIACTHUBOCTI
3aJIeKHO BiJl BMiCcTy B HUX aJIIOMiHi0 Ta XpoMmy.

Anromini#t i xpom BubpaHi y 3B’sI8KY 3 TUM, IIT0 BOHM Ha BiaMiHy Bifg
Migi mocuTs HOoOpe PO3UMHAITHCA B yCiX (PpepoMarHeTHMX MeTajlax-
KOMIIOHEHTaX BifmiOpanux OaraToxkommnoneHTHUX cromiB (Co, Fe, Ni) i,
TaKUM UYMHOM, MOXKYTb CYTTEBO BIJIMBATU Ha MarHeTHi BJACTUBOCTI i
dasoBuit ckiaan ogep:xkauux BIII. Kpim Toro, y 6inmbmrocTi pobiT 3a Bu-
HATKOM, MOKJIuBO [2, 10], koumenrtparis Al i Cr y BKC me mepeBuiry-
BaJyia 1 y ar. monax. Mu y cBoiit poboTi posimupuau 1eii iHTepBaa mo 2
aT. JoJIeH.

2. MATEPIAJA I METOIU NJOCJII:KEHD

O6’exTaMu MOCTiM:KeHb Y HaHill poboTi Oyau KPYHIHO3E€PHUCTI ITOPOIII-
KoBi cymimti (K3IIC) amominito, KobaabTy, XpoMy, Migi, 3amisa Ta mi-
Kesio y BuxigHomy cradi ta micias Y30. Burorosiaenns K3IIC nposomu-
JU i3 MeXaHiuYHO moApiOHEeHMX IOPOIIKIB OKPEMUX METaJiB PO3MIiIITy-
BaHHSM Y IMCTUJILOBAHIl BOAIL 3a TOIIOMOT0OIO YJIBTPA3BYKOBOI'O IUCIIEP-
raropa Y3IIH-2T Ta macTynHUM BUCYIITYBaHHAM 3a KiMHATHOI TeMmIe-
parypu. Xemiunnii ckaan K3IIC y atoMmEUX moadax Bigmosimae popmy.ri
Al CoCr,CuFeNi, ge x =0; 1; 21 y = 0; 1; 2. YapTpasByKoBy 006pOOKY
MMOPOIIIKOBUX CYMilllell IPOBOAUJIN B TAaK 3BAHOMY YJIbTPA3BYKOBOMY
MJIMHi, y po0ouy KaMepy SAKOT0 BBOJIUJIM YJIbTPa3BYKOBi KommBauHHI (1
kBT, 20 kI'), a cam mpolec MexaHiuHOI 00POOKY ITPOBOAUIIN B €TUJIO-
Bomy crupTi mporarom 10 rogns 3 HAKJIAJAHHAM 3MiHHOTO MarHeTHOTO
mossa (640 A/m, 50 I'm) [8, 9]. PeHTTreHOCTPYKTYPHI JOCIiT:KeHHA IPO-
BOIWJIY Ha peHTTeHiBcbKOoMYy mudparkTomerpi JPOH-3.0 y KobanbToBO-
My BuUOpoMmiHOBaHHi. Posmipu obgacTeil KOrepeHTHOTO PO3CiloBaHHS
(OKP) i mikponamnpy:xkeHHs (Mikpomedopmalrii) BusHavaau 3a pPO3IIIH-
PEeHHAM PEeHTI'€HiBChbKUX JIIHINA Ha AudpaKTorpaMax 3a MeToaoM Biabs-
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mcoHa—Xouna) [11-13]. PasoBuii aHaxis 34ifiCHIOBAJIN 3a BimHOIIIEH-
HAM iHTEeHCUBHOCTEH HANMCUJIBHININX JIIHIA HAABHUX KPUCTATIYHIX (Pas
Ha mudpaxTorpamax. Ilapamerpu rpaTHUIL PO3PaxoByBaIu 3a (popmy-
Jgoio Byabda—Bperra 3 moxu6koio +£0,00006 am.

MeccbayepiBChbKi JocaimxeHHA IIPOBOAUIN 3a KiMHATHOI TeMIIepaTy-
pu Ha excmpecHomy ciekTpoMerpi MC1101E i3 BuKopucTaHHAM AKe-
pesa y-KBaHTiB izoTomy *'Co(Cr) akTuBHicTIO MeHIIOM 32 1 MKi. Kari6-
PYBaHHA IIBUAKOCTI Ta BU3HAUEHHS i30MEPHUX 3CYBiB IPOBOAWJIMN 3a
cuekTpoM ¢Goabru o-Fe. TouHicTh BUMipioBaHHA IIBUIKOCTI CKJajaaja
0,014 mMm/c B inTepBati £8 mm/c. CIeKTpu aTpOKCUMYBAJIH 3a CTaHIap-
THOIO IPOIIEAYPOI0 AUCKPETHOI MiATOHKY 3 PO3KJIaTaHHAM HAa KOMIIOHE-
HTU. MarsHeTHi BuUMipioBaHHA NUTOMOI HaMarHeuyeHOCTI HacUYeHHS
TIIPOBOAUJIN 34 JOIIOMOTOI0 0AJIiCTMYHOTO MarHeToMeTpa B iHTepBaJIi mo-
aiB 10 800 KA /M 3a KiMHaTHOI TeMIepaTypu i3 moxubxoo +1 A-m?/Kr.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

PesyapraTyi peHTI'e€HIBCHKUX CTPYKTYPHUX i asoBUX AOCTiKeHb, a
Tako:K BHUMipioBaHHsa MarHerHux BJjactuBocTeir K3IIC y Buximmomy
CTaHi Ta micasd yJabTPasBYKOBOI 00pOOKM Yy KYJIHOBOMY MJIMHI ITOKasaHi
Ha puc. 1-3 Ta B Tabm. 1.

Hudpaxrorpamu, HaBeHeHi Ha puc. 1, cBimuaTh mpo Te, 1110, Ha BigMiny
Big mudpaxrtorpamu Buxigaoi K3IIC, aka MicTuTh y cob0i BysbKi Jimii
Bcix wmetarnmiB-kommnoHeHTiB BKC, mudpaxrorpama K3IIC micaa Y30
CKJaJaeThcA JIUINEe i3 KiIbKOX posImupeHux JiHik. IleTanbHuil anasisa
IMoKasye, 110 i Jixii HamdexaTs no 1Box a3 — I'IK i OIIK — mapamerpu
I'PATHUIL AKWX BiIPiBHAIOTHCSA BiJl mapaMeTpiB I'DATHUILh YNCTUX MeTa-
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Puc. 1. [udpaxrorpamu K3IIC AlCoCrCuFeNi y Buxignomy crati (a) Ta micasa
Y30 (0).

Fig. 1. X-ray diffraction pattern of CGPM AlICoCrCuFeNi in the initial state
(a) and after UST (6).
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Jgis. HaBenmeHi ekciepuMeHTATLHI pe3yIbTATH CBiIUATE IIPO Te, 1110 Y30y
KyJaboBoMy MJmHI auie mporarom 10 rogun dopmye B K3IIC BucokoeH-
TPOIiMHMI cTaH, AKUH XapaKkTepuayeTbesa HaaBHicTo n1Box ('K + OITK)
TBEPAUX PO3UYMHIB i HEBHAYHOI KiJIbKOCTi OKCHUIiB,/TiIPOOKCHUIIB METAJiB.

IIpo hopmyBaHHS camMe TBepAMX PO3UYMHIB CBOEIO UYEPrOI0 CBigUaTh
BigmoBimui saminu mapamerpiB rpatauns ['IIK- i OIIK-das mopiBuaHo 3
mapaMeTpaMu I'PATHUIIL YMCTUX MeTaJiB. IK BuaHo i3 Tabda. 1, mapame-
mpu r'patHUIlb i OLIK- i I'IIK-das BigpisuaoThCca Bif mapaMeTpiB rpar-
HUIb YMCTHUX 3aJIiza Ta Mifi (mapaMmeTpu I'paTHUIL 3ajisa i migi piBHi
0,2866 i 0,3615 M BigmOBiIAHO), a4 3HAUEHHS INTOMOI HAaMarHeueHOCTi
"HacuueHHsa K3IIC micia Y30 meHIi MOpiBHAHO 3 BiAIOBiIHMMU BeJIM-
ypnamu Buxigamx K3IIC (taba. 1 i puc. 2). OcobGamMBO e CTOCYETHCS
3MiHM BeJWUYMHU ITMTOMOI HaMarHeueHOCTi HACWYEeHHS MOPOIITKOBUX
cywMmimrei B mporeci ¥30, agxe moAiOHI 3MiHM HaIpAMY II0B’ sI3aHi i3 po-
3UYMHEHHSM aToMiB He pepomaruetHux meraiais — Al, Cr ta Cu B ¢epo-
maraetHux — Co, Fe ta Ni (puc. 3). [ificHo Bigomo, 110 PO3UMHEHHIM
aToMiB He (hepOMaTrHETHHX METAJiB Y (pepoMarHeTHUX IPU3BOIUTH IO
YaCTKOBOI BTPAaTH IXHiX MarHeTHUX BJIACTHBOCTEN B TOMY YHCJIi 0 3Me-
HIIeHHA TMTOMOI HaMarHedeHocTi HacuueHHs [14]. BapTo Tako:X BKa-
3aTH HAa Ie OJHY O0COOJUMBiCcTh AmdpaxTorpaM oOpo0JeHNX YIbTPa3BY-
kom K3IIC: mmmpuHM peHTr'eHiBChKUX JiHIN Ha audpaKTorpaMax Bif
nux K3IIC 3mauwmo 6ijabIri 3a BiATOBiAHI MIUPUHYN PEHTTeHiBCHKUX JIi-
Hit meraniB Buxigaux K3IIC. Ile, 3Buuaiizno, CBiTuuThL IPO TE, ITI0 ¥ pa-
3i ¥30 Buxigamx K3IIC y Humx BigOyBaeThcA CYTTEBE HOAPiOHEHHS
cTpyKTypH i 3meHnIenaa podmipis OKP (ta6i. 1; poamipu OKP y Buxin-
HUX KPYITHO3EPHMCTUX MOPOINKaX METaJ[iB 3HaXOAATbCA B iHTepBaJi

1001 240 100 =40
g 804 CuNiFeCoCrAl, .. = 804 CuNiFeCoAlCr, .
2 g {02 2 430 2

60+ =~ = 60 o] =
¥ o] = T —_—n =
- 2 —_— :
= 40+ a—" < A 40 <
e [ — e e
£ 201 A gaq A
= = A
A pd—e v . — 10 A ol v . v — 10

0 1 2 0 1 2
Bwmicr Al, at. moai Bwmict Al, ar. goui
a 7]

Puc. 2. Kinskicts OIIK-(asu Ta muTomMa HaMarseueHicTs HacuueHHA o, BIII
BKC ma ocuoBi cucremu AlCoCrCuFeNi, omep:xanux Y30 K3IIC, 3 pisuum
BMmictom Al (a) Ta Cr (6).

Fig. 2. Quantity b.c.c. phase and specific saturation magnetization o, of UFP
of multi-component alloy based on the AICoCrCuFeNi system produced by
UST of CGPM with different content of Al (a) and Cr (6).
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100-400 um).

IMixkaBo, mo mapamerpu rpatauib OIIK- i I'IK-das y K3IIC micasa
Y30 1o pisHOMY 3aj€:KaTh Bil BMicTy B HUX aJIOMiHiIO i XpoMy y BuXi-
munx K3IIC. Tak, mapamerpu rpatuuis I'IIK-das smiHIOIOTHCS HEMO-
HOTOHHO 31 3MiHOI0 KOHIIEHTpAIlil aJIOMiHiIO 1 XpoMy, IpUYOMY IapaMe-
mpu rpatHuIi I'IIK i T'IIK-1, 3a3Buuaii MmeHIi, a mapaMeTpu I'PaTHUIT
I'ITK-2 6insri 3a mapaMerpu rpatuuili unctoi migi. ITapamerpu rpar-
auii OIIK-¢dasu gna K3IIC i3 pisauM BMicTOM y HUX aJdOMiHiI0 Maii:ke
He 3MiH0I0ThCA, a Aad K3IIC i3 pisauM BMicTOM y HUX XpOMy HapaMeT-
pu rpataunb OIIK-dasu smeHITyioThca 3 pocToM KoHuIileHTpaiiii Cr. Po-
3yMiHHA 3MiHM mapamerpiB Kpucraniuaux rpataunb K3IIC micaa Y30
YCKJIAIHIOETHCA THUM, IO ATOMHM OSHUX METaJiB MOXKYTbH 30iJbIITyBaTH
mapaMeTpPu I'PAaTHUIL METaJiB-PO3UMHHUKIB, a aTOMHU iHITUX — 3MEH-
mryBartu [15]. (Haopukiaazn, Al, Cr i Fe 36inbI1yoTs mapaMeTp I'PaTHUILL
Cu, a Co i Ni samenmyrors; Cu, Ni, Cr i Al 36igb11yI0TE TAPAMETD I'DAT-
uuii Fe, a Co 3mentye). Ile osHauae, 110 HAIi pe3yabTaTH MOMKYTh
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Puc. 3. 3ane:xHocti KoepuutupHoi cuau H, ta ingyknii B, BIII K3IIC (a, 8) i
BKC (6, 2) na ocuoBi cucremu AlCoCrCuFeNi, ogep:xanux Y30 K3IIC, Big Bmi-
cry Al (a, 6) raCr (s, 2).

Fig. 3. Dependencies of coercive force H, and magnetic field B, of UFP CGPM
(a, 8) and multi-component alloys (6, 2) based on the AlICoCrCuFeNi system
produced by UST of CGPM on the contents of Al (a, 6) and Cr (s, 2).
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auire ikcyBaTH 3MiHYy mapamMeTpiB (a 3HAUUTH, CBiguuTH PO GhopMy-
BaHHA TBEePAUX PO3UUHIB), aje 6e3 MeBHUX KOHKPETHUX BUCHOBKIB IIT0-
IO IPUYWHU IIUX 3MiH. €quHe, 10 MOYKHA KOHCTATYBAaTH — IIe Te, IO B
daszi I'ITK-1, mampukaan, y 6iapmrit mipi mpucyTri Co i Ni, axi smen-
IIYIOTH mapameTp rpatuuili miei ¢pasu, a 8 OIIK-dasi — Al, Cr i Cu, axi
301JILITYIOTH i1 TapaMeTp I'PaTHHUIII.

Bapro 3BepHYyTH yBary Ha Te, III0 3MiHM BMICTy aJIIOMiHiIO i XpoMy y
Buxiganx K3IIC mo-pisHomMy BIIMBAIOTH HA iXHIO JUCIIEPCHICTH i MiK-
poxedopmariii micaa Y30. Tak, sriguo maBegeHux y tabda. 1 pesyJbra-
TiB, 3MiHa BMicTy amiominiio B K3IIC gero 36inbimrye posmipu OKP, ae
MaiiyKe He BILIMBae Ha piBeHb Mikpomedopmariit i B I'IIK-, i B8 OLLK-
TBepAuX posumHax. Ha mpotuBary npoMy, 3MiHa BMIiCTy XpoMy y BUXi-

TABJINIIA 1. ®asoeuii cKaajg, guciepcHicTs Ta nmapamerpu rpatuuni BIII,
omepsxannx Y30 K3IIC BKC ua ocuosi cucremu AlCoCrCuFeNi, 3 pisaum BMmi-
CTOM aJIOMiHiIO Ta XpPOMY.

TABLE 1. Phase composition, dispersity and lattice parameter of UFPs pro-
duced by UST of CGPM MCA based on the AlICoCrCuFeNi system with various
aluminum and chromium contents.

XeMiuHUT CKJIA dazoBuit | PazoBuii| [lucnepc- [lapamerpMikpose-
CKJIa[, CKJIam, HicThb, [|IpaTHHUII,/opmarrii
% HM HM
Cu+Ni+Fe+Co+Cr TIIK 50 18 0,3612 0,001
OIIK 45 19 0,2883 0,001
Oxcugu 5 3
Tigpooxcunmu
Cu+Ni+Fe+Co+Al TIIK 36 19 0,3618 0,0014
OIIK 59 28 0,2899 0,001
Oxcuau 5 5
Tigpooxcunmu
Cu+Ni+Fe+Co+Al+Cr TIK-1 40 20 0,3589 0,001
T'TIK-2 - 10 0,3618
OIIK 55 26 0,2885 0,0013
Oxcugu 5
Tigpooxcunm
Cu+Ni+Fe+Co+2Al+Cr TIK-1 35 24 0,3593 0,001
T'TIK-2 - 24 0,3618
OIIK 62 25 0,2882 0,001
Oxcugnu 3
Tigpooxcumu
Cu+Ni+Fe+Co+Al+2Cr TIIK 45 18 0,3613 0,003
OIIK 52 25 0,2882 0,003
Oxcugu 3 4,5

Tigpooxcumu
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nanx K3IIC maitke He BinBae Ha pos3mipu OKP, 3aTe merrio 36iabIrye i
B I'lTK-, i B OILIK-TBepaux posumHax o6pobieHuX yabTpasBykom K3IIC
PiBeHb MiKpoaedopMaIi.

IMixkaBo BimsHaumTu, 1mo KigbkicTs OIIK-dasu y K3IIC micaa Y30
TaKOK II0-Pi3HOMY 3aJI€XKUTH BiJl BMICTY a/IlOMiHi0 i XpoMYy y BUXiTHUX
cymimiax. Tak, 30iabIlIeHHA BMiCTy aJIOMiHil0O IPU3BOAUTHL OO 30iJb-
mrenuda KinbKkocTi OITK-dasu, a 11sa XpomMy Mae Micite 3BOPOTHIH mpoiIiec
(puc. 2).

Hasasuicts OLIK-dasu y K3IIC micasa Y30 ta 3ane:xkHicTb ii KimbKoCTi
BiZ BMicTy ajifoMiHiio i XpoMy y BUXiZHUX cyMiimax #MOBipHO MOKHA
MOSACHUTU TUM, I10 y mporeci Y30 mMOpOIIKKM MOXKYThL HaArpiBaTucs 0
IOCUTH BUCOKUX Temiepatryp [16—18]. IIs o6cTaBuHa BimkpuBae aaoMmi-
Hil0 1 XpoMy MOMKJIMBICTB CYTTEBO BILIMBATU Ha (a30oBUil CKJaL i CIIiB-
BignomenHa Misk I'IIK- i OIIK-TBepaumu posunHamu y mpoiteci ¥30.

Bapro Tako;X BKaszaTu Ha Te, 1o Ha audpaxtorpamax K3IIC
AlICoCrCuFeNi i Al,CoCrCuFeNi cmocrepiraiorsbca ABi cucremu JiHii
Big I'TTK-dasu, o BigmosizatoTs aBom I'I[K-dazam 3 61usbkuMu mapa-
MeTpaMu rpaTtHunb. [logi0HMI pe3ysabTaT CIOCTepiraayu aBTOPH POOIT
[2, 10] Ha macuBHUX cTromax cuctemu Al,CoCrCuFeNi 3 pisaum BmicToM
amoMiHio. K i B ToMy BUIIaJIKy, MOMKHA TPUITYCTUTH, IIT0 OCHOBHOIO
npuunHOIo opmyBanHsa ABox I'I[K-das € pisuHa KoHIIeHTpaIlia MeTariB
B 00’eMi 3epeH i Ha iIXHiX rpaHUIAX.

IToaBa oxcugiB/rigpookcunis y K3IIC micna Y30, ak i gma BIII,
omep:xkaumx EIIl, oueBuaHO mOB’sI3aHAa i3 OKMCJIIEHHAM MeTaJiB, AKe BU-
HUKAa€E B pe3yJabTaTi AucoIriamii i posKJaay AWCTHUJILOBAHOI BOAM ITif
BILINBOM BMCOKHUX TeMIIEpPaTyp y 30HI MexaHiIUYHMX yaapiB i KaBiTalii-
HUX TIpoIieciB, xapakTepHuX aaa Y30 MaTepiaaiB B yIbTPA3BYKOBOMY
mumHi [16—19].

PesyabraTtu, HaBemeHi y Tabs. 1 cBiguaTh mpo Te, 10 30iJbIIIeHHS
BMiCTy aJfoMiHiI0 i XpoMy y BUXITHUX CyMilIax 0 IBOX CTPYKTYPHUX
OOWHUIE JeI0 3MEHITYy€e KiJbKiCTh OKCHUIIB B 00pPO0JeHUX YJIBTPAa3BY-
KoM mopoinkax. OueBHIHO Iell eKCIIepUMeHTaIbHN (PaKT 00yMOBJIE-
HUH i IBUINEHOI0 KOPO3iHOI0 CTINKiCTIO OKCHUIIiB aIIOMiHiO i XpoMmy.

MeccbayepiBebkuii crieKTp moporiky crorry CoCrCuFeNiCuNiFeCoCr
miciaa Y30 saBiisge coboio cyneprosuiliro nyoaety d1, cexcrery sl Ta Mo-
Hoxiuii m1 (puc. 4, a). PesyabTaTu 00poOKU cIIeKTPiB HaBemeHi B Tab. 2.
ITapamarmersa momoJinia ml inrencusricTio 0,2% 3 izomepHHM 3Cy-
BoM O = 0,038 mM/c cBiguuTh s3riguo [20] mpo yTBOpeHHA KiaacTepiB y-Fe
y KyOiuHO cuMeTpumuHili rparHuii. Hyb6mer dl 3 isomepHUM 3CyBOM
8=0,301 MM/c Ta KBaAPYHOJBHUM posmiensieHHAM AE, = 0,966 mMm/c
BifOBifae TpuBaJIeHTHUM HoHaM 3ariza Fe®" y mosumisx akareniry (B-
FeOOH) [21, 22]. 3a nanumu [20] aromu Pepymy y rpaTHHUII] 3 HEKYyOiu-
HOIO CUMETPi€I0 Y TBePAOMY PO3UMNHI BUCOKOEHTPOIIIMHOT'O CTOITY AAI0Th
nyoseT 3 isomepHuUM 3cyBoM O 6ima 0,0 MM/c, IO y HAIIIOMY BUIIAIKY
CBiTuUMTL JUIle PO YTBOPEHHS OKCOTimpokcuay sajisa micaa Y30.
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Cekcrer sl 3 HagTOHKUM MargeTHuM mojeMm H = 33,1 Tua Ta BigzHOCHOIO
mwirornero 22,8% y cuekTpi Binnosizae nemerosanomy o-Fe [20].

VY pasi 36iabIIeHHS aJIIOMiHiI0 Yy CTOIII MOPOINKY Ha OCHOBi cucTeMu
AlCoCrCuFeNi micaa Y30 meccbayepiBChbKUIM CIIEKTD TAKOM € CyIep-
moauirieio ayobaery d1, cekcrery sl Ta monomiuii m1 (puc. 4, 6). Ilapa-
MarHeTHa MoHoJiHiaA m1l 3 isomepuum 3cyBoMm O = 0,144 mm/c Bigmosi-
nae y-Fe [20]. dyoaet d1 3 isomeprauM 3cyBoM O = 0,340 mMm/c Ta KBaj-
pynonbHUM posmieiieHHAM AE, = 0,946 MmM/c BigmoBizae TpuBaIeHT-

=
S
T

IMornuuanusa, %

ITorsinHauHA, %

Tornuuausada, %

V, mm/c
8

Puc. 4. MeccbayepiBcbki cmexTpu mopomukis cromis CuNiFeCoCr (a),
CuNiFeCoCrAl, (6), CuNiFeCoAlCr, (8) micasa ¥30.

Fig. 4. Mossbauer spectra of the alloy powders CuNiFeCoCr (a), CuNi-
FeCoCrAl, (6), CuNiFeCoAlCr, (8) after UST.
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HuM ioHaMm 3aniza Fe*" B mosumiax axaremity (B-FeOOH) [21, 22].
Cekcrer sl 3 HagTOHKUM MargeTHuM mojeMm H = 32,8 Tua ta BigzHOCHOIO
mwirornero 49,0% y cuexkTpi Binnosizae nemerosanomy o-Fe [20].

30inbIlIeHHA KiJbKOCTI XpoMy V CTOIi Ha OCHOBI cucreMu
AlICoCrCuFeNi micaa Y30 gae meccbayepiBebkuii cuektp (puc. 4, 8),
110 Ma€ MoAiOoHy cymeprosuiliio nyosaetry dl, cekcrery sl Ta MOHOMiHil
m1 1o Bullle HaBeJeHUX CIIEKTPiB.

3asBuuaii cTpykTypy P-FeOOH omnucyrors nis meccOayepiBCbKOTO
IOCTiMKeHHsI ABOMAa AyOJeTHMMU KOMIIOHEHTAMHU 3 PiSHMMMN 3HAYEH-
HAMHU KBaJPYIIOJLHOrO po3iiernieHHa [21, 22], 110 moscHIOEThCA Bin-
MiHHOCTAME y OJIIXHBOMY OoTOueHHI axep *'Fe, AKi 3HAX0AATHCA y Hee-
KBiBaJIeHTHUX mOo3uIiax B cTpyKTypi B-FeOOH. BignmoBiguo nBom ny6-
neTHuM KommoHeHTaM P-FeOOH sinmosigators itoru Fe®' B mosumiax
FeO3(OH); i FeO,(OH),. 3a masgBHOCTI TeTparoHajabHOI CTPYKTYpHU [3-
FeOOH [21, 23] mpunyckaeThcs guiiie ogHa KoopauHaiia — FeOg;(OH),.
OcTranHa 30iraeThcA 3 HAIIUM BUIIAJKOM, TaK AK XapaKTepU3YETHCS
KBagpymnoabHUM posirenaeHaam 0,92-0,96 mm/c [23].

HeranbHUM aHai3 MecOayepiBCbKUX CIIEKTPiB ITOKAa3ye, 110, 30KpeMa
3airizo, sHaxoauTheda y K3IIC micasa Y30 y TpboX CTPYKTYPHUX CTaHAX:
OLIK (pepomarueruuii cexcrer), 'K (mapamaraeTHa MOHOJiHisA) i OK-

TABJUILA 2. [Tapamerpu AT'P cieKTpiB mopoIkKis.
TABLE 2. Mossbauer spectra parameters of powders.

KomnonenTn ®Daza ITapameTpu
CIeKTpa 8, mm/c |AEo/eq, mm/c| H, Tat | S, %
a) CuNiFeCoCr micas Y30 B eTUJIOBOMY CIIMPTi TA MAarHeTHOMY ITOJIi
sl o-Fe 0,004 0,014 33,1 22,8
dl Vouu Fe?! B mosunisx 0,301 0,966 - 74,1
axareHiry (-FeOOH)
ml v-Fe y TIIK-rparanii 0,038 - - 3,1
6) CuNiFeCoCrAl, micia Y30 B eTu10BOMY CIUPTi Ta MArHETHOMY II0JI1
sl o-Fe 0,006 -0,017 32,8 49,0
dl Vouu Fe®*' B mosumisx 0,340 0,946 - 50,6
axareHiry (-FeOOH)
ml v-Fe y TIIK-rparanii 0,144 - - 0,4
6) CuNiFeCoAlCr, micsia Y30 B eTUI0BOMY CIUPTi Ta MAarHeTHOMY II0JIi
sl o-Fe -0,035 0,016 33,3 31,6
dl Vouu Fe®' 8 mosumiax 0,282 1,084 - 62,0

axaresiry (3-FeOOH)
ml v-Fe y TIIK-rparanii 0,054 — - 6,4
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cumax/rigpooxkcunax (KBaapynoabHUi nybser). Ile moBHiCTIO y3romxy-
€ThCS i3 pe3yJabTaTaMU PEHTI'€HOCTPYKTYPHOT'O aHAJIi3Yy.

3BepTac Ha cebe yBary TakoxK TO# (paKT, 110 IK i IJd MACUBHUX CTO-
miB Ha ocHoBi cucremu AlCoCrCuFeNi icHye meBHuii B3aeMO03B’sI30K
MiK BeauumnHoOIo TuToMol HamarHeueHocTi HacuueHHsa K3IIC micaa Y30
i kimpkicTio OITK-dasu (puc. 2, tabua. 1). Ila obcTaBuHa J03BOJISIE BU-
CJIOBUTH IPUITYIIeHHA, 1110 epomaruerusm BIII, oxnep:ranux Y30, gk
i MAacCMBHUX CTOMIiB, TOJIOBHUM YMHOM O0yMOBJIEHII IPUCYTHICTIO B HUX
OIIK-dasu. Ak moxkasamo Buirie, IeBHU BHECOK Y hepomaraeTusm BIII1
MOJKYTBb TaKOXK TaTU OKCUAU /TigpooKcuau 3airiza [14].

Ha pucyHnky 3 HaBeIeHO TaKOXK Pe3yJIbTAaTH BUMipIOBaHbL KOEPIIUTH-
BHOI cuain H, i sasmummkosBoi inaykiii B, K3IIC xo i micaa ¥Y30. Bigomo,
IO I[i MarHeTHi XapaKTepPUCTUKY BU3HAUAIOTHCA SIK MarHeTHOIO, TakK i
KPHUCTAJTIUYHOIO CTPYKTYpoIio MaTepianiB [14]. ¥V 3B’aA3KYy i3 1tuM, He3Ba-
JKarouu Ha 3MeHIeHHa HamarueueHnocTi HacuuenHa K3IIC B pesyabTari
Y30, xoepuutuBHa cuia i 3aaumnikosa iHaykiiga K3IIC maBmaku 30ian-
HIYIOThCA. 3Ae0iIbIIIOro, TaKe 3POCTAHHSA ¥ (hbepoMarHeTHUX MaTepiamax
OB’ A3YIOTH i3 iX moapioHemHaAM y pasi Y30, B pe3yiabTaTi AKOro 3mi-
HIOIOThCA AK Po3Mipu (pepoMarHeTHUX obJjacTel, TaK i piBeHb MexaHiu-
HUX HaAIIPy:KeHb B MaTepiaJi.

HificHo, y 3araJbHOMY BUIIQAKY, KOJU IIPOIleC HaMarHeuyBaHHA Ma-
Tepiasy moB’asamuii i3 miero pisHMX QaxTopiB (aHizoTpomia dopmwu,
KpucrajiorpajpiuEa MarHeTHa aHi30TPOHiA, MeXaHiuHi HaAIIPy:KeHHS
TOII0), BEIUUNHY KOEPIUTUBHOI cuau H, 3a paXyHOK BHECKY 3a paxy-
HOK pPO3MAarHeuyBaJILHOTO II0JIA aHizoTpomii ¢hopmu, obepTaHHSI MarHe-
THUX MOMEHTIB JJOMEHiB y II0JIi BjlacHOI KpucTrajorpadgiyHoi MmaraeTHol
aHisoTpoIIil i MexaHIYHUX MiKpOHaANpPyKeHb, MOXKHA OIiHUTHU 3a Gop-
myJoio [24, 25]:

H, ~al,+b(K/I,)+c(At/1,), (1)

e I, — HaMar"HedyeHicTb HacuueHHs, K — KOHCTaHTa KpucTaJjorpadgiu-
HOI MarseTHOI aHi30oTpoIii, A — KOHCTAaHTa MATHETOCTPUKILil, T — MiK-
poHaAIIpy:KeHHdA, a, b, ¢ — 6e3po3MipHi KoedilieHTH, BeInUNHA AKUX
3aJIeKUTL Bixg popMu (pepoMarHeTHUX UYACTHUHOK Ta POIMOIiJY UACTU-
HOK i MikpoHampy:KeHb y MaTepiaii. [lig amcam6JiB XaoOTUYHO OpieH-
TOBAHUX 130JbOBaHUX (PEPOMATHETHUX BMCOKOMMCIIEPCHUX UYACTUHOK
chepuuHOi (hopMuU, PIBHOMIPHO PO3TOALIEHNX Y HEMarHeTHiA MaTPUIIi,
KoedimienTu MaioTh HacTymnHi sHauenusa: a =0, b = 0,64, ¢ ~ 3 [24, 25].
Taxkum unHOM, ¥ (hopmyi (1) 3amuinarTbea ABi CKJIAA0BI Y KOEPIIUTUB-
Hi#l cuyi — 3a paxyHOK KpucrajorpadiuHol MmarHeTHoi aHisoTporrii i
MexXaHiuYHuX HanpyKeHb. CIrpobyeMo OIiHUTH ITi ABi CKJIaJ0Bi.
HaiiBaromimmmii BHECOK Y KOEPIIUTUBHY CUJIY MOYKYTh JTaTH BHCOKO-
OUCIIEPCHI YACTUHKM KO0AJbTy, 00 BOHM MAalOTh HAMOIILIITY KOHCTAHTY
KpucTaJsiorpagiuHoi MarHeTHol aHi30TpoIIii cepel TuxX epoMarHeTHUX
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MeTaJiB, IO BXOAATEL OO CKJAAy AOCTimKeHMX y Hairiil pobori BEC.
3rigmo [14, 25, 26] BeanunHa KOHCTAHTH KpHcTajgorpadiuynoi Marzer-
HOi aHisoTpomii 14 Ko6aneTy Mae Bequuury K ~ 4,1-10° IIxx /M3, a Ha-
Mar"edeHicTs HacuueHHs I, — 1,7 Tu, Tomy o0umncaeHHA BeIUUYNHH Bi-
OIIOBiTHOTO BHECKY B KOEPIIUTUBHY CUJY 3a (DOPMYJIOIO:

H, ~0,64(K/I) (2)

IpUBOAUTE O0 3HaueHHA ~190 KA /M. BinmoBinui po3paxyHKu AJia 3ari-
3a 1 HiKeJro IpUBOIATE 10 3HaUeHb 16 i 6,0 KA /M BigmoBigmo. AKIMO &K
ITPOBECTH PO3PAXYHOK JJIA yCepeqIHeHNX 3HAUeHb KOHCTAHTU KPUCTAJIO-
rpacgiuHOi MarHeTHOI aHi30TPOIIil i HAMarHeueHOCTi HacCUUYeHHA JJId KO-
0anbTy, 3aJi3a i HiKeJ0, TO AJIS KOePIUTUBHOI CUJIN OJEePKYyEMO 3HAa-
yeHHS ~104 KA /M.

Temep cipoOyeMO OI[IHUTH BHECOK Y KOEPIIUTUBHY CHUIIY, SKUHA JAI0OTh
MiKpoHanpy:keHuA (MiKpomedopmarrii). Iasa mMb0ro CKOpHUCTaEMOCH Me-
TogoM Binbsamcona—Xosia omiHKM MiKpomedopmariit (MiKpoHampy-
JKeHb) 3a pesyJbTaTaMu Au@pakIiiHoro ekcmepumenty [11-13, 27].
Bimowmo, 1m0 Ha miBmuUpwHA B peHTreHiBChKOTO pediekcy Ha qudpaKTo-
rpami noB’asana iz posmipamu OKP D i mikpozedopMmaliamu rpaTHUITL
(Ad/d) mracTynHOIO (hOPMYJIIOIO:

BcosO=A/D + (Ad/d) sinb, (3)

Ie A — MOB:KUWHA XBUJIi, a 0 — KyT nudpakirii peHTTeHiBCbKUX IpoMe-
HiB. I{a dopmyna i mobygosa rpadikiB 3amexxuocti fcosO Big sin® mo-
3BoJIsie rpadiuno BusHauuTu posmipu OKP i mikpomedopmarii kpucra-
JiYHOI I'PaTHUIII, & TAKOK IX BHECOK Yy HAIIIBIIVPUHY [3 PEHTI'€HiBCBKUX
pedaekcis. PesyabTatu pospaxyukis gucmnepcHocTi OKP i mixpozmedo-
pMailrii KpucramiuHol rpaTHUI po3Minewi B Tab. 1.

Temep MoKHa OI[IHUTU BHECOK MiKPOHAIIPYKEHb ¥ KOEPIIUTUBHY CHU-
ay K3IIC. 3B’A30K MiK MiKpOHAIPY:KeHHAMH T i MiKpogedopMaIiamu
Ad/d sagaroTs popmysnomo [11, 27]:

t=E(Ad/d), 4)

ne E — mopyab IOura. Ile mae MoKIUBiCTD HmijpaxyBaTu MiKpoOHAIPY-
JKeHHS, a TAKOXK X BHECOK Y KOEPIIUTUBHY CUJIY, KOPUCTYIOUKUCH TPETIiM
yimeHoM i3 ¢opmyau (1). PesyabTatu pospaxyHKIB IJisg ycepeTHEHUX
sHauens mMoayasa IOHra i HaMarHeuyeHOCTI HACMUYEHHS IOKa3yIOTh, IO
BHECOK Y KOEPIIUTUBHY CUJY 38 PAXYHOK MiKpPOHAIIPYKEHb 3HAXOIUTh-
ca B imTepBasi 18—88 KA /M.

Bapro 3as3mauuTH, 110 po3paxoBaHi cymMapHi (AK 3a paxyHOK MarHer-
HOI amisorpomii, Tak i MiKpoHanpy’KeHb) 3HAUEHHA KOEPIIUTHUBHOI CH-
JIu, 3a3BUYAl, IEPEBUIITYIOTh eKCIIePUMEeHTAIbHI 3HaueHH (puc. 3). Ile
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MOKe OyTH HOB’S3aHO 3 KibKOMa HpUUYMHAMMU: IlepeMarHeuyBaHHIM
IesIKOl YaCTUHU BHCOKOIMCIIEPCHUX YaCTHUHOK Bce ITle 3a MeXaHi3zMoM
3MilTeHHA MarHeTHUX CTiHOK MiK JOMeHaMMu, 1110, IePeBayKHO, IPU3BO-
IUTH 0 3MEHIIIeHHA KOePIIUTUBHOI cuiu (a:Ke po3MipH 3HaUHOI Uac-
TUHY BUCOKOAMCIIEPCHUX YACTUHOK MOXKYTDL OyTH OiJbIITMMU 3a BeJIu-
YUHY KPUTUYHOTO AiaMeTpa IIepexoay BUCOKOINCIIEPCHUX YACTUHOK 0
OIHOJOMEHHOTO CTaHy: OJIA 3ajisa, Ko0aJIbTy i HiKelo BiH mopiBHIOE
17,1; 14,2 i 60,7 um BigmoBimHo, [28]); TPOHMKHEHHAM aTOMiB HeMar-
HEeTHUX MeTaJiB y KPpUCTAJiIuHi I'paTHUII 3ayiza, KOOAJILTY Ta HiKeJo,
IIT0 MOKe HMPUBECTU [0 3MEHINIEHHS BEeJIUYNHUN KOHCTAHTU KPUCTAJIOT-
padiunoi MarseTHoOl aHidoTpomii i, AK HACJIIIOK, 10 3MEHIIEHHSA BEJIU-
YMHU HAIPYKEHOCTi MarHeTHoro moJisd, HeoOXiJHOro A1 IIepeMaruevy-
BaHHS BHCOKOJIMCIIEPCHUX YACTHUHOK; i, HApeITi, IIepexoaoM IOesKol
YyacTUHU (pepoMarHeTHUX YACTHUHOK [0 CylepmapaMarHeTHOTO CTaHy,
IJA AKOro XapakTepHa BificyTHicTh ricrepesucy. IificHO, KpUTUUYHUN
niametp D, -0omHOJOMEHHUX (pepOMarHeTHUX YaCTUHOK cepruuHoi dop-
MU, HIUKUYEe SKOTO BOHU IIEPEXOAATh IO cyllepliapaMarHeTHOTO CTaHy,
MOJKHAa ob0uucanTu 3a popmy.Jioio [13, 28]:

D, ~[150kT/(nK)]"3, (65))

ne k — craya Boabimana, T — a0coJIIOTHA TeMIIepaTypa.

PospaxyHok 3a 11i€r0 (hopMyJI0I0 JO3BOJISAE OJEPKaTH 3HAUEHHS Jia-
MeTpa Iepexony 0 cymepliapaMarHeTHOTO CTaHy YacTHHOK 3ajisa, Ko-
banpry i Hikemro 11,6, 5,6 i 27 um BigmoBiguo. 1li 3HaueHHSA TOCUTH
OJMM3BbKi 40 pes3yJabTaTiB AUCIEPCHOCTI (pa30BUX CKJIAMOBUX, AKi HaBe-
IeHo B Tab0a. 1, M0 CBiJUUTH IPO BUCOKY MMOBiIpHIiCTH BKA3aHOTO BUIIE
mepexony, a 3HAaYUTh BiJICYyTHICTD ricTepe3nCHUX SABUIIL AJIA MEHIINX 3a
po3MipaMu BUCOKOAUCIEPCHUX YACTUHOK.

SmenmienHa KoeprnuTuBHOi cuau BJIII moske BimbyBaTuesa TakoX y
3B’ABKY 3 TUM, 1110 hopmyau (1) i (2) Ansa KoepIiuTUBHOI CHJIN BUBEIEHI
JIJISI CUCTEMH i30JIbOBaHUX (pepoOMarHeTHUX OJHOJTOMEHHNX YACTUHOK. ¥
IIOPOIIKAaX i 0COOJIMBO Y CIIPECOBAHMX 3pa3KaxX MOKJIMBA B3a€EMOIiI MixK
MAarHeTHUMM MOMEHTAMHU BUCOKOIUCIEPCHUX YACTHUHOK, IKa, 3a3BU-
yaii, TeK MPU3BOAUTD J0 3MEHINIeHHI KoepIriuTuBHOI cuim [29—-31].

4. BUCHOBKH

IToxasamo, 110 yJILTPa3BYKOBe 00p00IeHHS Yy KyIboBoMy MianHi (Y3KM)
CcyMiIllei KPYIIHO3EPHHCTUX eJIeMEeHTapHUX IOPOIIKIB cucTeMu
AlCoCrCuFeNi 3a paxyHOK MeXaHi4HOI'O JIeI'YBAaHHS IIPU3BOIUTH IO
dopMyBaHHA 0araTOKOMIIOHEHTHHX cTomiB. Hociimxenusa ¢asoBoro
CKJaAy Ta MArHeTHUX BJIACTHBOCTEH METOLaMH PEHTI'eHOCTPYKTYPHOTO
aHaJizy, MeccOayepiBChbKOI CIIEKTPOCKOIIil Ta MarmeToMeTpii J03BOJINIO
3pOOUTH HACTYIIHI BUCHOBKMU:
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— Bci mopomiku, ogep:xani Y3KM, 3HaX0AAThLCS ¥ BUCOKOEHTPOIIiA-
HOMY CTaHi;

— Bci mopommku, ogep:xkani Y3KM, aBodasHi i MicTaTs ABa TBEPAUX
posumuu — OIIK i I'IIK;

— kimbkicTs OLIK-dasu y mopoikax 3pocTae 3i 361JILIITEHHAM BMiCTy
Al i nmagae 3i 30inbienasamM smicty Cr; BeJrumHA IIATOMOI HaMarHede-
HOCTi HaCHUYEeHHA yV HOPOIIKAaX 3pocTac fAK 3i 30ijbIneHHaM BMicTy Al,
rak i Cr y BUXiTHUX KPYITHO3EPHUCTUX ITOPOIITKOBUX CyMilteii;

— (pepoMarHeT3M IIOPOIIKiB, omep:kaHux Y3KM, 00yMOBIeHU To-
JoBHUM unHOM npucyTtHicTio OITK-dasmn.
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Comparative Study of Cubic NiC, (x = 0.33) Formation Kinetics
under Mechanical Alloying of Ni—CNT and Ni—Graphite Charge

0. Nakonechna, K. Ivanenko®, A. Kuryliuk, and N. Belyavina

Taras Shevchenko National University of Kyiv,

60 Volodymyrska Str.,

UA-01033 Kyiv, Ukraine

“Institute of Macromolecular Chemistry, N.A.S. of Ukraine,
48 Kharkiv Highway,

UA-02160 Kyiv, Ukraine

Mechanical alloying of the elemental powder mixture of nickel-multiwalled
carbon nanotubes (Ni—CNT) and nickel-spectroscopic grade graphite (Ni—
SGG) is performed in a high energy planetary ball mill under the same tech-
nological modes. Nanocrystalline NiC, carbide (x = 0.3—-0.4) synthesized is
examined by X-ray diffraction methods (phase and structural analysis, de-
termination of the real structure parameters, etc.). The carbides synthesized
are ferromagnets, the coercive force of which (H,=6-12 kA/m) depends on
the amount of interstitial carbon atoms in octahedral voids of Ni crystal lat-
tice. It is shown that an allotropic form of carbon (SGG or CNT) used at me-
chanical alloying effects the charge components interaction as well as the
crystal structure and properties of final synthesis products.

Key words: mechanical alloying, crystal structure, X-ray diffraction, carbon
nanotubes, coercive force.

s gociiisKeHHS BOJIMBY PidHOI aJIoTPOITHOI (hopMU BYTIJIEIeBOl KOMIIOHEHTU
Ha KiHeTUKY (popMyBaHHA (a3 IiJ yac MexXaHiuYHOTO JIer'yBaHHA IIPOBEIEHO Ce-
pif0 eKcmepuMeHTIiB 3 PO3MEJIOBAHHA IIOPOIIIKOBUX CyMilmell HiKeJab—
6aratocrinHi ByrJeneBi HanoTpyoku (Ni—-BHT) Ta Hikenb—cHeKTpaJbHO UKC-
tu#t rpadit (Ni-SGG) y BuCOKOeHepreTUYHOMY ILJIaHeTapHOMY MJnHi. CuHTe-
30BaHUil y peadysabTari Taxkoi o00pobKM HaHOKpucTtaigiunmiti kKapoOixm NiC,
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(x=0,3-0,4) mocaim:kyBaim MeTOAaMU PeHTIeHiBCchbKOI mudpaxiiii (dhasoBuit
Ta CTPYKTYPHUII aHAaJi3, BUSHAUEHHS PeaJlbHUX IIapaMeTPiB CTPYKTYpPH TO-
m10). CuuTe30BaHi Kapbigu BUABUIMCS (hepoMarHeTuKaMu, KOEPIUTUBHA CH-
sna agkux (H,=6-12 kA /M) 3ayIe’XUTH BiJ KigTbKOCTI MiskBy3s0BUX aTroMiB Kap-
0OHY B OKTaeApPUUYHUX MopaxX Kpucranaiunoi rpatHuti Ni. ITokasaHno, 110 ajoT-
pomraa opma Kapbony (SGG a6o BHT), AKy 3aCcTOCOBYIOTH ITif Uac MeXaHiuHO-
r'o JIeT'yBaHHSA, BIJINBA€E HA B3AEMO/[iI0 KOMIIOHEHTIB IITUXTH, & TAKOYK Ha KPUC-
TAJIYHY CTPYKTYPY Ta BJACTUBOCTI KiHIIEBUX IPOAYKTIB CUHTE3Y.

Karouori ciaosa: MexaHiuHe JleI'yBaHHS, KPUCTAIIYHA CTPYKTYpPa, PEHTI'€HiB-
cbKa gud)pakiiig, ByrieleBa HaHOTPYOKAa, KOEPIIUTHUBHA CUJIA.

(Received March 13,2021; in final version, December 10, 2021 )

1.INTRODUCTION

Magnetic nanoparticle (NP) based materials have broad application
prospects in the fields of magnetism, biomedicine, energy and biosen-
sor technology. Such NPs ability as penetration deep into tissue and
cells of living body has increased their potential for molecular diagnos-
tics (as magnetically active marker medication) and for the targeted
drug delivery [1—-3]. Ni NPs could have taken a special place among na-
nomaterials in medicine. However, research have shown that Ni NPs
cause a variety of toxic effects on cells, animals and humans and have
toxic effects of multiple systems such as respiratory, cardiovascular
and reproductive systems. Ni NPs can lead to oxidative stress, apopto-
sis, DNA damage and inflammation, and induce the increase of intra-
cellular reactive oxygen [4]. Over the last decades, great effort has
done into using of magnetic NPs in biosensor technologies for applica-
tions in different fields such as disease diagnosis and detection of pol-
lutants in water and food. As a result of such studies a nickel nanopar-
ticles-loaded three-dimensional porous magnetic graphene-like nano-
composite (NiNPs/3D-PMG) is created [5]. Furthermore, a sensor on
its base has been successfully utilized to detect glucose in human se-
rum with satisfactory results [5]. Besides, Ni NPs sensor can find its
applications as a potential electrode material for the qualitative and
quantitative analysis of Penicillin G in liquid samples [6], while capsu-
lated Ni—C microspheres showed a great capability to use as an adsor-
bent of organic pollutants in different samples [7]. Considering the ap-
plication prospects of encapsulated Ni—C NPs, it would be beneficial to
develop magnetic nanomaterial, in which carbon atoms are placed di-
rectly into the nickel crystal lattice, forming the nickel carbide.

It is known that mechanical alloying of powders in a high-energy
planetary ball mill is an effective method to obtain nanoscaled car-
bides. Previously we have successfully applied this method to synthe-
size such carbides as TiC, ZrC, HfC, VC, NbC, TaC, Mo,C, W,C, WC,
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Fe;C and Co;C using the multiwalled carbon nanotubes (CNT) as the
carbon component of a charge [8, 9]. V. K. Portnoi et al. [10] have ob-
tained hexagonal Ni;C carbide by mechanical alloying of the Ni-—
graphite charge (3:1). However, we synthesized Ni;C carbide with a
defective cubic lattice of ZnS sphalerite type as a result of Ni-CNT
charge (3:1) processing [11]. This discrepancy prompted us to study
the kinetics of simultaneous mechanical alloying of Ni-CNT and Ni-
graphite charges.

Here we present the results of structural research and magnetic
characteristics of nanomaterials synthesized.

2. EXPERIMENTAL DETAILS
2.1. Materials

Elemental Ni powder (99.9% wt. purity, particle size <80 um), spec-
troscopic grade graphite powder (spectral purity 99.99%, particle size
is less than 50 um) and multiwalled CNT are used to prepare four start-
ing charges of Ni—CNT and Ni—SGG systems. Multiwalled carbon
nanotubes used in this study are synthesized by the catalytic chemical
vapor deposition method (CVD) at TM Spetzmash Ltd. (Kyiv, Ukraine).
Charge content is listed in Table 1.

2.2. Mechanical Alloying

Charges are sieved into four steel vials (70 mm height, 50 mm diame-
ter) for simultaneous cyclic mechanical alloying in a high energy plan-
etary ball mill (15 min of milling and 30 min of cooling) in argon at-
mosphere. Hardened steel balls (11 units of 15 mm diameter) and a
ball-to-powder weight ratio of 40:1 are used. The vial temperature is
held at below 375 K during the experiments by air cooling. The rota-
tion speed is equal to 1480 rpm.

TABLE 1. Charge content for mechanical alloying.

at.% 0/0 wt.
Charge ; ; ; .
Ni CNT Graphite Ni CNT Graphite
1 75 25 - 93.62 6.38 -
2 60 40 - 88.00 22.0 -
3 75 - 25 93.62 - 6.38
4 60 - 40 88.00 - 22.0
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2.3. Characterization

Phase transformations of Ni—-CNT and Ni—SGG charges at mechanical
alloying have been studied by X-ray diffraction (XRD) methods on the
test samples selected after every 30—60 min of milling. XRD data is
collected with DRON-3M and Shimadzu XRD-6000 automatic diffrac-
tometers (CuK, radiation) in a discrete mode. To implement the possi-
bility of express research of test samples immediately after their selec-
tion from the reaction zone of a mill, the acquisition parameters of dif-
fraction data are optimized to ensure the correctness of results ob-
tained at sufficiently short exposure time: observation range 26 = (20—
100)°, step scan of 0.05° and counting time per step at 3 s. The original
software package, including full complex of standard Rietveld proce-
dures, has been used for analysis and interpretation of the X-ray dif-
fraction patterns obtained, namely, determination of peak positions
and integral intensities of the Bragg reflections by means of full pro-
file analysis; carrying out qualitative and quantitative phase analysis
using PDF data for phase identification and the least square method
for lattice parameters refinement; testing of the structure models and
refining crystal structure parameters (including coordinates of atoms,
atomic position filling, texture, etc.); calculation of the parameters of
the real structure of the individual phases (coherent block sizes and
microdeformation values) [12]. Parameters of crystal structure are re-
fined for each phase presented in the selected test samples. The criteria
for structural calculations correctness are the values of Rz and Ry, reli-
ability factors, not exceeding 0.015 in this study, as well as graphical
form of the difference curve, illustrating the coincidence of the exper-
imental diffraction pattern with the diffraction pattern reproduced on
the basis of structural calculations performed. Deformation of the
crystal lattice is calculated by the approximation method using as a
reference a sample of compacted nickel metal (E = 202 GPa, v = 0.28).
Residual stresses are calculated by the shifting of the diffraction re-
flections (predominantly, (022)), which substantially shifted from
their positions calculated for the specific test sample.

Morphology of the final mechanically alloyed samples is studied by
the scanning electron microscopy technique (SEM, JEOL JAMP-
9500F, Japan). JEOL JAMP-9500F is a field emission auger micro-
probe operated at 10 kV, which offers the flexibility of optional analy-
sis functions such as energy-dispersive X-ray spectroscopy (EDS).

Vibration magnetometer (the vibration frequency of 70 Hz) is used
to examine the magnetic properties of test samples. Measurements are
provided in a constant magnetic field of up to 200 kA/m. The experi-
mental error is less than 5% .

The Vickers microhardness tests are performed with PMT-3 appa-
ratus at room temperature. All samples are preliminary polished by
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diamond paste. The load of 150 g is applied to the sample for 15 s.
Number of indentations per one sample is 50.

3. RESULTS AND DISCUSSION
3.1. Kinetics of Mechanical Alloying of Ni—CNT and Ni—SGG Charges

X-ray phase analysis indicates two phases coexist in a charge after 60
min of mechanical alloying of all samples, namely, initial nickel phase
with lattice parameter a = 0.3522(3) nm and additional isostructural
cubic phase (probably NiC,) with higher lattice parameter (Fig. 1, a).
This additional phase becomes the only constituent of the test samples
(Fig. 1, b) with further processing (120 min and longer). Besides, its
lattice parameter gradually increases with processing time, which can
undoubtedly indicate the invasion of carbon atoms in the crystal struc-
ture of nickel (Fig. 2).

Study of the elemental composition of 800 min milled products by
EDS method has revealed that the iron content (the main component of
debris at milling) does not exceed 1-2% wt. Therefore, it doesn’t make
any contribution in the lattice parameter value of material synthesized
(Fig. 2, a).

In order to determine the amount of carbon atoms embedded in the
NiC, phase, we considered several variants of their localization in the
crystal lattice of nickel. First of all, the possibility of placing carbon
atoms in the octahedral and/or tetrahedral voids of the f.c.c. nickel
lattice is estimated to build a test model. As a result of structural cal-

-— NiC, NiC,— ]
a 190 min B8 - g NiC, 750 min
.E 'E "" . .
:: —wM-V’JJ W.—,.-W.ww—vw:m"ww :f
§ § _J NiC, 350 min
Iy Ny s oo e
2 60 min £ | ﬁ
2 l— Ni Ni— = J NiC, 120 min
& P k’\n‘*‘*—“«-v-w’\m-'-—"-ﬁbﬂ-"““"ﬂ e N = ’\‘— e adiinn

42 44 46 48 50 52 54 40 50 60 70 80 90
20, degree 20, degree
a b

Fig. 1. Fragments of diffraction patterns (a) and difference curve illustrating
the coincidence of experimental diffraction pattern with that reproduced on
the basis of structural calculations performed (b) of the test samples selected
after certain time of Ni-CNT (3:2) charge milling.
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culations, it is shown that the carbon atoms are statistically located in
the centres of tetrahedral voids of the nickel lattice at the initial stage
of mechanical alloying of both Ni-CNT and Ni—SGG charges. Previ-
ously we showed similar arrangement of the carbon atoms in milled
Ni—CNT (8:1) charge [11], which is typical to a placement of the sulfur
atoms in ZnS sfalerite-type structure. i.e., at the beginning of mechan-
ical alloying (up to 350 min of milling) the crystal structure of the NiC,
phase is characterized by following arrangement of atoms: F-43m
space group, 4Ni atoms in 4(a) 0 0 0 and ¢C atoms in 4(c) 1/4 1/4 1/4,
where ¢ is the calculated value of the position filling parameter. An
amount of interstitial carbon atoms in nickel crystal lattice has calcu-
lated using g value obtained for each test sample (Fig. 2). The correct-
ness of the structural calculations performed is evidenced by the dif-
ference curves (Fig. 1) as well as the reliability factor (Table 2). It
should also be noted that such arrangement of carbon atoms is inherent
to crystal structures of all NiC, phases formed up to 300 min of pro-
cessing (Fig. 2). For all NiC, phases synthesized the limit value of the
carbon atoms placed just in the centres of tetrahedral voids is about 20
at.% , which corresponds to one carbon atom per defective lattice of the
ZnS sphalerite type (Fig. 2, a).

Figure 2 also shows typical knees at 350 min for all samples studied
regardless of what type of carbon component is used in the charge
(CNT or SGG). Moreover, all four test samples selected after 350 min
of milling are characterized by similar lattice parameters a ~ 0.355 nm
and carbon content of 23 at.% C (x ~ 0.3) (Table 2). Crystal data of the
NiC, phases in these samples, intended for further studies of their
magnetic properties, are listed in Table 3.

Lattice parameters of 350 min milled NiC, phases formed in samples
with (3:2) charge ratio continue to increase significantly, while those

g 1 \
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; S W
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g R £ O
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< : ] * :
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Fig. 2. Dependences of the carbon content and lattice parameters of NiC,
phase formed on the milling time. White symbols correspond to Ni—-CNT
charge, black symbols—to Ni—SGG charge; circles indicate (3:1) charge con-
tent, triangles—(3:2) content.
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TABLE 2. Crystal structure data and real structure parameters for NiC, car-
bide obtained after 350 min of milling.

. Total | Amountof Microde- .
Initial ;’I‘Ztrfll:fer amount of ca?bon 11{ ]?;lioZ(;k formation of f:f:ég;ezl
charge p carbon C, voids, % lattice
a,nm o D, nm| o L,GPa
at.% Tetra‘ Octa Ad/d, %
Nipowder 0.3521(1) - - - 24 0.18 0.005
(3:1) charge
Ni—-SGG 0.3552(1) 21(2) 97 3 11 0.26 0.182
Ni—CNT 0.3548(1) 23(2) 98 2 11 0.24 0.632
(3:2) charge
Ni—-SGG 0.3552(1) 22(2) 90 10 10 0.45 0.006
Ni—CNT 0.3548(1) 25(2) 92 8 12 0.39 0.517

“The fraction of carbon atoms in tetra- and octahedral voids is calculated us-
ing an alternative model.

values in the samples with (3:1) ratio are rapidly saturated.

TABLE 3. Crystal data for NiC, carbides formed in 350 min milled Ni—CNT
and Ni-SGG charges (Space group F-43m (No. 216)).

Site occupation

Atom | Site | X Y zZ NiC, phase NiC, phase
(Ni—-SGG (3:1) charge)|(Ni—-SGG (3:2) charge)
Ni 4a 0 0 0 1.00(1) 1.00(1)
C(1) 4c 0.25 0.25 0.25 0.256(3) (tetravoid) 0.254(4) (tetra void)
C2 4 0.5 0.5 0.5 0.008(3)(octavoid) 0.028(4) (octa void)
Lattice parameter a, nm 0.3552(1) 0.3552(1)
Total isotropic B factor, nm? 2.15(2)-1072 1.25(2)-1072
Calculated content, at.% 79(2)Ni+21(2)C 78(2) Ni+22(2)C
Reliability factor Ry 0.009 0.008
Site occupation
Atom| Site | X Y Z NiC, phase NiC, phase
(Ni—CNT (3:1) charge)(Ni—CNT (3:2) charge)
Ni 4a 0 0 0 1.00(1) 1.00(1)
C(1) 4c 0.25 0.25 0.25 0.296(3) (tetravoid) 0.307(4) (tetra void)
C(2) 4b 0.5 0.5 0.5 0.006(3)(octavoid) 0.027(4) (octa void
Lattice parameter a, nm 0.3548(1) 0.3548(1)
Total isotropic B factor, nm? 1.68(3)-1072 3.09(9)-1072
Calculated content, at.% T7(2)Ni+23(2)C 75(2) Ni+25(2)C
Reliability factor Ry 0.008 0.004
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Structural calculations show that the trial models (with cubic or
rhombohedral symmetry), in which the carbon atoms are displaced
from the centre of tetrahedral voids (coordinates are equivalent to 1/4
1/4 1/4) to the centre of f.c.c. lattice (1/2 1/2 1/2) demonstrate the
best agreement between experimental and calculated diffraction re-
flections intensities for these phases (reliability factor is less than
0.01). Here we consider a cubic model built in the same space group F-
43m: 4Ni atoms in 4(a) 0 0 0 and qC atoms in 16(e) x x x, where the co-
ordinate parameter x (=1/3) and q values are calculated for each 350
min milled NiC, phase (Fig. 2). It is seen that the contents of NiC,
phases synthesized at mechanical alloying of four charges generally
correspond to the compositions of source mixtures. Although the lat-
tice parameters of NiC, phases obtained from Ni—SGG charges are
slightly higher than those obtained from Ni—CNT ones (Fig. 2). The
pattern of atoms arrangement in NiC, phases formed after 350 min of
milling is presented at Fig. 3, b. One can see that the carbon atoms sta-
tistically occupy the vertices of tetrahedrons, which centres are the
centres of tetrahedral voids.

An alternative to two models described above may be their common
model build within the space group F-43m, in which carbon atoms are
statistically placed at the centres of both tetrahedral and octahedral
voids, namely, 4Ni atoms in 4(a) 0 0 0, ¢C atoms in4(c)1/41/41/4 and
q'C atoms in 4(b) 1/2 1/2 1/2, where g and ¢' are the fillings of corre-
sponding 4(c) and 4(b) positions by carbon atoms. It should be noted
that ¢’ is equal to 0 for NiC, phase formed at the beginning of mechani-
cal alloying. In general, the agreement between experimental and calcu-
lated intensity of reflections is better for the model presented in Fig. 3, b
than for this alternative model.

Fig. 3. Arrangement of atoms in mechanically alloyed NiC, carbides: NiC,
phase containing up to 20 at.% C (a); NiC, phase containing more than 20
at.% C (b). Nickel atoms are marked as big grey circles and carbon atoms are
marked as small light grey circles.
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Parameters of real structure (coherent scattering block size D, mi-
crodeformation of crystal lattice ¢ = Ad/d) and the residual stresses
value L = E/v((d — d,)/d,) are calculated for each NiC, phases obtained
taking into account that all reflections at the diffraction patterns are
significantly broadened and some of them (mostly (022) reflection) are
also significantly shifted. In order to estimate available shift of the
position, this reflection is excluded from the refinement of lattice pa-
rameter a by the least square method. Subsequently, the value of d, is
calculated using the lattice parameter for the reflection (022), and the
value of this reflection is taken experimentally as the value of d. The
fact that (022) reflection turned out to be the most sensitive to defor-
mation is, in our opinion, natural because the carbon atom is located in
this plane in the centres of tetrahedral voids when embedded in Ni
crystal lattice according to structural studies.

As a result of the calculations performed, it is shown that D value
for NiC, phases is practically independent on the milling time and
charge content and is equal to 8-12 nm for all synthesis products.
However, ¢ and L values for these phases are changed (Fig. 4).

Thus, the study provided has shown that 350 min milled test sam-
ples are characterized by close values of the lattice parameters of NiC,
phase formed and close amount of carbon atoms solved (Fig. 2). Moreo-
ver, the carbon atoms in these carbides are localized mainly in the cen-
tres of the tetrahedral voids (Fig. 3, a). SEM analysis of the test sam-
ples selected after 350 min of milling demonstrates a similarity in
their morphology. Namely, all powders studied consist of individual
small particles and agglomerates of such particles (Fig. 5). EDS analy-
sis confirms XRD data on the amount of carbon atoms solved in nickel
lattice (about 23 at.%), which is close to the composition of the Ni;C
carbide.

Thus, taking into account the similarity of crystallographic charac-
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Fig. 4. Microdeformation and residual stresses of the crystal lattice for NiC,
phases in dependence on milling time. Symbols correspond to Fig. 2.
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Fig. 5. SEM images of the 350 min milled samples: Ni—-CNT charge (3:1) (a);
Ni—SGG charge (3:1) (b). x10000.

teristics and compositions of NiC, phases synthesized (Table 2, 3), the
magnetic properties are studied for the test samples selected just after
350 min of processing in a ball mill.

3.2. Magnetic Characteristics of 350 min Milled NiC, Phases Formed
in Ni—CNT and Ni—SGG Charges

Test samples selected after 350 min of mechanical alloying of charges
are examined using a vibration magnetometer. All the materials stud-
ied are ferromagnets, the hysteresis loops of which are shown in Fig. 6,
magnetic parameters calculated from these loops are listed in Table 4.

As it can be seen from Figure 6, the charge content used affects not
only the shape of the hysteresis loops, but also the magnetic character-
istics of the NiC, carbide with x ~ 0.33 (21-25 at.% C) existing in each
of four test samples. Thus, the coercive force H, of cubic NiC, ;5 car-
bide (close to stoichiometric Ni;C composition) varies within 4-12
kA/m with residual magnetization M, (7-9 A-m?®/kg) and almost con-
stant value of saturation field Hg (76.5 kA /m) (Table 4).

Analyzing the characteristics obtained, we can conclude that NiC, s,
carbide synthesized keeps the ferromagnetic features of nanocrystal-
line nickel powder (Table 4), and H, value is close to that predicted by
L. Yue et al. [13] for disordered Ni;C carbide. It should be noted that
nanocrystalline nickel powder is obtained by milling initial Ni powder
in a high-energy planetary ball mill under the same conditions as Ni—
CNT and Ni—SGG charges.

It is known that the coercive force depends strongly on the grain size
of the material [14]. Wherein, since grain boundaries act as impedi-
ments to domain wall motion, coercive force increases with decreasing
grain size. Taking into account that the effective width of the domain
wall for nanocrystalline nickel is about 40 nm [14] while the crystallite
size of powders synthesized in this work are much smaller (10—-12 nm,
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Fig. 6. Hysteresis loops of the 350 min milled test samples: Ni-SGG charge
(black circles) and Ni-CNT charge (white circles), charge composition (3:1) (a)
and (3:2) (b).

Table 2), we assume that other factors affect H, value of NiC, 55 carbide
synthesized.
Analysis of the crystal and real structure parameters of NiC, ;5 car-

TABLE 4. Magnetic characteristics of NiC, carbide obtained after 350 min of
mechanical alloying.

Coercive |Residual mag-| Saturation | Saturation
Initial charge force H,, |netization M,|magnetization| field Hg,
kA/m Am?/kg Mg, Am?/kg kA/m
Ni;C disordered [13] 5.7 - - -
Ni—nanopowder [14] 1.2 - - -
Ni—-nanocrystalline 2.2 3.0 40.6 76.5
(3:1) charge composition
Ni-SGG 3.8 7.8 41.9 76.3
Ni—CNT 5.7 6.6 23.1 76.9
(3:2) charge composition
Ni-SGG 12.1 8.6 24.1 76.5
Ni—CNT 11.7 8.5 22.4 76.9
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bide synthesized and its magnetic characteristics (Tables 2, 3) allows
us to conclude that increase in the amount of carbon atoms embedded
in octahedral voids of nickel structure causes an increase in the micro-
deformation degree of carbide lattice, which, in turn, contributes to an
increase in H, value (Fig. 7). It should be noted that the amount of car-
bon atoms located in the octahedral voids of the cubic NiC, ;; structure
is calculated using the alternative model described above (Table 2).

In general, the values of coercive force and the shape of hysteresis
loop (Fig. 6, Table 2) certify that nanocrystalline NiC, ;5 (cubic Ni;C
carbide) synthesized here belongs to semi-hard magnetic materials
(H,>4kA/m).

4. DISCUSSION

Comprehensive study of Ni-SGG and Ni—CNT powders mechanically
alloyed in a high-energy planetary ball mill at identical technological
conditions has revealed both similarities and differences in the for-
mation of NiC, carbide with ZnS sphalerite defective structure.

It is known that both CNT and SGG source powders are gradually
amorphized (up to 60 min of milling) at the initial stage of the mechan-
ical alloying [15, 16]. Active interaction of carbon and nickel powder
begins after amorphization process is completed. Therefore, the initial
nickel powder is the main counterpart for all samples processed up to
100 min (with some amount of graphite in the Ni-SGG charge).

An increase of the Ni lattice parameters is observed in test samples
milled for 100 min or longer (Fig. 2). It is noteworthy that at the initial
stage of processing the lattice parameter of NiC, phase synthesized
from Ni—SGG charge is slightly higher than that synthesized from Ni—
CNT charge, although the content of carbon embedded in NiC, is lower
in the case of Ni-SGG charge (Fig. 2). Similarity in a values and com-
positions is observed only for the NiC, formed in 350 min milled test
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samples. Saturation process of the NiC, crystal lattice with carbon at-
oms continues with further milling for charge (3:2), in contrast to
charge (3:1).

Considering our previous TEM studies of the Fe;C carbide formation
at mechanical alloying of Fe—CNT charge [8], one can assume that sim-
ilar processes are realized at the formation of NiC, carbide. Amor-
phized carbon powder wraps nickel particles and penetrates into them
along grain boundaries and dislocations. This process dominates when
the charge is mechanically alloyed for up to 100 min. Further pro-
cessing leads to a gradual nucleation of NiC, carbide phase, formation
of which begins on the surface of nickel particles. Moreover, a shell
formed on such nickel particles leads to appearance of surface tension
(residual stresses, Fig. 4). Upon reaching a certain thickness, this
shell, formed by the products of the synthesis of the NiC, phase exfoli-
ates, which is clearly illustrated by Fig. 4, where the obtained values of
residual stresses are minimal at 315—350 min of processing, ie, upon
completion of the formation of defective ZnS sphalerite structure.

N. Kundan et al. [17] have described similar process of carbon atoms
solution in nickel crystal lattice at mechanical alloying of the Ni—
graphite charge. Unfortunately, authors of Ref. [17] have not defined
the exact location of carbon atoms in nickel lattice, taking as a basis
the common idea of its localization in octahedral voids by analogy with
the NaCl-type structure. However, our previous studies on mechanical
alloying of Ni—CNT charge [9] have shown that such localization of
carbon atoms is characteristic of a nickel-based solid solution with low
CNT content (up to 5 at.%).

Structural calculations performed here have revealed that the NiC,
phase with a defective ZnS sphalerite structure is formed at the first
stage of mechanical alloying of both Ni—-SGG and Ni—CNT charges.
Presumably, this phase appears to be an individual compound (as evi-
denced by the two-phased nature of some test samples selected at up to
100 min of processing). Moreover, the existence region of this phase
can extend beyond 40 at.% of carbon, which is shown by N. Kundan et
al. [17].

Considering the fact that the crystal lattice of nickel is faster satu-
rated with carbon atoms and the lattice period of NiC, formed is lower
in a case of Ni-CNT charge milling one can conclude that both the ef-
fective radius of amorphized CNTs and their diffusion rate are some-
what higher than those for amorphized graphite. Moreover, the for-
mation of NiC, from the Ni—-CNT charge proceeds more smoothly as
evidenced by independence of the carbide real structure parameters on
the milling time. No knees on a(t) dependence (Fig. 2, a) and on the de-
pendence of lattice parameter on the carbon content embedded into the
nickel crystal lattice (Fig. 8) supplementary imply smooth behaviour
of NiC, formation from Ni—CNT charge. Concurrently, well-defined
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knees are visible on the same dependences for Ni-SGG charge in the
vicinity of 20—22 at.% C. In our opinion these features are caused by a
change of the carbide crystal structure. A similar dependence of the
lattice parameters of the synthesized phase is observed by N. Kundan
etal.[17].

It should be necessary to note that indeed mechanical alloying re-
sults in a (Ni, C) solid solution formation with octahedral occupation of
carbon atoms at a low carbon content (up to 5 at.% C) [9]. However,
considering the calculation of electronic structure parameters the pre-
ferred arrangement of carbon atoms in the tetrahedral voids is shown
for the cubic NiC, phase, which contains more than one carbon atom
per unit cell [18]. This factor can support conclusion that the NiC,
phase studied is individual carbide and not a solid solution based on a
nickel lattice. Although to absolutely confirm the conclusion on the
existence of an individual NiC, carbide, an additional experimental
study of mechanical alloying of Ni—C charge containing up to 25 at.%
carbon is needed.

In order to study the mechanical properties of NiC, carbide the 350
min milled Ni-CNT charge (3:1) is sintered by high pressure—high
temperature (HP—HT) technique. The toroid type high pressure appa-
ratus is used to create the pressure of 8 GPa and temperature of 1200°C
and 1500°C (the test sample powder wrapped into the graphite foil is
treated in a high pressure cell during 40 s).

It appeared to be that NiC, phase with a defective structure of ZnS-
sphalerite with a = 0.3543-0.3548 nm is the only constituent of bulk
samples. The fraction x of carbon atoms in the compacted HP-HT
samples varies from 0.33 to 0.44, which may be caused by the addition
of extra carbon atoms from the graphite shell used in HP—HT reaction.

Average value of the Vickers microhardness for sintered NiC, sam-
ples (6.9—-7.2 GPa) is significantly higher compared to microhardness
of bulk metallic Ni (0.638 GPa).
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5. CONCLUSION

A comprehensive study of mechanically alloyed under the same techno-
logical modes Ni-CNT and Ni—SGG charges has revealed the following:
1. A nanocrystalline cubic carbide NiC, (x =0.3-0.7) is synthesized for
the first time at mechanical alloying of both Ni-CNT and Ni—-SGG
charges. According to XRD data the crystal structure of this NiC,
phase belongs to ZnS sphalerite type with partial filling of its tetrahe-
dral voids by carbon atoms.

2. Kinetics of the NiC, carbide formation is studied by XRD methods.
First of all, the features of Ni lattice parameter caused by the increase
of the carbon atoms embedded have revealed and the changes of micro-
deformation as well as residual stresses of NiC, crystal lattice have an-
alyzed.

3. It is shown that NiC, carbides synthesized after 350 min of milling
both Ni—SGG and Ni—CNT charges exhibit similar crystal structure
and composition. The materials obtained are ferromagnets, the coer-
cive force of which depends on the amount of the carbon atoms addi-
tionally embedded in the octahedral voids of the nickel crystal lattice.
4. It is shown that crystal structure of final synthesis product as well
as interaction between the initial charge components are affected by
allotropic form of carbon (graphite or carbon nanotubes) used.
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o6yave. Axad. Bepradcvrozo, 36,
03142 Kuis, Ykpaina

Metonom miasmoxemiuHoi cuHTe3u rpadity mapku MIIT'-7 y cepemoBuiii re-
Jito Ta i3 3acTocyBamHAM KaTraxisatopa (Pt) cTBopeno ByriereBi HamomaTepi-
amu (BHM), m1o micTaTs miIaTuny: gyaepeHr, HAHOKOMIO3UTH, rpaeHu, of-
HocTiHHi Byrienesi Hanorpyoxu (OBHT) Ta 6araTrocrinHi Byrieresi HaHOTPY-
6xu (BBHT). ITpoBemeno mociim:xkeHHs HAa MiKpPO- Ta HAHOPiBHAX MopdoJiorii
Ta CTPYKTYPHU MaTepiaiiB, AKi (JOpMyIOThECA HA KATOi, i BUBUEHO BILJINB IIapPiB
IJIATUHY Ha (DOPMYBaHHA HAHOCTPYKTYpP. MeTogoM PeHTI'eHiBChKOTO MiKpoa-
HaJIi3y BCTAHOBJIEHO BMICT IIJIATHHU Ta AOCJTiAsKeHO Ii po3momis y KOKHil i3
CKJIQIOBUX YACTUH OJIeP:KaHOTO JEIlO3UTY Ta IpucTiHHiM caxki. IIpoemeno
nudepeHmnianbHo-TepMmiunuii ananais BHM wHa mosiTpi meromamu TG, DTG,
DTA Ta 3a BigzMiHHOCTAMEN 3HAUeHb TEPMOCTiHKOCTi iZeHTM(}iIKOBAHO CKJaf
OPOAYKTiB cuHTe3u. IlomepenHi pesyabTaTy IIOKa3yIOTh, IO TaAKi CHHTEe30BaHi
IJIATUHOBMICHI BYyTJIelleBi HAHOCTPYKTYPM NPHUAATHI mjaa TexHoJsorii 3D-
Ipyky CJP (apyk KepaMikoio) Ta T03BOJISIOTH CTBOPUTH €JIEKTPOIU AJIA Mau-
BHOTO eJIEMEHTY BOJHEBOTO IMUKJIY 0e3 HaHeceHHA I1apy miaatTuHoBoro (Pt) kKa-
tajsizaropa. CbOTOoAHI Ile KJII0OYU O CTBOPEHHS AEIIeBUX MAJTUBHUX KOMIipOK
JIJISI BOJMHEBOI eHePreTuKu.

KarouoBi croBa: HaHOTEeXHOJIOTisA, ByrieleBi HanocTpykTypu (BHC), miatuna
(Pt), dynepeHu, HaHOKOMIIO3UTH, HAHOTPYOKM, IrpadeHu, AEmo3uT, mIaasMa,
eJIeKTPOyroBa CUHTE3a, IJIa3MoXeMiuHa cuuTesa, 3D-apykK, TexuoJoria CJP.

Carbon nanomaterials (CNM) containing platinum: fullerenes, nanocompo-
sites, graphenes, single-walled carbon nanotubes (SWNTSs) and multi-walled
carbon nanotubes (MWNTSs) are created by the method of plasma-chemical
synthesis of MPG-7 graphite in helium environment with using the catalyst
(Pt). Studies of the morphology and structure of materials formed at the
cathode at the micro- and nanoscales have been carried out, and the influence
of platinum vapours on the mechanisms of nanostructure formation has been
studied. The content of platinum and its distribution in each of the compo-
nents of the received deposit and in the wall soot is determined by the method
of X-ray microanalysis. Differential-thermal analysis of synthesized CNMs
in air by TG, DTG, DTA methods is performed, and the composition of syn-
thesis products is identified by differences in heat resistance values. Prelim-
inary results show that such synthesized platinum-containing carbon
nanostructures are suitable for 3D-printing CJP technology (ceramic print-
ing) and allow creating electrodes for the fuel cell of the hydrogen cycle with-
out applying a layer of platinum (Pt) catalyst. Today it is the key to creating
cheap fuel cells for hydrogen energy.

Key words: nanotechnology, carbon nanostructures (carbon nanostructures),
platinum, fullerenes, nanocomposites, nanotubes, graphenes, deposit, plasma,
electric arc synthesis, plasma chemical synthesis, 3D-printing, CJP technology.

(Ompumano 2 nromoezo 2022 p.)
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1. BCTYII

Huni ocHOBHOIO ITP001€MOI0 BUKOPUCTAHHS ITAJIUBHUX €JIeMEHTIiB € II0-
Tpeba y metasax 10-i rpynu (B ocHOBHOMY myaTuHa Ta ii cronu). OcHOB-
Hi 3yCHMJLIIA MOJIATAIOTh ¥ 3aMiHi maaTuHM ado oOMeskeHHi il KiJIbKoCTi,
IIT0 AO3BOJIUTH 3MEHIIIUTH cO0iBapTiCTh MAJTMBHUX ejieMeHTiB. Mu mpo-
IIOHYEMO CTBOPUTHU ByrJelneBi HanocTpyKTypu (BHC), 1o mictaTs mia-
tuny (Pt), Ta BuKOpucTOBYBATH iX AJIA BUTIOTOBJIEHHS ITAJIUBHUX eJie-
meHTiB. Ile 703BOJIMTH 3BECTU BMICT IIJIATUHY y TAJIMBHUX eJIEMEHTax 710
MiHIiMyMy Ta 3HAYHO 3MEHINMUTH ixHIO0 cobiBapricTh. CTBOpeHHSA TaKol
TaJMBHOI KOMipKM aBTOMAaTH30BAHOIO CHUCTEMOIO TeXHOJOTii 3D-ApyKy
CJP 1o3BOJINTHL BUT'OTOBJIATH AeIlleBl HaJIWBHI eJIeMeHTH OJIA BOLHEBOI
eHepreTuku. 3apas IJIaTHHOBMicHiI ByrierneBi HanocTpykTypu (BHC)
MOJKYTH OyTH 3aCTOCOBaHi He TiJIbKU AJIA KOHCTPYIOBAHHS ITAaJIUBHUX
eJIeMeHTiB, a ¥ 3aJAJid BUPIIeHHs mpobaeMu eheKTHBHOTO 30epiraHHs
BomHIO [1-6]. MoauBo, 0 y MaOyTHLOMY cucTeMa <«(QyJIIepUT—
MeTaJI—BOJEeHb» CTaHe CY4aCHUM IepemoBUM 3ac000M HAKOIMYEHHS BO-
HIO — €KOJIOTiYHO HaWJYUCTIIIOro JiKepesa eneprii [ 7—14].

Humni cunresy Byrienesux Hanorpyook (BHT) ra inmux BHC amiiic-
HIOIOTHL PIi3HUMHN MeTOZaMW: Ja3ePHUM BUIIAPOBYBAHHAM MeTaJl-
rpadgiToBUX eJIEKTPOMAiB; IIJIa3MOXEeMiUHM BUIIaPOBYBaHHAM I'padiTy y
rasoBii ¢asi [15—35] Ta pigkux cepemoBuIliax y IpPUCYTHOCTI KaTaJriza-
TopiB [36—46]; KaTaAIiTHUYHMM HTipOJiZOM BYTJIEBOAiB; y IPUCYTHOCTI
MeTaJIOOPTraHiuHUX CIOoJYK ((hepporieH, (prajomiaHinm); KaTaJIiTHUIHOIO
IUCMYTAIli€l0 OKCUAY BYTJIEIIo Ta inmumu [47].

MeTon mimazmMoxeMiuHOTO BHIIAPOBYBaHHA IpadiTy y rasoBiii ¢asi €
BiTHOCHO IOIIMPEHUM i TOCUTH e(PeKTUBHUM, OCKiJILKM JO3BOJISIE OJleP-
JKyBaTu AK po3umHHi [48—54], Tak i Hepo3uUMHHI ByTJeleBi HaHOMATe-
pianu (BHM) [55, 56]. Ilo Toro X, Iieifi MeTOn J0O3BOJISIE KepyBaTu pe-
JKMMaMU CUHTE3V, BUKOPUCTOBYBATH Pi3Hi rasoBi cepemoBuiIna, a roJio-
BHe — pgocaratu Bucokoro Buxony BHM i3 damanoio mopdosioriero Ta
BiractuBocTAMU. Choroaui pismomaniTai BHM akTUBHO BUKOPHCTOBY-
IOTH JJIS CTBOPEHHSI HOBUX KOMIIOBUTIB [55, 57—65].

OpmHak, HUHI 3aJIUITAIOTHCSA HeLOCTATHHO BUBUEHUMHU IPOITECH OKIIC-
Hennda BHM nenosuty — MPOAYKTY, AKUI YTBOPIOETHCA HA KaTodi y
IpoIleci MmIasMoOXeMiuHOI CUHTe3H y ra30Biit (pasi. Po3ymiHHAa mux mpo-
meciB mos3Bosmiio 6 izeHTudikyBaTu popMu Byrielio. K Oyae moxasa-
HO, y cKJani gemosuty npucyTtHi ax BHT, Tak i rpagenn.

VY poboTi nranyeThCA He TIILKY CTBOPUTH BYTJIEIIeBi HaHOMATEpiaIn
(BHM), 1o mictars Pt, mo npugatai aaa 3D-IpyKy, a I BUBYUTH MOP-
¢doJtorito Ta OyIOBY OfieprKaHUX BYTJIEIIEBUX HAHOCTPYKTYP.

2. EKCIIEPUMEHTAJBHI JOCJAIIKEHHS

MeToa maasMOXeMiuHOI CMHTEe3M y Ta30BOMY CEPeIOBHUIIL mependauae
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MOJKJIMBiCTh BUIIApOBYBaTuU ab0 PO3IIOPOIITYBATH AHOTHUU €JIeKTPOIH,
IIT0 TO3BOJISE OEPIKYBATH Pi3HI IPOAYKTH CUHTE3M!.

BunapoByBaHHA €JEeKTPOAY — Ile PeKUM IIJIa3MOXEMIiUHOI CMHTE3U,
3a AKOT'0 aHOJHA CKJIAJ0Ba IIEPEXOAUTh B aTOMAPHUU CTaH, CTBOPIOIOYUN
ymoBu 30HU cuuTe3u BHC. Came 3a TaKOro BUIapoBYBaHHSA eJIeKTPOIA
CHUHTE3YyIOThCcA QyJiepern Ta pyIepeHono i0Hl CTPYKTYPH.

PosmopomieHHsa ejlekTpoga — Iie PeKUM IIJIa3MOXEeMiuHOI CHHTe3H,
3a AKOI aHOAHA CKJIAJ0Ba He IMepeXOoAUTh B ATOMAPHUNA cTaH. 3a3BUUaii,
el mpoilec mepebirae 3a BeIMKOI MIBUAKOCTI MOgaui KaTOJHOTO eJIeKT-
pozma. 3a TaKMX YMOB aHOIHA CKJIAJ0Ba He BCTUTAE MEPEXOIUTU B aTO-
MapHUI cTaH, a rpadiToBa CKJIamZoBa aHOAA CIYIITYETHCA (PO3MYIITYETh-
ca). Harmrri gocmimskeHHA TPOAYKTIB MIa3MOXEMiUuHOI CMHTE3U 3a HaBe-
IEeHNM PeXMMOM BKa3yIOTh Ha IIporec (opMyBaHHA rpa)eHOBUX MaKe-
TiB, MOAM(iKOBaHUX 3aCTOCOBAHIIM KaTaJIi3aTOPOM.

Hnaa cuaresu BHC, aki mictare aromu Pt, minasmoxemiunmm meTo-
IOM BUKOPHCTOBYBAJU PEKMM BUIIAPOBYBAHHS BUTPATHOTO AHOIHOTO
eleKkTpoma. EKcmepuMeHTanIbHA IIJIa3MOXeMiuHA YCTAaHOBKA CHUHTE3U
CKJIAJAETHCA 3 BEPTUKAJILHOIO IUJIIHAPUYHOTO peakTopa (puc. 1), mo
IeHTPY AKOT0 BCEPEANHI 3HM3Y PO3TAIMOBAHUI TpuMau 3 BUTPATHOTO
aHOJIHOTO eJeKTpoaa 9, a BcepeAnHi 3BepxXy — TpUMau 2 HeBUTPATHOTO
KaTOQHOTO eJIEKTPoAa 7. ¥ IpoIieci mIa3MoXeMiuHOI CMHTe3! MiK eJIeK-
TpOZaMM yTBOPIOEThCA masma I [66], B AKil BuIapoByeTbCS BUTPAT-
HUM aHogHNUI eaeKTpoa. KaMepa peakTopa 3all0BHIOETHCS rejlieM 4.

Y nnasmoxeMmiuHi#i cMHTE31 BUKOPUCTOBYIOTH JIBa TUIIN €JeKTPOiB:
BUTPATHUUA aHOOHUU €JIEKTPOJ Ta HEBUTPATHUU KATOOHUU €JIEKTPOL.
HeBuTpaTHuii KaTOOHNI €JIEeKTPOJ PYXaeThCA Y3I0BMK oci peaxTopa 13,
a BUTPATHUI aHOAHUI eJIEKTPOJ BUIIapPOBYEThCA V maasMi [66] mix Tuc-
koM 0,02-0,09 MIla y rasoBomMy cepemoBuiili rejaito. Takum unzHOM, 3a-
0esImeuyeThCsA PiBHOMIpHUH PO3IMOAIN IPUCTIHHOIL cami 5 Ha BCiii cTiHIi
peaxkTopa Ta I0oCArarThCsa IPAKTUYHO OSJHAKOBI TepPMOAMHAMIYHI YMOBH
st cuaTe3n Bcix BHM ta ixHBOI KOHAEHCAITi].

Jia cuatesau BHM BukopucToByBain eJIeKTPOIM, BUTOTOBJIEH] 3 BU-
cokosKicHoro rpadiry mapku MIIT-7. [Ina BBemeHHA KaTajisaTopa y
30HY IJIa3MOXE€MiUHOI CUHTE3W BUKODPUCTOBYBAJIU MOPOKHUCTUMN rpadi-
TOBUI aHOM, B IKUI HMOMIIIaaM KaTajaisdaTop (IJIaTUHY) YV BUTJIALL Ipo-
Ty, QiKCcyroum Horo y MOpoKHMHI aHoJa 3alipecoBaHUM I'padiToBUM MO-
poxom. ITopo:kHMHA aHOIHOTO €JeKTPOIa PO3TAIIIOBYETHCI Y3OBMK OCi
peakrTopa 12 (puc. 1, 6).

Ha xosogHuX cTiHKax peaxTopa 12 y mpoIlieci miIasMoxeMiuHol CHH-
Te3u Y Ta30BOMY CepemoBHUIli (hOPMYyEThCA IIPUCTIiHHA caka, IKa € OCHO-
BHUM MPOAYKTOM CHUHTE3U, a Ha KaTOTHOMY eJeKTPOAi CHUHTE3YEThCS
Iemo3uT 6, 10 € mMo0iuHMM HmpoAayKToM. IIpucTrinma caska MiCTUTH pPoO3-
YUHI Ta HEPO3UYUHHI BYTJIEIIeBi HAHOCTPYKTYPU, 3aPOAKeHHA AKUX Bij-
OyBaeThcA Y 30HI cuHTe3u. {0 POSUMHHUX BYIJIEIIEBUX HAHOCTPYKTYP
BXOJATH PyJiepeHu, eunodyaepeHu Ta QPyaepeHonofi0Hi MPpogyKTH.
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Puc. 1. IInasmoxemiuHa yCTaHOBKA CUHTE3U y Ta30BOMY cepegoBuiri. Cxema 1iu-
JIIHAPUYHOTO peakTopa Aad miaadmoxemiunoi cuaresu BHC y razoBomy cepepno-
BuIi: 1 — miaasMa; 2 — TpuMadu Karoja; 3 — TpuMad aHoma; 4 — resiiBMmicHe
cepenoBUIlie; 5 — MJIATHHOBMIiCHA IPHUCTiHHA caka; 6 — MermosuT; 7 — HeBUTpa-
THUH eJIeKTpo[ (KaTox); 8 — ceplieBUHA JeIO3UTY; 9 — BUTPATHUI eJIeKTPO;
10 — ppoTaHUU KarajisaTop, sakpimiaeHui rpadiroBum mopoxom; I1 — Kopa
memosuTty; 12 — crinmka peaxTopa, 13 — Bichk peaxkTopa cuntesu BHC (a); 3ara-
JbHUH BUTIAL (0); 30BHiIIIHI# BurAn Pt-BMicHOTO Memo3uTy Ha KaTomi (8).

Fig. 1. Plasma-chemical installation of synthesis in a gaseous environment.
Scheme of a cylindrical reactor for plasma-chemical synthesis of CNS in a gas-
eous medium: I—plasma; 2—cathode holder; 3—anode holder; 4—helium-
containing environment; 5—platinum-containing wall soot; 6—deposit; 7—
non-consumable electrode (cathode); 8—the deposit core; 9—consumable elec-
trode; 10—wire catalyst fixed with graphite dust; 11—the deposit bark; 12—
reactor wall; 13—axis of the CNS synthesis reactor (a); general view (6); ap-
pearance of Pt-containing deposit on the cathode (8).
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Jlo HepO3UMHHMX BYTJIEIIEBUX HAHOCTPYKTYP BiTHOCATDL BYTJIEIleBi
HAHOTPYOKU, rpadpeHU Ta MaKeTu rpadeHis.

Hemoaur 6 (puc. 1, 6) — 1e mobiuHMIT TPOAYKT CUHTE3U, AKUHA (hopMYy-
€ThCA HAa KaTOSHOMY €JIEKTPO/Ii Y BUIJISAAL HapPOCTy, 3aBKAU Y34O0BXK OCi
AHOJHOTIO eJieKTpoa. SIK MoKa3yoTh HAIIIi TOCIiKeHHA, JeIO3UT CKJIa-
JAETLCS 3 CePIIeBUHU Ta Kopu. Pi3MKOo-XeMiuHi JocJriaKeHHs Mop¢oJIo-
rii Jemo3uTy BKa3yOTh Ha Te, II[0 Oy/I0Ba CepPIeBUHU Ta KOPHU 3aJEeKUTh
BiJ KaTaJsiszaTopa, IPUCYTHLOT'O ¥ 30H1 IJIa3MOXeMiuHOI CUHTE3M.

CepueBuHa gemno3uty 8 (puc. 1, 6) — cKJIagoBa IeIO3UTHOTO QOpPMY-
BaHHSA, AKa Mac BJacHy OymoBy i ckaamaeTbea 3 BHT, Ta minmuo 3’egnana
3 KOPOIO Jemo3uTy. Aje, AK BKasyOTh eKCIePUMEeHTH, AKII0 Y IIpoIlieci
MJIa3MOXEeMIiUHOI CMHTE3U BUKOPMCTOBYBATU KaTalidaTop, TO CEPIIeBU-
Ha JIemo3uTy (popMYy€EThCA Yy BUIVIALL He3aJEeKHOI CTPYKTYPHOI CKJIamo-
BOI i JIETKO BiIOKPEMJIIOETBCS Bi KOpH.

Kopa genosury 11 (puc. 1, 6) € 30BHIIITHIM ITTapOM CKJIIOBOI JeII03M-
THOTO (hopmMyBamHuA. BoHa Mae BiacHy OyZIOBY Ta CKJIamaeThCcs 3 rpade-
HiB, rpadenoBux makeriB i BHT, a Tako:X mimHo 3’emHaHa 3 cepIieBU-
HOIO IeIO3UTY YV BUIIAAKY 0e3KaTaJiTUUHOI CHHTE3MH.

VY pasi nmaasmoxeMiuHOI cUHTEe3U BimOyBaeThCcA BUIAPOBYBAaHHS aHO-
Ila, BUTOTOBJIeHOTO 3 uucToro rpadiry (MIIT-7), a Tako:x i3 anHozma, mo-
IIOBAHOTO ILJIATMHOBUM KartajisaTopom 9 (puc. 1, 6, Taba. 1). IIporec
IJIa3MOXeMiuHOI cuHTe3u y mpucyTHOocTi Pt-Karanisaropa TpuBae Ha 40
XBUJIMH JOBINIE, HE3BasKAlOUM Ha Te, IO JOBXKUHA aHOMAA, JOIOBAHOTO

TABJINIIA 1. YMoBU Ta pe3yIbTaTH IIJIa3MOXEMiUHOI CHHTE3H.

TABLE 1. Conditions and results of plasma-chemical synthesis.

C C-Pt
Craapg Yuctuii rpadit T'padir ta Pt
JoB:xuHA KaToma 8,4 cm 8,4 cm
Hos:xkuHa anona 21,1cm 18 cm
S| Karanisatop
8 (DOBKUMHAXIIINPHIHA) - 11x0,1 cm
:E Ctpym 185-200 A 175-225 A
Hampyra 30-33 B 35-37B
Bakyymmerp 0,190-0,174 arm. 0,70-0,13-0,33 aTm.
TemIepaTypa 0X0JIOIKYBAIb-
HOT'O KOKyXa peakTopa 31°C 25°C
CepenoBullie CHHTE3H Temiit Temiii
- Maca npucTinzoi caxi 10,400 r 24,690 r
g Maca gemosuty 7,500 r 44,990 r
& |Maca ckouiiB rpadiToBIX aHOAIB 4,700 r 8,495
E, 3aJIHuIIOK aHoIa 6,6 cm 1,8 cm
o HoB:KkuHa Oen03uTy 2,1cm 5cMm
A TpuBanicTs cuHTE3U 2 roguHN 2 roguuu 40 xB
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ILJIATUHOIO, € MEHIIOI0, HisK y rpadiToBoro anoza 6es3 karamisaropa (18
ta 21,1 cm BigmoBigHOo). BunmapoByBaHHSA IJIATHHOBMICHOTO eJIEKTPOLA
CYIIPOBOIKYETHCA KOJIUBAHHAM cTpyMmy (175—225 A) ta Hanpyru (35—
37 B), Toxi K BUNapoByBaHHs Irpad)iTOBOTO aHOAA BiOyBa€eThCA 34 CH-
au ctpymy 185—200 A i manpyru 30—33 B. Ile Mmo:xHa TOSACHUTHU GBI
BHCOKOIO TeMIIepaTypolo BullapoByBaHHs Pt-BmicHOTO aHO1a.

Iliciia sakiHUeHHSA TPOIleCy BUNIAPOBYBaHHA MJIATMHOBMIiCHOTO eJIeK-
TpoZa Maca IPOAYKTY CHMHTe3W (AemOo3uT i IMpHCTiHHA caska) Habararto
IePeBUIIyE aHAJIOTIYHUI IIapaMeTp HPOAYKTY, OAeP:KaHOTO0 BUIIapPOBY-
BaHHAM rpadiToBoro aHoaa 6e3 KaTaaiszaTopa. BecraHoBieHo, 1110 3HaUHA
maca cuHTedoBaHux BHC smaxoguthbes y mpucTinHi caxki. Ile mosBoise
OPUIIYCTUTH, IT[0 Y IIPOIIECi JIa3MOXeMIUHOI CMHTE3U BeJanKa KiabKicTh
aTOMIiB IJITATUHU IEPEMIIYETHCA B 80HY HUMKUYMX THUCKIB i TemIepaTyp,
a came — Ha nepudepiio soum cuatesu BHC, axx mo iXHBLOTO 0XO0JIO-
IKeHHA Ta KOHJeHcallil Ha cTinmi peakropa (puc. 1).

HossxwuHa (5 cm) Ta maca (44,99 r) Pt-BmicHoro nemosuty 3Ha4HO IIe-
peBUIITye TapaMeTpu AEMO3UTY, OAePsKAHOTO Il Yac BUIAPOBYBaHHSI
rpadiToBoro exexTpona (moB:xuHa 2,1 cm; maca 7,5 r) (taba. 1). Ie mo-
3BOJISIE IPUIIYCTUTH, IO Y IPOIeci cuHTe3n aroMu lliaTuHu peoprasi-
3yoTh atomu Kap6oHy, 110 gossoise popmyBatu BHC Ha xaTogHomy
€JIEKTPO/Ii Y BUTJIALIL Hermo3uTy. Pt-BMicHI memo3uTyu MalOTh CTIHKiCTh 40
ILJIa3MOBUX MPEKYPCOPHUX TEMIIEPATYP, OCKIILKY YTBOPIOIOTHCS CaMe B
TaKUX YMOBaX, a TaKOK XapaKTepUayIOThCS AOCTATHIM piBHEM eJIeKT-
POIPOBiTHOCTI BHACTiZOK TOrO, IO €JIEKTPUYHA AyTa YTBOPIOETHCA Bif
OJIMKUO] CepIleBUHU AEIO3UTY OO0 aHOAHOTO ejieKTpona. Taka eqexkTpu-
YHA Jyra CTBOPIOE HEOOXigHI YMOBHM AJA (DOPMYBAHHSA JEMO3UTY CIIiBBi-
CHO aHOJTHOMY €JIEKTPOY.

Jdeno3ur. ¥ xoai cuHTE3M i yac BUlIapoByBaHHA Pt-BMicHOro anosa
Ha HEBUTPATHOMY eJIEKTPO/i (KaToAi) YyTBOPIOETHCA HAPICT, AKUI Ha3H-
BaeThcA Aemo3uToM (puc. 1, 8). lemo3uT cKIagaeTbca 3 MyXKoi cepiie-
BUHU, VTBOpPeHOI 0araTOCTiHHMMU BYIJIEIIEBUMH HAHOTPYyOKaMu’
(BBHT) 3 mimiMmaabpHOIO KiJbKicTIO CTPYKTYPHUX AedekTiB (puc. 2), a
TAKOK MiIIHOI KOpM, YTBOPEHOI IIapyBaTUMM IpadiTomogiOHUMMU CTPY-
KTypaMMu, II10 MicTATh MeHITy KijibKicTh BBHT.

O6osiouKa (KOpa) YTBOPEHOTO AEMO3UTY, SIK i i uac cuuTesiB y mIpu-
CYTHOCTI iHIIMX KaTaJi3aTopiB, CKJIAJAETHCA 3 IIIapyBaTUX CTPYKTYP,
MEePIEeHANKYIIPHUX M0 OCi 1emo3uTy (puc. 3), Ta IIiJIbHO YKJIAAEHUX B
€INHY KOHCTPYKIIiIO.

ITopucra Ta myxka cepiieBuHa aenosuty (puc. 4, a), CKJIATaeThCA 3
KoHryioMmepariB nyukonoxiouux BBHT (puc. 4), opieHTOBaHUX Y3I0BXK
JIEemo31UTHOI oci, AKa miJ uac cuHTe3u 30iraeThes 3 aHOAHOIO Biccio. Ilyu-
KomomibHi cTpykTypu 06’ eqHanux BBHT matots giamerp Big 4 mo 25 HM
(puc. 4, 8).

Ilix yac BumapoByBaHHA I'padiToOBOIO eJIeKTpojia, AOIIOBAHOIO ILja-
THHOIO, YTBOPIOETHCA HabaraTo IIiJIbHIIIIA ceplieBuHAa, HijK ceplieBuHA,
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olep:KaHa 0e3KaTAJTITUUYHUM METOAOM CHHTe3u. BoHa Mae CTOBOUACTY
OyIOBY, Opi€eHTOBaHY HmapaJjieIbHO AeH0o3UTHil oci. CHHTe30BaHi CTOBII-
yacTi cTpyKTypu MaoTh giamerp 100—-150 mxMm (puc. 5, a—8) Ta, CBOEIO
yeproio, c)opMoBaHi 3 KoHTJIOMepaTiB nyukonomiounx BBHT miamet-
pom 4—25 um (puc. 3, 8).

¥ pasi nmasmoxemiunoi cuaTesu Pt-Bmicaux BHC yTBOpIOIOTHCS HeE
auitte mopo:xkHi BHT, ase # TpyOKu 3 pisHUMU CTPYKTYPHUMU aHOMAJIi-
AMu. BoHu MaioTh OGiJbINT PO3BMHEHY 30BHIIITHIO IIOBEPXHIO Ta AeAKi
BKJOUeHHA. [laHi peHTT'eHiBCHhKOr0 MiKpoaHallisy BKas3ylTh Ha MaJIui
BMICT ILJTATUHU Y CeplieBUHi (cATae coTOl YacTKMU BiICOTKY), a ¥ BCix ua-
CTHHAX Hemo3uTy (ceplieBUHA i 000/10HKA) 3a()iKCcOBAHO HASIBHICTD I'eK-
caroHaJbHOTO rpadiTy 3 moMinkoio pomboeapuuHoi pasu rpadirty.

Puc. 2. Ilyxko-mofi6Ha cepleBrHA JeIO03UTY: 3araJbHUN BUTJIAL KOHTJIOMepa-
TiB cepreBunu (a); koursomepat 3 myukis BBHT (6); nyuku BBHT — ckaamosi
KOHTJIOMepaTy (8).

Fig. 2. Loose core of the deposit: general view of the core conglomerates (a);
conglomerate of MWNT beams (6); beams MWNT—the components of the
conglomerate (8).
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Puc. 3. IllinpHa Kopa [Iemo3uTy, yTBOpeHa MiapyBaTuMu rpaditomomioHmmm
CTPYKTYPaMU.

Fig. 3. Dense deposit bark formed by layered graphite-like structures.

Puc. 4. Mopdosorisa cepuesunu Pt-BmicHoro genmosuty (CEM), 1110 yTBOPIOETE-
cA Mmif Yac CHiJIbHOTO BUIIAPOBYBaHHA rpadiTOBOTO e€JIeKTPOoAa, AOIIOBAHOI'O
IJIATUHOIO: @—2 — OJIOKU cepreBuHu; 0 — MopdoJioris GJIOKY; e, kK — Mexa
MiK 000JIOHKOIO Ta CEePIIeBUHOI0; 1 — OyZI0Ba TPAHUYHOTO ITyXKOTO Iapy.

Fig. 4. Morphology of the core of Pt-containing deposit (PEM), formed by the
joint evaporation of a graphite electrode doped with platinum: a—z—core
blocks; d—morphology of the block; e, k—the boundary between the shell and
the core; 1—the structure of the boundary loose layer.
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Takum umHOM, Pt-KaramizaTop y pasi cuHTe3u y rasoBoMy cepemo-
BUIIi 103BOJA€ chopMyBaTH MaiizKe CAHTUMETPOBI CTPUIKHI 8 MyYKOIIO-
mioaux BHT, aki surpumyiors Temnepatypu 1o 12000 K [66].

MoskauBicTh BiAgileHHA MEIO3NTHOI CEePIIeBUHU, IO CKJIAJTAETLCA 3
nyukiB BHT, Big nemo3uTHOI KOPU T03BOJISE PO3TJISAAaTH JEIIO3UTHI Ua-
CTHUHU AK He3aJIe:KHi IPOAYKTHU ILJIa3MOXeMiuHOI cuHTe3u. Bigminennsa
menosutaux BHT Bix rpadiTonomidbmol Kopu 30iJIbIIYE YHMCTOTY AEIIO3M-
taux BHT, a e 3MeHIIIye iXHIO cOOiBapTiCcTh, OCKIIBKY paHiIlle AeImmo3m-
T moApioHoBaau a4 BigokpemaeHHa BHT 3 rpadgiTomomioHoi cKiIamgo-
Boi. A Pt-BmicHy rpadenomnoni6bay Kopy (000JIOHKY) MOKHA 3aCTOCOBY-
BaTH IJIsI Ofep:KaHHsa rpadeHy, 30araueHoro miaaTuHOIO.

Kinmesi npoaykTu nepepobku Pt-Bmicaoro gemosuty (Pt—BHT Ta Pt-
rpadeHonomiOHI CTPYKTYpPH) MOMKYTHb CTAaTH KJIOUEM IJs CTBOPEHHS
JeIlleBuX eJIeKTPOAiB MaJINBHIX eJIeMeHTiB, Ha AKUX BiIOyBaeThCsa Bij-
HOBJIEHHSA BOJHIO.
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Puc. 5. JocrimkeHHA TePMOCTiHKOCTI 0G0JIOHKM MEII03UTIB ITicjs IJIasMoxe-
MiUHOI CHHTE3UM Y ra30BOMY CEpPEeOBUIIi: & — Kopa Aelo3uUTy, oJepsKaHa 6e3-
KaTaJiTUYHOIO CUHTE3010; 6 — Kopa JAeIOo3UTYy, 110 MicTuTh Pt.

Fig. 5. Investigation of the heat resistance of the deposits shell after plasma-
chemical synthesis in a gaseous environment: a—the bark of the deposit ob-
tained by non-catalytic synthesis; 6—deposit bark containing Pt.
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TakuM uMHOM, IIiJ Yac BHIIAPOBYBaHHS rpadgiToBOro ejJeKkTpoaa, O0-
MIOBaHOTO MJIATUHOIO, B eJIeKTPUUHIN Ay3i y cepefOoBUIII reJrito KaTai-
3aTop Oepe yUacTh y BCiX IJTa3MOXeMiUHMX peakiliAxX i mepeposmomiis-
€ThCSA MidK PiBHMMU IIPOAYKTAMU CUHTe3u. BelmKka yacTrHA ILIATUHU 3
IIOTOKOM KOHJEeHCATy IepeMiIllyeThCsA Ha CTiHKM peaxTopa. 3TigHO ma-
HUX eMiCilfHOTO CIIeKTPaJbHOT0 aHaidy, Hailbiabina KilbKicTh maaTu-
Hu (~1% 3a Macoi0) HAKOMMUYETHCSA y MPUCTiHHIH caxki. HacTuHa mia-
tuan (1o 1% Macu) y KaTiOHHOMY CTaHi Mmif Ai€i0 CHMJIBLHOTO eJIeKTPUY-
HOT'O II0JIA Pa3oM i3 BYTIJIEeIeBOIO ITapolo IepeMillyeTbCcsa Ha KaTomd, hop-
mytoun Pt-BmicuHuit memosut. BcTaHOBIEHO, IO INIATUHA Y CKJIAL1 JEI10-
BUTY IPUCYTHA, HE3BAKAIOUN HA BUCOKY TEMIepPaTypy 30HU (OpMyBaH-
Ha pemos3uty (mo 11727°C) [66], 1m0 mepeBuIlye TemMuepaTypy KUIiHHS
miratuau (3800°C).

Y pesynbTaTi BUBUEHHS XE€MIUHOIO CKJIAZLy CKJIAIOBHX dYacTuH Pt-
BMiCHOT0 JIeTI0O3UTY, BU3HAUEHO, 1110 aTroMu Pt posmoxaiseni HepiBHOMIp-
HO Ta 30CepemKeHi y Kopi memo3uTry. Mu BBarKaeMo, I10 y pPas3i BUHUK-
HEHHA eJIEKTPUYHOL Y'Y IIOTiK eJeKTPOHIB, AKUY IPOXOAUTDL KPi3hb Je-
O3UT, 110 (QOPMYETHCA Ta HArpiBae Moro, BIJINBAE He TLIBKU Ha IIPOIle-
cu (hopMyBaHHS BYIJIEIIEBOI CTPYKTYPH IEIO3UTY, a ¥ Ha KiJbKicHUI
BMicT aTomiB IlomaTHM y pidHUX CKJIAMOBUX YACTUHAX MEMO3UTY. ATo-
mu IlmaTuHU ocizaroTh HepeBaskKHO Yy HU3bKOTEMIIEPATYPHiN dacTuHi
peakTopa, Jie € Kopa JeIl03UTYy.

HasasHicTs, maaTHMHU IMOSACHIOE OiJIBIII BMCOKY TEPMOCTIHKiCTh KOopu
IJIATUHOBOTO Aemo3uTy. Hudepeniiaabao-repmivauii (DTA), Tepmor-
pasimerpuunnii (TG) i nudepenniansunmit repmorpasimerpuunnii (DTG)
aHaJIi3M HiATBEePAKYIOTH IIi BUCHOBKHU. Tak, TemMieparypa IIo4yaTKy B3a-
emonii Pt-Bmicuoi xopu 3 Kucuem (680°C) (Taba. 2, m. 2) mepeBuUIIye
aHAJIOTiUHMII MapaMeTp YHCTO BYTJIEIIeBOl KOpH (TeMIlepaTypa 3aiiMaH-
Ha ckaagae 575°C) (raba. 2, u. 1) (puc. 5, a, 0).

Kpupa DTA (puc. 5, 06) Bkasye Ha nBodasuicTs (BHT Ta rpadenomomi-
OHi CTPYKTYpH) KOPHU MIEIO3UTY, 10 MicTuTh maatuny. OKpim rpadiro-
momibHOI cKJaamoBoi, Iei 3pa3ok mictTurh BBHT, 36iabiienus BMicTy

TABJHUIIA 2. TepmocTiliKicTs KOMIIOHeHTiB Pt-BMicHUX memos3uTiB micas mia-
3MOXEeMiuHOI CHHTE3H1 Y Ta30BOMY CE€PEIOBUIIIi.

TABLE 2. Heat resistance of components of Pt-containing deposits after
plasma-chemical synthesis in gaseous environment.

Ne . Temmneparypa] DTG DTA
Marepian o
H/H uporecy, C Tlmax’ OC Tlmax’ OC T2max’ OC

1 O6os10HKa 0e3 KaTajizaTopa 575—-980 840 840

2 Ob6oJsionka 3 Karamizaropom (Pt) 680—(>1000) 865 825 990
3 CepiieBuHa 6e3 KaTajizaTopa 575-990 870 850 960
4 CepueBuna 3 KartamizaTopom (Pt) 640-965 865 800 910
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AKUX iHiil0eThbCcA HaABHICTIO V KOPi IIJTaTUHMA.

Y ceplieBUHI Aemo3UTy, SKa CKJIaZAcThcsa 3 myukomonioumx BBHT,
BUSBJIEHO MAJIM BMICT IIJIATUHM, TA BCTAHOBJIEHO, IO BOHA XapaKTepu-
3y€eThCs OiIBINT BUCOKOIO TepMiuHOIO cTifikicTio (640°C), HixK ceplieBuHA
IEIIO3UTY, OJIeP:KAHOT0 0e3KaTaiTUYHOIO IIJIa3MOXEeMiUHOIO0 CHHTE3010 ¥
cepenosuiii remito (575°C) (puc. 6, a, 0).

JlaHi TepmiyHOTO0 aHaJ i3y CBifUaTh PO TE, 1110 Y CKJIAi CEPIIEBUHU Jie-
MO3UTY, CUHTE30BaHOr0 y nNpucyTHocTi Pt KaTasisaTopa, icHye aBi dasu,
SIKi pearyoTs 3 moBiTpam 3a remmepatyp 800 ra 910°C (Taba. 2).

Takum unHOM, AUdpepeHITiaIbHO-TePMIUYHNT aHAJIi3 Ha IOBiTPi MeTo-
mamu TG, DTG, DTA no3BoJsie BUABUTH He3HAUHI BiIMiHHOCTI y TepMoO-
CTiMiKOCTi I TeMIepaTypax okucHeHHA pisaux BHC, Tox 3aBOAKY I[HO-
MY pe3yJbTaT! MOYKHa BUKOPUCTOBYBATH JJIf IXHBOI ijeHTHU(hIKaIiT.

IIpucrimna caska. Cymimn KougeHcary, AKUH (OPMYETbCSI HaA CTiHKAX
peaxTopa Ta y ra3oBiil (pasi, yTBOPIOE IIPUCTIHHY caKy. BoHa MiCTUTE AK
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Puc. 6. JocrigkeHHA TePMOCTiHKOCTi CepIieBUHU IEIO3UTIiB IIasMOXeMiuHOol
CUHTEe3U y ra3oBoMy cepemoBuili: Pt-BmicHa cepiieBuHa AemosuTty (a); cepiie-
BUHA JETO03UTY, 0JePXKaHoro 6esKaTaliTHYHUM MeTooM (6).

Fig. 6. Investigation of the heat resistance of the core of plasma chemical syn-
thesis deposits in a gaseous environment: Pt-containing deposit core (a); the
core of the non-catalytic deposit (6).
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posuuHHY (Qyeperu i GyIepeHoNnonAi0OHI CTPYKTYPH), TaK i HEPOSUUHHY
dpaxiito (zanokommoo3utu, BHT, rpadenn) y pifkux ByriIeBOIHIX.

HocmimxeHHa CTPYKTYP BYTJIEIIeBUX IPOAYKTIiB IIPOBOAUJIN Ha CKa-
nyBagbHOMY (JSM-T20) i mpocBiuyBanbHOMYy (JEM 100 CXII) emnexr-
pouuux mikpockonax (CEM i ITEM), aki cBiguaTs, 1110 HAHOCTPYKTYPHI
CKJIaJIOBi MaIOTh pi3Hi reomeTpuuHi hopMu Ta CTPYKTYpPY (puc. 7, 8).

Ha mikpopiBHi mmacT mpucTinmoi caki mae 6yIoBY, IO MOKa3aHa Ha
puc. 8. IlmacT mpucTiHHOI caKi IMommepesHbO IiaAgaBaIn 00POOITi yabTpa-
3BYKOM y CEPENOBUIII cIUpTy. BuiydenHa npuUcTiHHOL caxKi 3ailicHIO-
BaJI BiIKPUTTSAM BEPXHBLOI Ta HUIKHBOI PEAKTOPHUX KPHUINOK (¢JaH-
IIiB), IicJid Yoro BimOyBajsiocs BUTHCKAHHS OCAaAy T'YMOBUM IIOPIITHEM
3Bepxy mo Hu3y. IIpucrinHa caska ocumajiaca y KOHTeliHep 30epiranud,
IIT0 MOHTYETBCA ITiCaA BIIKPUTTSI KPUITIOK peaKkTopa.

PosumHHY CKJIag0OBy HNPUCTIHHOI cami — (yJiepenu ta ¢yJiepeHorno-
IiOHi CTPYKTYPHU OfEPKYyBaJJIM METOJOM eKCTPaKILii.

PesynbraTy aHarisy mIpuCTiHHOI cai MeToqoM KOMOiHAIiTHOTO PO3-
cigaaHa cBiTia (PamaHiBchbKa CIEeKTPOCKOIisA) BigmoOpaskeHo Ha puc. 9,
e IBOIiKOBa cTPYKTypa G-MaKCUMyMYy CBiTUKUTHL ITPO HAABHICTDL Y JOC-
JiIyKeHNX 3pas3KaxX JBOX TUIIB HAHOTPYOOK: MAKCHUMYM HOOJIM3Yy YacTo-
T 1570 cM ' moB’sA3aHUil 3 HAaHOTPYOKaMu Tuiy «armchair» (mposiz-
HUK), 2 MAKCHMyM 6ia yacTot 1590 cM ' — 3 HaHOTPYOKaMU «zigzag»
(HamiBOpOBiTHUK).

KinbpkicHUi Ta AKicHUY aHAIi3 po3UNHiB (hyaepeHiB IIPOBOININ CIIe-

Puc. 7. Mopdosorisa moBepxHi npucTinHol caxi micia ii 06poOKU yIbTPa3By-
KOM B cepenoBuilii eramnony: a—e — CEM-dororpadia npuctinHoi caxi 3a pis-
HUX 30iJIbIIIEeHbD.

Fig. 7. Surface morphology of the wall soot after its sonication in ethanol: a—
e—SEM-photo of the wall soot at different magnifications.
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Puc. 8. IIEM-dororpadii HaHOPO3MipHUX YaCTUHOK, III0 CKJIAAAIOThL Pt-BMicHY
TIPUCTIHHY CaXYy.

Fig. 8. TEM-photographs of nanosized particles that make up Pt-containing
wall soot.

KTpodoromerpuunum meroxoM UF-Vis-crmekTpockorrii (puc. 10), me ¢i-
KcyBaau Gyiaepenn Cg, i C;p B eKCTPAKI[IHHNX PO3UYMHAX TPUCTIHHOI
caxi. [IlikoBi Mmakcumymu A, = 335,6 i 407 xapaxTepHi A7 QyiepeHiB
Coo Ta Aoy = 334,61 472,8 € xapakTepuuMu A1 pyiepeHiB Cq.

Y pesyabraTi BUBUEHHS XE€MIUHOIO CKJIALYy CKJIAIOBHX dYacTUH Pt-
BMiCHUX CKJIQJOBUX CUHTE3W BHU3HAUEHO, 1110 aTomu Pt posmozgineni He-
pPiBHOMipHO Ta 30cepelsKeHi y mpucTinHil caxxi. Mu BBaskaemo, 110 y
pasi BUHMKHEHHS eJeKTPUUYHOI Ayrm posmoxijseHHA Pt xarasisaropa
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Fig. 9. KRS spectrum of wall soot.
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MIPOXOIUTDH Y MPOAYKTAaX CUHTEe3u HepiBHOMipHO. ATomu IlmatTunu oci-
JaoTh IIEPEeBa’KHO y HU3LKOTEeMIEepPaTypPHIM YacTWHiI peaKTopa, e €
NPHUCTiHHA caKa.

YrBopeni nopo:xkuaucTi BHT giamerpom (5—25 um) i noB:xumoro (1,52
MKM) He BiIpisHSAIOTHCA BiJ ofep:KaHUX 0e3 3aCTOCYBaHHA IJIATHUHU, 34
BUHSATKOM JeAKNX aHoMaJiii. TaKoK BCTaHOBJIEHO, IO AEIIO3UT MAaE Ie-
KcaroHaJbHy IrpadiToBy CTPYKTYPY 3 JOMIITKOI0 poMboeapuuHOi rpadi-
TOBOI (hasu.

IlnaTtuma 3 rpameneHTpoBanoo Kybiunowo rparaureio (I'IK) y mpo-
IYKTaX CUHTE3U PO3MOMiNAETHLCA HACTYIHUM UMHOM: CepIleBUHA Melo-
suty menie 0,001% , obosouka gemosurty menrre 1% , mpucriHHa caka
6inpmre 1% . CKIamoBi 4yacTUHY EIO3UTY 3 IJIATUHOIO OLIBII TEPMOC-
TifKi ITOPIBHAHO 3 JEeMO3UTHUMHU CKJIAJOBUMM, IIT0 He MicTATH Pt.

IInaTuHOBMiCcHA IIPUCTIHHA caska IPOXOIUTE MIOIEePeaHIO HeqOBI'y 00-
pobKy, a came MOAPiOHEHHS y CIEIiaJbHUX «KYJbOBUX MJIMHaX» abo0
MIPOTUPAETLCA uepes MapidHe cHUTO 3 MiHIMAJILHUMM 3YCUJJIAMHU IS
CTBOPEHHS OJHOPimHOCTI mponyKTy. IlomepenHi mociimsKeHHA ITOKasa-
Ju, 110 TaKi MJIaTHHOBMICHI ByIJelleBi HAHOCTPYKTYPHU BiKe MOYKHA BU-
KopucToByBaTu y TexHosorii 3D-npyry CJP (apyx kepamikoro) [56],
a00 1 CTBOPEHHS HOBUX KOMIO3UTIB AJIsa TexHoJoTii 3D-agpyKy FDM,
SLA[67, 68].

JJidg cTBOpeHHSA eJIeKTPOIIPOBiAHOI KepaMiKi AK eJIeKTpo/ia MaJuBHOI
KOMipKU, BUKOPUCTOBYBAJIY IIJIATUHOBMICHY IPUCTIHHY CaXKy, OUHNIIIEHY
Bix ¢ysepeHiB Ta QysepeHOMOAiOHNX HAHOCTPYKTYP. /g 1IbOTO TPOBO-
OUJIN IPOIeC eKCTPAKILil (pyIepeHiB 3 IPUCTIHHOI cayKi ByTJIeBOZHEBUMU
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Puc. 10. Cuextp ontuunoi rycturau UF-Vis-crieKTpocKoIrii po3unnuy (gyiepeHis
eJIEKTPOIYTOBOI CHHTE3H.

Fig. 10. Optical density spectrum of UF-Vis spectroscopy of solution of fuller-
ene of electric arc synthesis.
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POSUMHHUKAMH, IT0 30iJILIITNI0 eJIeKTPOIIPoBiaHicTs Pt-BMicHUX ByTUIe-
IEeBUX CTPYKTYP Y Pasmu.

BukopucTaHHS IEMO3UTY Ta CKJIAJOBUX HOT0 OYI0BU Y CTBOPEHHI IIa-
JMBHOI KOMipKHM He JaJIu IIOMiTHUX pe3yJabTaTiB. Mu BBa)KaeMo, IIo Iie
OB’ I3aHO 3 MaJiMM BMicToM miatuHoBoro (Pt) karasisaTopa y memosu-
Ti. OKpiM TOTO, TIpoIllec IMOAPiIOHEHHA y CHeIliaJbHOMY «KYJIHLOBOMY
MJIMHi» a00 mpoTupaHHa uepesd ApiOHe cuTO mOoTpebyBaso 3HAUHUX 3Y-
CHUJIb Ta Yacy poOOTH AJI CTBOPEHHSA OSHOPIAHOTO CTAHY IPOAYKTY.

Crorozui pes3yJbTaTH NOCJIMKEHHS TAHOI PoOOTH JO3BOJHUJIN CTBO-
pUTHU He TiJIBKU KepaMiuHi eJJeKTPoau, a I MaJnBHI KOMIipKU AJIA Iaan-
BHOTO €JIEMEHTY BOJHEBOT'O ITMKJY 0e3 HaHeceHHA Iapy IIJaTHHOBOTO
(Pt) karamxisaropa y pasi Bukopucramua texuoJsorii 3D-apyky CJP. A
IIe IePIIui KPOK A0 CTBOPEHHS MeIleBUX MaJUBHUX eJIEMEHTIiB IJId BOJ-
HEeBO1 eHepTreTuKu.

3. BUCHOBRH

¥ mpoilreci HayKOBO-I0CIi fHOI poOOTH!

1. Mocaim:xeno posmnonaia aromiB kKaranisaropa (Ilmatunum) y mpogyKTax
eJIeKTPOXeMiUHOI CMHTEe3W Y I'a30BOMY CEPEOBUIIL Y pasi BUKOPUCTaH-
Ha rpadity mapku MIIT'-7.

2. BcranoBieHo, 110 atoMmu Pt y cTpyKTypi memo3uTy Ta B IPOAYKTaxX
CUHTE3M poanojijeHi HepiBHOMipHO. Ile miaTBepAKy€E aHaIi3 XeMidyHO-
r'o CKJIay IIJIaTUHOBMiCHOTO IETIO3UTY Ta IIPUCTIHHOI caKi.

3. BcranoBieHo, 1Mo IMeHTPaJbHA YacTHUHA AEHO3UTY (ceplieBmHA) Mic-
TUTDH JUIIE CJiL0oBi KiJTbKOCTI ILIAaTMHM, a OCHOBHA YacTHHAa aToMiB Pt
30cepemKyeTheA B 000y10HIII menmo3uty (Kopi). Ile aABuINe mOACHIOIOTH
BILJINBOM IIOTOKY €JIEKTPOHIB 3 eJIEKTPUYHOL Iy, AKa BUHNKAE IIiJ Yac
CUHTE3U, i IPOXOAUTh KPidhb MEIO3UT, HarpiBaoum HoOro, He JIUIIE Ha
nporec GopMyBaHHS BYTJIEI[€BOl YaCTUHU, a i1 Ha BMICT ILJIATUHHU Y Pis-
HUX YaCTHUHAX NEIIO3UTY.

4. IToBemeno, IO aTOMU KaTaJizaTopa, y HAIIIOMY BUIIQAKY IIJaTHUHA,
BILIMBAIOTh HA MPOIEC CHMHTE3U i COPUSIOTL YTBOPEHHIO IEIIO3UTY, B
AKOMY CepIieBHHA, 0 MicTuTh IatTuHoBMicHi myuku BHT, gerxo Big-
IiIseThCesa Bil KOPU Ta MOJKe MicJs IIboTo OyTH BUKOPUCTAHA Yy BUTJIAMI
OKPEMOTO CTPUKHA.

5. BcramoBieHO, IO MOMKHA POSTVIALATH ILIATUHOBMICHI JemO3MTHi
CKJIAZOBi (ceplieBMHA Ta KOpa) K He3aJIesKHi IPOAYKTHU IIJIa3MOoXeMiu-
HOI CUHTE3H.

6. BcranosiieHo, 1o audeperiiianbuo-TepMiuamnii anaais BHM ma moBi-
mpi meromamu TG, DTG, DTA no3Bojise BUSBUTH HaBiTh HEe3HAUHI Bif-
MiHHOCTI y TepmocTifikocTi pisaux BHC, 3aBmaxku yomy I1i JaHi MOKHA
BUKOPHUCTOBYBATHU IJd imeHTH(dikaIii ckiagy Ta THoy HaHOMAaTepiaJiB
(BHT, rpadenis).

7. BeranoBieno, 1mo aromu Pt 3ocepemkeni y mpucrinHinl caki. Mu
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BBa’KaeMo, IO Y pasdi BUHUKHEHHS eJeKTPUYHOL 1yru posnonijseHHa Pt
KaTajizaTopa OIPOXOAUTh YV IPOAYKTAX CUHTE3W HepiBHOMipHO. ATOMM
ILnaTuHM OCiZaioTh MepeBakKHO Y HU3bKOTEMIIEPATYPHill YaCTHHI peak-
TOpA, Je € MIPUCTiHHA caka.
8. Becramosseno, mio noposkuucti BHT, 110 yTBOpIoOoThCS, 3a TiaMmeTpoM
(5—25um) i moBxkuuoio (1,5—2 MKM) He Bigpi3sHAIOTHCS BiA TaKuX, IO
oJlep:kami 0e3 yuacTi IIJIaTUHY, 32 BUHATKOM JesIKNX aHOMAaJii.
9. BecTaHoBIIEHO, IITO MEIIO3UT Ma€ reKcaroHaJabHy Ipad)iToBY CTPYKTYPY
3 TOMiITK00 poMOoeapuuHOi rpad)iToBoi pasmu.
10. ITmaTuHa 3 rpaHemneHTPoBaHOI0 Kybiunoio rparauIeio (I'IIK) y mpo-
IYKTaX CUHTE3W PO3MOMiNAECTHLCA HACTYIHUM UMHOM: CepIleBUHA Melo-
suty menrre 0,001 %, o6osmouKa genosuty Mmenre 1% , npucringa caxa
Oinpire 1% .
11. CxyamoBi yacTUHU JMEMIO3UTY 3 ILJIATHHOIO OiJIbII TePMOCTIiHKi mopi-
BHSHO 3 IEIO3UTHUMHY CKJIQJOBUMM, IIT0 HE MicTATH Pt.

Y pesynabTaTi BUBUEHHSA IIPUAATHOCTI INIATHUHOBMICHUX BYTIJIEIIEBUX
HAHOCTPYKTYP A 3D-npyKy CJP (apyx Kepamikoro)
1. BecTaHoBJ€HO, IO A8 BUKOPHCTAHHA ILJIATHMHOBMIiCHOI IPHCTiHHOI
caki HeoOXiTHO MPOBOAUTHU IONEPETHIO HEeIOBry 00pOOKyY, a caMe, IIOI-
piOHIOBATH V CHEIiAIBHUX «KYJbOBUX MJIMHAX» a00 IPOTHUPATH KPi3hb
IpibHe cuTO 3 MiHiMaIbHUMHU 3yCUJIJIAMU AJISA CTBOPEHHS OJHOPiITHOCTI
nponykty. IlomepenHi mocaimKeHHs IIOKa3aJn, IO TaKi IJIaTHHOBMIiCHI
BYTJIEIleBi HAHOCTPYKTYPHU BiKe MOYKHA BUKOPUCTOBYBATU YV TEXHOJIOTI1
3D-apyKy CJP, abo ajsa cTBOpeHHS HOBUX KOMIO3UTIB AJA TEXHOJIOTIL
3D-npyry FDM, SLA.
2. BeraHOoBJIE€HO, IIT0 BUKOPUCTAHHSA AEIO3UTY Ta HOTO0 CKJIAI0BUX OyI0-
BM y CTBOPEHHI IMAJMBHOI KOMipKM He JIajii IIOMITHMX pe3yJIbTaTiB Ha
BimMiny Bij mpucTinzOi camxi. Mu BBaskaeMo, II10 Ie TI0B’ I3aHO 3 MaJIIM
BMicToM miaTuHOBOTO (Pt) KaTasrizaTopa y memosurTi.
3. BcraHoBieHO, IO IIPOIleC IMOAPiIOHEHHS OEMO3UTY Y CIelliaJlbHOMY
«KYyJILOBOMY MJHHi» ab0 110ro mpoTupanud Kpis3h ApiOHE cuTo moTpedy-
BaJIO 3BHAYHUX 3YCUJIb Ta Yacy PoOOTH IJIA CTBOPEHHSA OJHOPiAHOTO cTa-
HY IPOOYKTY.
4. BcTaHOBJIEHO, IIT0 JOCTiAKEeHHA JaHOl HayKOBO-AOCJiHOI poOOTH JO-
3BOJIMJIV CTBOPUTH He TiJIbBKM KepaMiuHi eJJeKTPOaM, a I mMaJuBHI KOMi-
PKHY IJIs TMaJUBHOTO €JIEMEHTY BOAHEBOT'O IUKJY 0e3 HaHeCceHHS Inapy
miratTuHoBoro (Pt) xaramizaTopa y pasi BUKOpHCTaHHS TeXHOJOrii 3D-
apyry CJP.
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The method of saturation of the friction surface with the donor material in
non-conductive solutions and oils is presented. The local influence of the
magnetic field (MF) on the physical model of the friction mechanism (babbit
coating B83 (paramagnetic class) in oil M10I'2k on hardened steel 45 (ferro-
magnet)) according to the shaft—liner contact scheme is investigated. The
magnetic susceptibility of M10I'2k oil before and after operation of the fric-
tion unit is determined, where the highest indicators of magnetic susceptibil-
ity of oil in the spent sample are noted. The influence of the action of the di-
rected energy of the MF on the creation of a nanostructured coating on the
ferromagnetic shaft (cr45) and the retention of the paramagnetic material of
the babbitt liner is investigated. The magnetic-dynamic effect of the mecha-
nism of ‘prowling’ by the products of wear of the insertion site on the friction
surface of small wear particles in the intersurface working space ‘steel shaft—
insert B83’ is established. The effect of the mechanism of separation of par-
amagnetic material on the ferromagnetic surface during the formation of
protective films on the friction surfaces is noted. The intensity of the coating
under which the conditions of wear resistance of babbitt are maintained is
determined. It is established that the intensity of wear under the influence of
MF decreases by 1.5—2 times.
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IlpencraBieHo MeTOAMKY HacHUYeHHS IIOBEPXHI TepTd MaTepiajoM AOHOpa B
eJIEKTPOHEIIPOBIAHNX po3umHax i osmuBax. JlocaimxkeHo JIOKaIbHUH BIJIUB Ma-
rHeTHOTO moJia (MII) Ha ¢dismuny mMomens mexaHismy TepTdA (6a06iToBE IOK-
putrta B83 (mapamaraerHoro kKJjacy) B onuBi M10I'2k mo 3araproBauiyt crami
45 ((pepomaruseTnky)) 3a cXeMoOIO0 KOHTAKTY BaJ—BKJIaJeHb. Bu3HaueHO Marue-
THY COPpUAHATANBicTH otuBu M10T'2K 1o i micasa HampaIioBaHHA By3Ja TEePTH,
Ie BimMiueHOo HAWOINMBINII MOKA3HUKMW MATHETHOI CIPUHAHATJIUBOCTI OJUBHU Y
BigmpamboBanoMy 3pasky. Hociigsxeno BruB ail HanpasaeHol eneprii MII ma
CTBOPEHHSA HAHOCTPYKTYPHOTO MOKPUTTS Ha (epomarHeTHuii Bam (cTt4bd) Ta
YyTPpUMaHHA TMapaMarHeTHOTO MaTepiany BKJamguina 3 0a66iTy. BeramoBieno
MarHeTHO-IUHAMIUHHUHN e(peKT MeXaHidaMy «PUCKaHHA» IIPOAYKTaMU 3HOCY Mi-
CIIs BIIPOBAIKEHHS HA MOBEPXHIO TePTs APiOHUX YaCTOK 3HOCY Y MilKIIOBEPX-
HeBOMY pPoOOYOMY IIPOCTOPi «CTajieBUil BajJ—BKJajgeHb B83». Bimmiueno miro
MexaHi3My cemaparlii mapaMarHeTHOrO MaTepiajsy Ha (hepoMarHeTHy IIOBEPX-
HIO ITig yac (popMyBaHHSA 3aXUCHUX ILJIIBOK Ha IMOBEPXHAX TepTA. BusHaueHO
HAIIPYXeHiCTh POOOTH MOKPUTTHA, 34 AKNX BUTPUMYIOTHCA YMOBU 3HOCOCTIli-
KocTi 6a60iTy. BcraHOBI€HO, ITO0 iHTEHCHMBHOCTI 3HOIIMYBAaHHSA IIiJl BIIMBOM
MII amenmntyerbes B 1,5—2 pasu.

Karouosi cioBa: migmnnHuK, TepTs, MarHeTHe 1MoJje, HAaHOCTPYKTYpa, IPOLY-
KTU SHOIITYBaHHS.

(Received July 7,2021)

1.INTRODUCTION

Conversion of gas turbine engines (GTE) for gas pumping is a funda-
mentally new direction with the requirements of extending the life of
aircraft engines, up to 30—50 thousand hours, and sometimes up to 100
thousand hours of operation, the cost of which currently reaches a
quarter of a billion UAH. However, about 20—-25% of natural gas com-
pression compressors lose their performance due to the failure of the
babbitt bearing (liner) of the main support unit of the rotor, which
works in a lubricating medium according to the friction scheme of the
shaft—insert. Structural composition of the friction surface of the
shaft there are alloys based on iron (ferromagnetic class) and para-
magnetic elements of the babbitt coating.

The third element of the friction pair is the oil. Analysis of spent oils
shows that their content is enriched with all the elements from which
the parts of the target functional system (F'S) are made, both in the mo-
lecular state and in the form of small particles that come into contact
with the oil as it moves along the transmission. [1, 2]. The saturation
of the components of wear actively comes from the most loaded contact
points of friction pairs. Operational practice of technical means indi-
cates that 70—-80% of mechanisms fail due to wear of friction surfaces
and reduction of bearing parameters of lubricating medium. Each of
the elements characterizes the wear of a separate unit of the mecha-
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nism of the FS part, depending on their structural and elemental com-
ponents, load and temperature effects.

The equivalent problem affects all working mechanisms that per-
form energy transfer or conversion. For internal combustion engines,
mechanical impurities at a concentration of 0.1% in the oil signifi-
cantly affect the wear of the contact surfaces. However, the amount of
impurities ambiguously affects the wear and depends on the gap be-
tween the friction surfaces. In the article [3] it is noted that even large
impurities can migrate in the space between the friction surfaces.
Those larger than 15 microns are selected by filter elements (fine
cleaning 10—15 microns), but all that is less returns back to the contact
zone passing through the cycle of the lubrication cycle.

Oil purification of aircraft GTE in the process of refueling the lubri-
cation system is controlled up to the range of 10—16 um. The most im-
portant characteristic of the oil condition is the antifriction properties
that are able to protect the working surfaces in conditions of ultimate
and liquid friction.

The structural component of the babbitt surfacing on the inserts in
the sliding bearings (SB) of the turbine shaft is tin (§-Sn) (583, B89)
with magnetic parameters of the paramagnetic class.

There are many ways to restore and keep a sliding bearing in work-
ing condition, from surfacing to electroerosive and laser technology.
Each of them is more or less adjusted and improved. For example, an
intermediate layer of copper helps to ensure the removal of tempera-
ture from the friction zone.

2. PROBLEM STATEMENT AND PURPOSE OF RESEARCH

The primary parameter characterizing the operating conditions of the
tribosystem is the formation, during the friction process, of protective
surface films capable of fulfilling the technical requirements of the
designed mechanism. The leading helper in the formation of protective
surfaces are donors of elements with characteristic properties and di-
rected action of auxiliary energy flows towards the unstable surface
structure of the friction surfaces of a details pair during mechanical
movement. Donors must be subject to directional movement under the
action of external energy flows in non-conductive lubricating media.

The aim of the work is to determine the influence of magnetic field
(MF) on the tribocoupling ‘babbitt coating—oil—steel’ in the formation
of surface structures at the macro and micro levels to study the param-
eters of SB tribo restoration in gas pumping units.

The basis of this technique of surface restoration is based on the
mechanisms of application of nanocoatings from donor materials dur-
ing operation. For this purpose it is necessary: 1) to formulate a model
of wear of a shaft of the turbine in pair with an insert of the babbitt



368 M.M.SVYRYD, O.Y.SYDORENKO, V.V.KOZLOV, and S. V. CHEREPOV

bearing; 2) to characterize the direction of MF and the power of mag-
netic fluxes through the contact zone at the time of friction; 3) deter-
mine the mechanical parameters and chemical composition of alloying
elements on the friction surface.

Since wear particles have a wide range of both properties and compo-
sition (particle fraction, mechanical parameters and significant dif-
ferences in magnetic susceptibility), this allows us to conclude that it
is impossible to simultaneously sort and move the entire range of ma-
terials in the space of the contact zone. Therefore, it is necessary to
emphasize the base material in the structure and the system of influ-
ence on them, which will simplify both the study of the interaction
conditions of the elemental composition and the technology of testing
the material control mechanism (wear products) in the surface contact
volume during friction.

The disadvantages of the babbitt liner after melting include: transi-
tions in the surfacing of non-continuous and porous coatings that are
associated with overheating; penetration to the steel base with the
formation of cracks, much slower etching, as evidenced by the presence
of the intermetallic phase of FeSn, which increases the fragility of the
working area.

Given that babbit SB (B83) work due to the basic element of tin, ac-
cording to the physical properties of the wear products, under the ac-
tion of MF, will be concentrated in the zone of actual tribological con-
tact, where is the highest density of magnetic lines (ML).

The research hypothesis is based on the control of wear and simulta-
neous renewal of friction surfaces by nanocoating during operation.

Even at a small MF intensity of 0.1-0.5 T, all magnets change their
internal structure which in the crystal cell the mobility of point and
linear defects increases[4].

An important factor of influencing at the parameters of the interac-
tion of surfaces during relative displacement is the surface defor-
mation and reduction of the hardness of wear products due to changes
in the dislocation structure of the material under the action of magne-
toplastic effect (MPE) [5]. Too little additional MF energy (B ~0.2—
1T) is able to detach the dislocations from the stoppers, displace the
Burgers vector, reduce the strength and increase the deformation pa-
rameters of the crystals [5]. Deformation in MF of austenitic steel
X18HIT and steel 3 leads to additional generation of acoustically
emission signals. When testing samples in MF and without it, the main
reason for the impact of MF on plastic deformation is not a change in
the thermoactivation parameters of plastic flow, but a significant re-
structuring of dislocation ensembles involved in the deformation pro-
cess [6].

The origin of the effect of the orientation of the crystalline layers of
tin from the melt on the surface of polycrystalline samples in the MF
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from the centers of crystallization reproduces the directed structural
macroscopic regions of the surface layers [7]. Studies have shown that
in the molten and crystallized layers, the orientation throughout the
volume is probable.

3. MATERIALS AND METHODS OF RESEARCH

The choice of research conditions of sliding bearings is carried out ac-
cording to 'OCT 16429-70 on types of friction: liquid, boundary and
without greasing. As the lubricating medium in the contact zone de-
creases, the friction acquires transient mixed boundary lubrication,
with the formation of boundary films, the thickness of which varies
from 0.01 to 0.09 um [8]. The bearing capacity of bearings, on the same
type of long-term modes, at easy and average conditions, the PV pa-
rameter fluctuates about 715 MPa-m/s, for babbitt coverings on the
basis of tin [9].

Babbitt inserts are always operated in oil, which in the process of
operation is saturated with wear products (WP) of different fractions
and elements of details. We studied the WP particles in M10I'2k oil
during the formation of two surfaces as a result of friction. Their size
and number (Fig. 1) on the surface plane are determined using a metal-
lographic microscope, which shows that the fractional composition of
the WP is quite wide, but dominated by particles with a value close to
2—-10 um.

The calculation of the magnetic susceptibility of the oil is performed
according to the algorithm.

The frequency of oscillations in the circuit is equal to:

f=%n\/m.

Fig. 1. Wear surface in the operated oil, quantitative and fractional composi-
tion of 0il M10I'2k (x400).
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Inductance of MF:

L = pohpSiopV,

loop™ " loops *

Hence the frequency of the empty coil is equal to:

1l ———
fO = En HOSIOOPNIOODS ’

where n,—magnetic permeability of vacuum, S,,,,—loop area, N,,—
the number of turns in the coil.
The frequency of the circuit with the filled coil is calculated as:

1
F,; = En\/uouoilslooleoopsC’ foz = ﬁ)ziluoil’ x= ﬁ)z / 7;2' 1)

The influence of MF on changes in the structural parameters of
magnets in the formation of the internal order of the material increas-
es the deformation component by 10-15%. In this case, without de-
formation, the mechanical and plastic properties do not change, which
indicates the dislocation mechanism of deformation parameters in the
electro-plastic effect [9].

MF reduces the binding energy of dislocations and increases their
mobility towards the surface during friction [10]. That is, the change in
the energy state of the surface during friction affects the movement of
linear defects of the crystal bed (dislocations) in the direction of de-
creasing entropy by directing towards a positive gradient to the surface
with the formation of protective films. The analysis of admissible load-
ings of working sliding bearings (Table 1) allows drawing conclusions
on substantiation the parameters of tribological process modelling.

The study of babbitt coatings is based on the energy ratio E/A, ac-
cording to the publication [11], which indicates a virtually unchanged
value of the allowable parameter for a certain range of load ratios and
sliding speeds.

Thus, the basis for the creation of surface protective films (coatings)
is the production of wear products during friction. Under conditions of

TABLE 1. Limit modes of operation of products from material B83 I'OCT 1320-74.

Mark Specific |Circular|The intensity|Operating
Load char- .
of acteristics [Pressure p, speed v, | of work PV, |tempera- Using

babbit kgf/sm? | m/s |kgf/msm?®s| ture, °C

Quiet 150 50 7500 70 Bearings oper-

ating at high
B83
Shock 100 500 speeds and

medium loads
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friction, the area of actual contact (AAC) perceives an increase in load
from 10 to 10000 times compare to the load on the nominal area. If we
take into account the maximum contact loads, the tangential area in
the AAC will take about 40% of the nominal area[12]. From here, 60%
of the space and volume above it is filled with oil and WP (Fig. 2).

WP that has its own internal unstable (excess) energy will interact
with the loose structure of the surface layer and fill the ‘energy wells’
on the defects of the crystal structure. Experimental studies of the
pair of shaft—liner are based on the force of resistance and are a func-
tion of a number of parameters related to the mode of operation and the
environment in which the mechanism operates (Fig. 2).

Thus, the presented physical model controls the mechanism of tri-
bocoupling of the contact zone and its influence on the initial parame-
ters, the basis of which is wear.

Tribological studies of sliding bearings when lubricated with oils
and under the influence of the directed action of the MF have several
fields of similarity: kinematic—in speed and load for the two consid-
ered movements; at dynamic similarity systems of force fields of an
electro-magnetic origin are realized; mechanical—copies geometric,
kinematic and dynamic similarities; thermal processes are controlled
by PV parameter.

Therefore, each of the similarities may be a specific field for achiev-
ing and defining a tribological model with mixed lubrication.

The physical model of contact is presented (Fig. 2): shaft is the fer-
romagnetic material, the insert is a babbitt coating (B-Sn paramagnetic
base) applied to the ferromagnetic base. The recovery model is based on
the influence of the directed action of MF on the WP, which are formed
during friction from both surfaces.

At the moment of collision of surfaces the MPE is present in the
point A at zones of AAC have the maximum mechanical deformation of

NA v ferromagnetic

+ oil v s
7,

() diamagnetic

Fig. 2. Scheme of interaction of lubricating medium with nanoparticles of
metals in the area of working contact of the tribological unit under the action
of MF at point A.
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materials of para- and ferro- magnetic classes. The moment of contact
is characterized by temperatures much higher than the Curie materi-
als, so at the time of contact the steel acquires paramagnetic proper-
ties, which equalizes the magnetic parameters of both materials (i.e. tin
and steel) for some time. Under these conditions, the largest amount of
ML is concentrated through the point, which significantly increases
the magnetic induction B and draws ferro- and para-magnetic compo-
nents of materials into the contact zone. In parallel with the saturation
mechanism, the diamagnetic components of the materials will be re-
moved from the areas around the contact by mixing with the oil filling
the depressions in the rough topography of the surface.

At the points of contact, there is no physical distance between the
surfaces, and the induction of MF between the poles is constant. Ac-
cording to Coulomb’s law, the force of interaction of magnetic poles
F=Epogn(MM,)/1?, where k,,,,,—magnetic constant, which depends on
the choice of units of ‘amount of magnetism’, M; i M,—the amount of
magnetism at the poles, r—the distance between the poles (the thick-
ness of the separate tribo film and the volume of oil between the sur-
faces during liquid lubrication). Thus, the force of interaction of mag-
netic poles F, which at the poles according to the experimental data is
equal to the magnetic induction B=0.3 T, due to surface roughness,
the distance between surfaces decreases or increases, which affects the
migration of ML at a particular time at these points of contact. Given
that the AAC of friction surfaces is 0.1-0.0001 of the total working
area, which in our case is equal to 1 cm?, the magnetic induction of
0.3 T is compacted 100 times per area of 1 mm? and passes without re-
sistance only in places of actual contact on freshly created planes, and
can reach up to B=30T in the point state, moving over an area of
1 cm?. That is, the magnetic flux through the AAC will be, at the points
of contact of significant value, F=(0.3-10000/100) = 30 Wb. Accord-
ing to A. V. Chichinadze the topography of each of the surfaces has up-
per points of location at a distance of 0.8 mm to 10 mm [13] from each
other, which are on the bearing surface, and in a fraction of a second
(contact time, at a relative displacement of 2m/s, is 4.107*=5-107%s)
change their position and shape of contact on the plane of friction. It is
known that the speed of propagation of the MF reaches 300000 km/s,
which allows it with a large margin of time to disappear and form else-
where throughout the field of actual contact.

However, if the magnets are far enough apart and their axes are di-
rected in one direction, the force with which one acts on the other can
be described as F = (3um,m,)/(2nr), where m, i m,—magnetic moments.
The equation shows that the strength of the interaction between the
magnets decreases quite rapidly—in proportion to the third degree of
the distance between them.

However, in the area of contact (more than 60% ) between the exist-
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ing irregularities of the rough surface in the volumes of the recesses is
oil mixed with WP of different classes of magnetic parameters. When
changing the mechanisms of friction and lubrication conditions, the
action of the MF affects the sorting of the WP between the surfaces
due to the energy costs of the field to move them. Hence, according to
Coulomb’s law, in the places of depressions, the distance ha (Fig. 2, &,)
the force of the MF will decrease significantly due to the distance be-
tween the contact surfaces in the cube to the distance between the poles
(from literature [14]) in the fourth degree. At a distance of up to 5 um
(Fig. 2, h,) the friction takes place according to the rules of liquid lu-
brication of the interaction of contact surfaces, and the magnetic in-
duction is B=0.012 T, which reduces the field strength by 25 times
from the specified. This mechanism of moving the WP in the intersur-
face volume will find a place for diamagnetic particles that can be part
of the friction surfaces.

Thus, the physical conditions of the tribological process, under the
action of MF, due to the magnetic properties of each of the materials
involved in the technology of restoration of surfaces and the parame-
ters of the roughness of the friction surfaces.

4. RESULTS AND DISCUSSION
4.1. Used Materials

Experimental data are obtained on a friction machine CMII-2 accord-
ing to the scheme shaft—insert. Operating parameters in the conditions
of extreme or mixed lubrication for B83 does not exceed the PV factor
(750 MPa = 7500 kgf/sm?® (Table 1)), therefore we choose research
modes P, (loading)="7.5 MPa="76.48 kgf/sm?, V.. (speed)=2m/s,
angular velocity of the shaft n =764 min, the roughness of the con-
tacting surfaces: R,;=1.6 ym for shaft and R, =3,2-6,3 um for the
bearing with a babbitt covering, contact area 1 sm?. For the organiza-
tion of the magnetic environment used neodymium magnets made ac-
cording to 'OCT 17809-72 at the size of 10x10x10 mm. The medium is
M10T'2x motor oil, MF B=0.3 T, directed perpendicular to the plane of
friction from the coating to the center of the shaft, i.e. from the pole ‘S’
to the pole ‘N’ (S/N). The diameter of the pin d = 50 mm, the length of
the bearing liner 10 mm. The path of friction of the liner is determined
by the scheme, from the length of the sector of the circle
l,=2nR=0.157m. At a speed of 2 m/s the path in 1 km the insert will
overcome in 8.33 min. Tribological wear parameters are recorded grav-
imetrically on ANG200C scales with an accuracy of 0.0001 g.

The ratio of MF to oil is characterized by an unbalanced magnetic
moment of unpaired electrons, the spins of which compensate each
other with certain frequency parameters of the system. The order of
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Fig. 3. Quantitative and fractional composition of the WP in the operated oil
M10TI'2k after friction under the action of MF (x400).

which affects the magnetic susceptibility of the material (environ-
ment), ¢y the content of impurities changes the susceptibility of the
system. The study of oil samples on the fractional parameter of the WP
after friction under the action of MF indicates a significant reduction
in the number of fine particles (Fig. 3). As they are separated into a
magnetic flux that is concentrated in the AAC sites, the software
moves faster in the oil volume. From what the basic part of them is
constantly, in a zone of normal contact and takes part in restoration of
zones of AAC.

The results of oil replacement are investigated on the equipment de-
veloped at the Institute of Magnetism of the National Academy of Sci-
ences of Ukraine which are presented in Table 2. It is seen that the
magnetic susceptibility (MS) of the oil sample M10I'2k after friction
without MF is x = 2.94 (Fig. 1.), due to the free movement of the WP in
the volume of oil. Their presence is controlled only by the technological
capacity of filter systems. In the oil sample after friction in the MF
(Fig. 3) y=2.69 smaller, as part of the WP, fixed in the mass of the
lubricant MF and sent to the contact zone for magnetic-tribological
deposition on the excited surface deformation.

The tribo-magnetic parameters of the operated oil calculated by al-
gorithm (1) are presented in Table 2.

TABLE 2. Determination of magnetic susceptibility y of oil.

Contour core with filled|Average value

coil F (M10I'2x), Hz |(M10I'2xk), 107
Control sample of oil 13.36973 2.49
Sample oil after friction in MF 13.36946 2.69
Sample oil after friction without MF 13.36926 2.94
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4.2. Analytical Substantiation of Results of Tribological Researches

The basis of tribological contact is the directed action of energy imbal-
ance in the contact zone, so the directed effect of MF on the contact
plane depends on the correct location (in this case) of permanent mag-
nets relative to the friction zone. For this purpose, the ML fields are
directed from the counter body (i.e., the model shaft of the turbine)
perpendicular to the friction zone of the babbitt insert deposited on a
steel (ferromagnetic) base (Fig. 4).

The directed action of the force MF allows the wear products of the
ferromagnetic class to be the first grouped on the surface in the direc-
tion of the field (Fig. 5), followed by paramagnetic tin particles formed
during the wear of the babbitt insert.

With liquid lubrication, the working surfaces of the shaft and the
insert are separated from each other by a layer of oil, the thickness £,
(Fig. 2) which must be greater than the sum of the heights R,; i R,, sur-
face roughness (Fig. 5). Under such conditions, the babbitt coating ab-
sorbs the external load and prevents wear of the working surfaces of

St Ns/ S

e

Fig. 4. The layout of the magnets for the directional action of the MF from the
shaft to the babbitt through the zone of tribological contact during the appli-
cation of ferro- and paramagnetic WP.
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Fig. 5. Model of layer-by-layer arrangement of wear products between para-
magnetic friction surfaces in the directional MF from the shaft on the SB.
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the shaft and the insert, preventing their direct contact. In this case,
the resistance to movement will provide only internal friction in the oil
layer. The coefficient of friction at liquid greasing is insignificant
(0.008-0.005), losses on friction and heat release in the bearing are the
lowest.

However, not everything is so simple, the greatest wear is observed
on the surfaces of antifriction materials with a semi-liquid or bounda-
ry nature of lubrication, the coefficient of friction increases to the lev-
€1 0.008-0.01[15].

Given the tribological parameter of the babbitt coating without the
action of MF (Fig. 6, a), we observe wear at the level of 0.15 mg/km on
the path of 12km. When the path increases to 18 km, the wear de-
creases sharply, which can be explained by the formation of intermedi-
ate protective tribological films on the friction surface, which in stable
conditions are sufficient for operational parameters. Under the action
of MF, based on 12 km, wear is characterized by a significant reduction
of almost half to 0.085 mg/km (Fig. 6, b) with increasing path gradual-
ly decreases wear, due to the formation of protective tribological films
on the work surface with constant addition of oil from the total oil
mass to the zone contact. In parallel on points of AAC there is a me-
chanical rubbing with the maintenance of particles of wear in MF. The
results of wear are presented in Fig. 6, b, the coefficient of friction at a
stable mode of friction (Fig. 6, b columns 5, 6, 7) is 0.08-0.05.

The structure of high-tin babbitt B83 consists of two reinforcing
phases: B-phase, these are SnSb crystals with a size of 100—200 pum
with a hexagonal and rhombohedral lattice; n-phase in the form of
large connection needles (CugSn;), and B-Sn filler with paramagnetic
properties.

Wear B-83 in M10G2k under MF

Wear B-83 in M10G2k e wr e wr wr Cwe Cwr w
0= ‘ T
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Fig. 6. Tribological parameters of B83 according to Ct45 hardened to marten-
site in M10I'2x: 2—wear intensity without MF, 3—wear intensity in MF di-
rected to the center of the shaft: 1 —distance 12 km, 2—18 km, 3—30 km, 4—
42 km (a), wear resistance of a babbitt covering under the influence of MF: 1—
12km, 2—18 km, 3—30 km, 4—42 km, 5—45 km, 6—50 km, 7—55 km (b).
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Significant effect on magnets with a crystalline structure is the ef-
fect of MPE [16], according to which the plastic parameters of magnets
of ferro- and paramagnetic classes of both wear products and friction
surfaces increase. Based on the combined parameters of the defor-
mation of the mechanical component and the flow of MPE contact zone
forms a mixed coating of the elemental composition of the surface ma-
terials of both components of the friction pair. The layered structure
of which is located from the ferromagnetic material to the paramag-
netic on the outer layers of the surface depending on the magnetic sus-
ceptibility of the material.

MF in the AAC zone by increase the deformation of the metal by 4—
8% [17], changes the ratio of stresses on the surface area of the weakly
magnetic tin by rubbing it between the contact areas filling them,
which significantly reduces the specific load on the contact.

At normal contact around the AAC zone, the wear products of the
ferro- and paramagnetic class (Fig. 5) accumulate in the intercontact
volume, the denser the greater their magnetic susceptibility.

Ferro- and paramagnetic structures are grouped into magnetic do-
mains which at different states of the material are oriented parallel to
the direction of the MF'. This behaviour of the system characterizes the
mechanism of accumulation of the donor for application to the friction
surface, in the amount that wears out. The rest of the wear products is
transported by oil to the filters and sludge.

The mechanism of construction of the surface layer at the points of
AAC is based on the change of the parameters of the crystal bed of the
ferromagnet during the transition through the Curie point. The initial
layer is grouped from ferromagnetic WP (since they have a magnetic
susceptibility of about y,, =700, in iron-based alloys at 0.002 T and
permeability 875-10°N/A?). The initial stage of movement of the
components of the friction unit begins with tin (Curie point 30°C)
above which acquires a diamagnetic state (magnetic susceptibility
v =+4.5-107%). According to the magnetic properties, it will move from
the contact point and settle around the contact where the MF will be
kept until cooling. Then mechanically move to the friction surface in
the form of ‘scales’ (Fiig. 7, b) And in the contact zone instantly acquire
paramagnetic parameters (Fig. 5). In this case, it is logical to assume
that the paramagnetic parameter of iron with b.c.c. bed will be much
higher than tin (i.e., the number p, > pg, =1.00009). When the contact
temperature falls below the Curie temperature of iron, its crystal bed
acquires a ferromagnetic state and is intensively formed at the points
of AAC under the action of a significant MF. At temperatures below
30°C paramagnetic tin is shifted to a layer of metal coating.

Subsequent interaction of the ferromagnetic shaft with the sliding
bearing in the direction of the MF in the babbitt alloy (tin-based) inter-
acts with the tin layer.
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Therefore, when the MF is directed to the sliding bearing from the
shaft, the ferromagnetic component will move to the coating and will
be covered with a ‘scaly’ structure of tin.

However in the mixed mode of friction all mechanisms of greasing
which will correct force of resistance are possible.

Changing the direction of the MF from the insertion of the babbitt
coating ‘S’ to the shaft pole ‘N’ (S/N), the WP of the ferromagnetic
class remain on the shaft pressed MF with reduced strength under the
action of the MPE. Meanwhile, the paramagnetic WP cover the surface
by placing it on the shaft on top of the ferromagnetic layer according to
the magnitude of the magnetic favorability (Fig. 2). Given the decrease
in the hardness and strength of the WP particles, the movement of tin
in the contact zone takes place on the coating of the ferromagnetic
class in the plastic state of the diamagnetic phase at temperatures be-
low 20°C. The basis of plasticization of macrohomogeneities (cracks,
inclusions, microdefects, displacement of dislocations) is the concen-
tration of mechanical stress and MPE which allow to reduce the level of
residual stresses on the volume of material with a crystalline structure
under the action of pulsed MF [18, 19].

Metallographic studies of the friction surfaces of steel 45 paired
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Fig. 7. Formation of a tin coating on the steel surface in the direction of the
MF according to Fig. 2: chemical analysis of surface formation (a), topogra-
phy of tin layering on steel surface (b).
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with a babbitt coating (B83) in the medium of oil M10I'2x under the
influence of MF indicate the accumulation and retention of tin on the
friction surface (Fig. 7, b).

Tin conglomerates from B83 wear products create a scaly film that
covers the surface with a solid layer 1-4 pm thick. The movement of
tin on the surface of steel 45 in the MF is directed in the opposite direc-
tion from the direction of friction. According to the obtained metallo-
graphic results of the surface layer, the location of the tin forms con-
glomerates stretched along the direction of the friction track forming
surface films. Due to the low melting point of the friction unit, the tin
film acts as a lubricant. The deformation change of tin during creep
reaches ¢=5% [20] changing the ratio of dynamically fractional pro-
cesses, creating structural surface films of conglomerate structure.

Thus, the surface of the shaft will have the structure of a ‘sandwich’
of steel and tin with impurities of other elements. Thus, the mecha-
nism of the friction regime is characterized by the shear resistance of
the tin surfaces in the oil at the level of AAC interacting on the protru-
sions of the roughness.

However, the mechanisms of interaction of MF on energy-unstable
areas of crystalline materials are insufficiently studied, so they need
fundamental research in this direction, taking into account the known
mechanisms of friction and wear in tribology.

According to B. I. Kostetsky, the conditions of normal friction and
wear in accordance with the structural-energy theory require compli-
ance with several postulates:

1) Localization of plastic deformations, destruction of the internal
structure of the upper layers in the secondary structures formed by
friction. In our case, the plastic deformation in the AAC zone is in-
creased by the action of MPE in paramagnetics.

2) In terms of B. I. Kostetsky, the dynamic equilibrium of mechano-
chemical processes of formation and destruction of secondary struc-
tures ensures the established course of the process, maintained and re-
newed by supplying oxygen from the outside. Given the paramagnetic
properties of oxygen, which will be displaced in the space between the
poles of the magnet, i.e. between the friction planes, the conditions for
the formation of oxide tribological films are added.

The initial stage on the way of 12 km, the process of surface smoothing
is characterized by almost twice less wear (Fig. 6, b) to I=0.085 mg/km
compared to wear without MF (Fig. 6, a) I =0.148 mg/km. The running-
in stage up to 42 km takes place with a gradual decrease in wear to the lev-
el of 0,008-0,005 mg/km. The reduction of wear (Fig. 6, b) of the B83
coating under the action of MF is due to the stable amount of WP as donor
materials at the points of AAC. Particles of ferromagnetic material from
the shaft and paramagnetic tin saturate the contact zone due to their de-
lay in the area of the positive gradient of paramagnetic materials relative
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to the MF. Where their number reaches a critical thickness of up to 2—3
microns is stabilized, due to the restructuring of the dislocation struc-
ture, which allows to soften the surface layers of the ferromagnetic and
paramagnetic components of the materials used (steel and tin) below the
Curie temperature. In addition, a significant effect on the content of
these materials and their oxides (with sufficient oxygen (paramagnetic)
and the minimum component of hydrogen (diamagnet)) in the contact
zone, create in the field of action of MF at the points of AAC thin tribolog-
ical films [19].

Simultaneous action of MF and mechanical load increases the course
of dislocations that have the same symptoms as in separate action, but
pass thousands of times faster [21].

The wear resistance of the SB shaft is explained by the change in the
structural component of the ferrite-perlite steel and part of the ferrite
o-Fe—ferromagnetic environment to austenitic y-Fe (austenite—
paramagnetic) in the surface layers under the action of MF with me-
chanical change of the deformation component. The structure acquires
a layered composition, where the structure of a-Fe will house the aus-
tenitic component (y-Fe) which has a higher hardness [22].

So a set of parameters: deformation component, WP application un-
der the influence of MPE, MPE serves as an important characteristic
of the creation of tribological films and balancing wear processes.

As noted earlier, the complex mechanical and magnetic action sig-
nificantly increases the deformation and chemical components in the
formation of tribological parameters of surface films. According to the
data of [23], the volume of protective films decreases and their cover
area increases in parallel.

Under these parameters, the following conditions are maintained at
the contact of the conjugate tribological surface: constant volume of
protective film of reduced thickness, changes in the mechanism of fric-
tion disturbs the energy balance of the parameters of the protective
films, keeping paramagnetic protective films in the contact zone.

Thus, the multilayer friction surface is formed in the process of im-
balance of perception of energy flows of MF on the structural compo-
nents of the material.

The scientific novelty is to reveal the mechanism of friction of ferro-
and paramagnetic pairs under the directed action of MF. The influence
of MF on the structural hierarchy of nanocoatings on the surface of a
ferromagnetic material with a two-layer structure, first a layer of a
ferromagnetic component and then a layer of a paramagnet, is deter-
mined. The basis of structural transformations is the directed action of
the MF on the mechanical deformation component and the mechanism
of the MPE and the creation of tribological films of a thin servitural
structure.

Practical significance. Conditions for reducing wear of friction sur-



PECULIARITIES OF STEEL-BABBITT SURFACE INTERACTION 381

faces, control and restoration of the tribological unit in the process of
operation allows to increase the durability of the whole mechanism.

5. CONCLUSIONS

1. Using the calculation and experimental methods, the magnetic suscep-
tibility of the oil medium is determined, which is equal to y=2.69-10™*
after the formation of friction pair surfaces, which is almost 8.5% less
than the susceptibility of the oil that worked without MF'.
2.1t is established that in the process of boundary lubrication, the
magnetic flux density due to the total number of the actual contact ar-
ea points, it can be more than F=30Wb at magnetic induction
B=0.3T. At point contact, the effect of MF is significantly increased
by moving the ML on the normal contact of the friction surface.
3. The analysis of the influence of the directed action of the MF on the
sorting mechanism of the WP in the lubricating medium in which the
surface layer is formed, which reduces wear by almost half. The para-
magnetic component is formed on the friction surface in the form of
scales with traces of shear on the surface.
4. Changing the energy state of the tribosystem, by conveying the
force of the MF to the ferromagnetic surface of the detail (shaft) leads
to the retention of nanoparticles of materials in the contact zone,
which allows creating a significant gradient of change in the defor-
mation component of friction surfaces.

Recommendations (practical). Methods of tribomagnetic surface
treatment during operation allow obtaining multi-layer coatings on
the working surfaces of details.
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Laser Surface Strengthening of Heat-Resistant Titanium Alloy
for Gas Turbine Engines
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The structural-phase state of the surface layers of the heat-resistant two-
phase titanium alloy VT-8 after laser treatment in different gaseous envi-
ronments is studied by the XRD and metallographic analyses. It is found out
that laser melting in the atmospheres of argon, nitrogen and air leads to
structural changes in the surface layers, which leads to their microhardness
increase. It is shown that during laser treatment in an argon atmosphere a
complete polymorphic f — o'-transformation by the martensitic mechanism
occurs, which together with the raising in the degree of structure dispersion
leads to an increase in microhardness values from 2.99 GPa to 5.62 GPa. Dur-
ing laser melting in nitrogen and air atmospheres, the change in the micro-
hardness of the treated surfaces is due to the complex influence of several
factors: increasing the degree of dispersion of the structure, formation of
high-strength cubic titanium nitrides of TiN type and formation of supersat-
urated solid solutions of nitrogen and oxygen in o-titanium lattice. These
factors cause an increase in the microhardness of the surface layers of the
laser melting zone to 7.82 GPa (in a nitrogen atmosphere) and 6.56 GPa (in an
air atmosphere).
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Metomamu peHTTeHiBCbKOTO (Da30BOr0 Ta MeTaJyiorpadiuyHOro aHaJjisiB mocii-
JI:KEHO CTPYKTYPHO-(ha30BUil CTaH ITOBEPXHEBUX IIIAPiB JKapOCTiKoOro aBoda-
3HOTO TUTaHOBOTO cTory BT-8 micisa masepHoil 00poOKY B Pi3HUX ra30BUX Cepe-
IoBuItax. BeraHoByieHO, 1110 JladepHe OOTOMIIEHHA B aTMOoc(depax aproHy, aso-
Ty Ta IOBIiTPSA IPUBBOAUTH O CTPYKTYPHUX 3MiH Y IOBEPXHEBUX IIapax, BHA-
CJiIOK Yoro Big0yBaeThCA 3pOCTaHHA iXHBOI MiKpoTBepaocTi. ITokasano, 1110 y
pasi JasepHOi 00POOKM B aTMoc(epi aproHy BifOyBaeThCcsa MOBHE IOJIiMOpQHEe
B — o/-mepeTBOpPeHHA 3a MapTEHCUTHUM MEXaHi3ZMOM, III0 pa3oM 3i 3pocTaH-
HAM CTYIEHS AUCIEPCHOCTI CTPYKTYPHU HPUSBOAUTH MO0 IIiIBUIIEHHA 3HAUYEHb
MikpoTBepgocti 3 2,99 I'Tla mo 5,62 I'Tla. ITix uac JasepHOro OOTOILIEHHS B
aTMoc(epax a3oTy Ta HOBiTpA 3MiHa MiKpOTBepAOCTi 06po0JIeHUX ITOBEPXOHb
BimOyBaeThCSA BHACIILOK KOMILJIEKCHOTO BILJIMBY IeKiJIbKOX (PaKTOpiB: ImiaBuU-
IIeHHs CTYHeHs AUCIEPCHOCTI CTPYKTYPHU, YTBOPEHHS BUCOKOMIITHUX KyOid-
HuX HiTpuAiB tTutany Tuny TiN Ta ¢jopMyBaHHA IepecUUYEeHUX TBEPAUX PO3UU-
HiB Briennsa HiTporeny ta OKcureHny y rpaTHuUIi o-tutamy. IlepepaxoBaHi
YMHHUKYW BUKJIUKAIOTHh 3POCTaHHA MiKPOTBEDOCTI TOBEPXHEBUX IIIapiB 30HU
JnasepHOro obrormieHHs o 7,82 I'lla (B armocdepi asory) Ta 6,56 I'lla (B atmo-
cepi moBiTps).

Karouosi cioBa: j1asepHa o0poOKa, 30Ha OOTOIIEHHS, MAPTEHCUTHE IIEPETBO-
PeHHs, MiKpPOTBEPHAiCTh, (ha30BUU CKJIAI.

(Received November 30, 2021; in final version, March 3, 2022 )

1.INTRODUCTION

At present titanium alloys are one of the main constructional materials
used in various industries. Applications of titanium and its alloys are
associated with their unique properties: high specific strength, corro-
sion resistance in many aggressive environments, elevated heat re-
sistance. However, along with the positive parameters titanium alloys
have some characteristics (including low hardness values), which limit
their usage as constructional materials.

Alloying and heat treatment do not allow significant increase in an-
tifriction properties of titanium alloys. There have been some reported
trials to eliminate this shortcoming by chemical-thermal processes.
The largest success has been achieved in nitriding of surfaces [1-6].
This technology, although limited, is widely used in industry. The
main disadvantages of the treatment are low productivity, high energy
consumption and insufficient depth of a reinforced layer.

One of the promising routes to improve mechanical properties of
surface layers for titanium alloys is heating and cooling at high speeds,
in particular laser treatment [7—14]. Known traditional technologies
for surface strengthening are quenching, cementation, nitriding, ni-
trocementation, hard alloy cladding techniques. Compared with all
these methods surface modification by laser has following advantages
for friction parts: possibility of local processing for a required areas,
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fast heating and cooling of a treated zone, high manufacturability of
process. At present the number of studies of surface structure for-
mation in such treatments is still insufficient. In addition, investiga-
tions of laser treatment of surface layer structure formation in differ-
ent gas environments still remain incomplete.

Therefore, the purpose is to study the structural state, phase trans-
formations and microhardness changes in the surface layers of heat-
resistant alloy VT-8 (Russia), which is close in chemical composition to
alloy TC11 (USA), after laser treatment in argon, nitrogen and air.

2. EXPERIMENTAL/THEORETICAL DETAILS

Samples of industrial titanium alloy VT-8 in the form of forged rods
with a diameter of 10 mm are selected as a starting material. The chem-
ical composition of the alloy is given in Table 1.

Samples for research are cut in the form of cylinders with a height of
5 mm from the initial rods. Laser treatment (LT) was performed on a
pulsed YAG laser QUANT-12 (1.06 um) in a protective atmosphere of
argon, air and nitrogen. The corresponding gas is supplied in the form
of a jet directly into the LT zone. The radiation power density is 0.8—
1.0 GW/m?; pulse duration—t =4-107% s. The diameter of the laser spot
depending on the degree of defocusing of the beam ranged from 0.8—
1.0 mm. Changing the degree of overlap of the laser spots is achieved
by varying the frequency of the pulses. The phase composition of the
surface layers of the samples after LT and the morphological features
of the surface layers are controlled diffractometrically (MiniFlex
Rigaku, CuK, radiation) and metallographically (Epiquant).

3. RESULTS AND DISCUSSION

According to X-ray phase analysis, the sample in the initial state has
two phases. Reflections from h.c.p. a-titanium and cubic B-titanium
lattices are detected (Fig. 1, a).

LT in argon led to a change in the phase composition. In this case re-
flections only from a-phase lattice are found (Fiig. 1, b). The absence of
B-phase in the surface layers is due to rapid metal cooling from -
region. Thus, it is no diffusion process but rather martensitic p — o'-

TABLE 1. Chemical composition of titanium alloy VT-8.

Chemical elements, % wt.
Al | Mo | Zr | si [Fe| ¢ | O | H| N |Other
Basis 5.8-7.0 2.8-3.8 0.5 0.2-0.4 0.3 0.1 0.15 0.015 0.3 0.3

Ti
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transformation. Alloying elements dissolved in a-Ti lattice have stabi-
lized a-phase. It is known [15] that o’-phase, which is formed in mar-
tensitic transformation, is a supersaturated solid solution of alloying
elements in a-titanium. It has hexagonal lattice and a needle marten-
sitic structure.

Precise measurements of lattice parameters for a-phase after laser
treatment in argon show their decrease compared to the original sam-
ple (Table 2). This can be explained as following: f — o'-transformation
results a formation of supersaturated substitution solid solution of
molybdenum in «-Ti lattice. Since atomic radii of molybdenum are
smaller compared with that of titanium, it is feasible to assume that
lattice parameters of a-phase will decrease.

After LT in nitrogen reflections from three lattices are present on
the diffraction patterns: a-titanium, cubic TiN and weak peaks from [3-
titanium (Fig. 1, c¢). The presence of a small B-phase amount can be ex-
plained by the following. The laser melting zone is chemically hetero-
geneous. Therefore, in the areas heavily enriched with nitrogen, two
phases are formed: o-Ti and TiN. In this case B-phase will not be
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Fig. 1. XRD profiles from the surface layers of VT-8 alloy in the initial state
(a) and after laser melting in argon (), nitrogen (c), air (d).
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formed at all because nitrogen is an effective stabiliser for a-phase[15,
16] according to Ti—N equilibrium diagram.

However, it could be feasible that in areas with less nitrogen, the p3-
phase is first formed. Then this phase decays by monothectoid mecha-
nism and formation of molybdenum-stabilised BCC B-phase + o-Ti.
Since the total picture of phase composition in surface layers with a
depth of about 25—30 um is displayed in XRD analysis, all three phases
are visible on diffractograms.

Precise measurements of a-phase lattice parameters after LT in ni-
trogen showed an increase in them (Table 2). This could be due to the
following reasons. Solubility of nitrogen [16] in a-titanium is about 3
at.% at room temperature. At larger temperatures it is much higher
and can reach 22 at.% . In process of laser melting, a cooling rate of the
melt is approximately 10* K/s. This makes it possible to obtain the
high-temperature structure at room temperature. Obtained state is a
supersaturated solid solution of nitrogen in a-Ti, which is the reason
for the increase in lattice parameters.

It should be mentioned that two competing processes probably took
place in LT under nitrogen. On the one hand, atoms of molybdenum,
aluminium, and iron could replace titanium in the lattice. This would
lead to a decrease in the parameters of the crystal lattice. On the other
hand, some of nitrogen atoms could be embodied in octahedral pores of
hexagonal lattice. This would augment parameters of the lattice. It is
obvious that the formation of an embodiment solid solution influences
changes in lattice parameters more compared with atom replacement.
Thus, it causes the growth of a-phase parameters compared with the
original sample (see Table 2).

During laser melting of the sample surface in air, four phases are
found: a-Ti, B-Ti, tetragonal TiO, and cubic TiN (Fig. 1, d). In this case
weak reflections from the lattice of B-phase are also present on the
XRD-patterns. The reasons for their presence are similar to the treat-
ment in nitrogen (see the above).

After LT in air, an increase in the parameters of o-Ti is also observed

TABLE 2. Lattice parameters a-Ti of VT-8 alloy after laser surface treatment
in different atmospheres.

Lattice parameters, nm

Initial state LT in an argon LT in a nitrogen LOin the air

atmosphere atmosphere atmosphere

a=0.29323+ a=0.29313+ a=0.29501+ a=0.29501+
+0.00001 +0.00008 +0.00008 +0.00008

c=0.46807 c=0.46738 £ c=0.47179+¢ c=0.47394 +
+0.00009 +0.00009 +0.00019 +0.00019
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(Table 2). According to [17] in Ti—O system, solubility of oxygen at
room temperature in o-titanium is approximately 10 at.% . At high
temperatures it reaches 35 at.% . Thus, at room temperature, a super-
saturated solid solution of atmospheric gases (oxygen and nitrogen) in
titanium lattice can be formed after rapid cooling. This causes an in-
crease in the parameters of a-phase lattice.

Measurements of surface microhardness showed its growth compared
with the initial state after LT in all studied atmospheres (Table 3). The
change in the values of microhardness after LT in argon is associated
with two factors: martensitic p — o'-transformation (o'-phase has a
higher value of microhardness compared to a-phase[18]) and augment-
ing of dispersion degree in the structure.

The increase in microhardness after LT in nitrogen and air is ex-
plained by the following: martensitic f — o'-transformation, increas-
ing the degree of structure dispersion, solid-solution hardening due to
embodiment of oxygen and nitrogen atoms in titanium h.c.p. lattice,
titanium nitride formation. It should be noted that the values of mi-
crohardness after LT in air are slightly lower compared with those ones
obtained in nitrogen. This is explained by higher concentration of TiN
after LT in nitrogen which ultimately yielded an increase in total mi-
crohardness.

Significant difference between the exterior surfaces melted in dif-
ferent gas environments is observed. Thus, treatment in an argon en-
vironment (Fig. 2, a) led to the formation of the almost mirror laser
spots on the surface of the samples. More or less contrasting image of
such spots could be observed only in side lighting. At the same time, a
weakly pronounced relief in the form of concentric circles is observed
on the spots surface, which is detected earlier in [19].

The presence of significant amounts of titanium nitride in the sur-
face layers after melting in an environment of nitrogen led to a golden
colour laser spots and the formation of more advanced relief (Fig. 2, b).
This is due to the fact that TiN nitride is a refractory compound
(2930°C) and the formation of the surface macrostructure occurred
very quickly, almost during the action of the radiation pulse (1 =4-107*
s). It gave no possibility for surface tension forces to smooth the sur-

TABLE 3. The phase composition of the samples and surface microhardness of
alloy VT-8 after LT in various gas atmospheres.

Type of treatment Phase composition Microhardness of
the surface, GPa
Initial state o-Ti, B-Ti H,=2.99+0.02

LT in an argon atmosphere a-Ti H,=5.621£0.04
LT in a nitrogen atmosphere o-Ti, B-Ti, TiN H,=7.82+£0.18
LT in the air atmosphere o-Ti, B-Ti, TiN, TiO, H,=6.56+0.09
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Fig. 2. Macrostructure of the surface of VT-8 alloy after laser melting in ar-
gon (a), nitrogen (b) and air (c).

face of the laser spot.

A characteristic feature of the spots after melting in the air is the
lack of a shiny surface and the presence of light areas on the periphery
of the spot. This feature can be explained by the following reasons. At
high temperatures, the formation of refractory nitride TiN initially
occurred. According to [20], the TiN phase actively reacts with oxygen
at high temperatures. Then, when the temperature decreased to the
temperature of TiO, oxide existence (<1860°C [17]), the oxidation of
nitride began with the formation of an oxide film on the surface. The
presence of light-colored areas on the periphery of the spots is ex-
plained by two factors: firstly, lower temperatures in these areas due
to Gaussian energy distribution on the surface of the spots and, sec-
ondly, higher cooling rates of the melt, which did not allow sufficient
oxidation. That is, light areas can be identified as a mixture of nitride
and oxide.

According to metallographic analysis in the initial state grain size of
o-Tiis about 8 um, B-Ti—1.5 mm (Fig. 2, a).

LO in an argon atmosphere (Fig. 3, b) led to a change in the struc-
ture—in the surface cross-sections of the laser melting zone only the
structural components of the needle shape typical for the o'-phase are

Fig. 3. The structure of the initial alloy VT-8 (a) and the surface layers of the
cross section of the laser melting zone in an argon (b), and nitrogen (c).
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observed i.e., the martensitic nature of the p — o'-transformation is
confirmed.

Metallographic studies of the sample after LT in nitrogen (Fig. 2, ¢)
detected an increase in structure dispersion compared with original
metal. It is impossible to detect the inclusion of nitrides by optical
metallographic analysis.

For all treatments, the structure is almost homogeneous for the en-
tire depth of the laser melting zone (180—200 um).

Thus, LT of VT-8 alloy increases microhardness of the surface lay-
ers. This is caused by high cooling rates of the melt which affect final
metal structure.

4. CONCLUSION

1. Due to the high cooling rates of the melt during surface laser treat-
ment of the two-phase alloy VT-8 in argon a complete polymorphic 8 —>
— o'-transformation by the martensitic mechanism occurs, which to-
gether with increasing degree of dispersion of the structure leads to an
increase in microhardness from 2.99 GPa to 5.62 GPa.

2. Laser treatment of VT-8 alloy in nitrogen and air causes an increase
in microhardness in the surface layers of melted metal to 5.23 GPa and
4.49 GPa, respectively. This is due to simultaneous action of several
factors: increasing of dispersion degree in the structure, formation of
high-strength cubic titanium nitrides and development of supersatu-
rated solid solutions with nitrogen and oxygen in a-titanium lattice.
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PHYSICS OF STRENGTH AND PLASTICITY
PACS numbers: 42.62.Cf, 81.05.Bx, 81.20.Ev, 81.20.Vj, 81.40.Gh

Ensuring Strength of the Seam of Thermal Protective
Structures from Thin-Sheet Nickel Alloys
Obtained by Laser Vacuum Welding
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The results of studying the laser vacuum welding of the elements of heat-
shielding structures made by dispersion-hardened alloys Ni—20Cr—6Al-Ti—
Y,0; of increased strength are presented. Also, the designs of the heat-
insulating elements which are of cellular (honeycomb) structure consisting of
two plates with thickness from 0.1 to 0.14 mm with fillers inside are consid-
ered. It is shown that the shallow thickness of the plates and the complexity
of the design significantly complicate the possibility to firmly connect these
elements and do not allow to use the known methods like diffusion welding or
vacuum soldering. It is concluded that laser welding providing satisfactory
structural strength and reliability can be an alternative to known methods.
Local heating at certain points prevents deformation of the parts to be joined
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during the welding process. The use of a pulsed Nd:YAG laser with a power of
400-500 W operating in the frequency range of 50—-200 Hz allows welding
with and without filler metal. It has been established that the use of filler
metal has practically no effect on the mechanical properties of the welded
joint, however, it significantly reduces the melt zone and increases the densi-
ty of the welded joint. Based on the obtained results, it is concluded that an
increase of the joint strength is achieved due to the high purity of the vacu-
um chamber, low vacuum (less than 1072 Pa), and optimization of the welding
process. It has been proved that the use of laser welding in vacuum when as-
sembling elements of heat-shielding structures makes it possible to obtain a
stronger and denser seam compared to known methods.

Key words: laser vacuum welding, strength of a welded joint, dispersion-
hardened alloys, heat-shielding structures.

Y pob6oTi HaBegeHO Pe3yAbTATH AOCIIIMKEHHS JIa3epPHOro BAKYYMHOIO 3Bapio-
BaHHS eJIeMEHTIiB TelJIO3aXMCHUX KOHCTPYKIIiil, BUTOTOBJIEHUX 3 AUCIIEPCiii-
HO-3arapToBaHux cromiB migeuirenoi mimaocti Ni—20Cr-6Al-Ti-Y,0,. Ta-
KOK PO3IJIAHYTO KOHCTPYKIIiIO TEIJIOI30NAIiMHNX eJIEMeHTiB, AKi MaloTh KO-
MipuacTy (CTITBHUKOBY) CTPYKTYPY, IO CKJIAJAE€THCA 3 IBOX IIJIUT TOBIITUHOIO
Bixg 0,1 mo 0,14 MM 3 HamoBHIOBaUaMu Becepenuui. IToxkasaHo, 1110 HeBeJInKa TO-
BIIIMHA IIJIACTHUH i CKJIAIHICTh KOHCTPYKIIil iCTOTHO YCKJIAAHIOIOTHL MOKJIUBICTD
MiItHOro 3’€qHAHHSA IIUX eJIEMEHTIB 1 He JJ03BOJIAIOTL BUKOPUCTOBYBATH BigoMi
MeTOI!, TaKi aK nu@ysiline 3BapoBaHHs a00 BaKyyMHe JIIOTyBaHHsA. BCcTaHOB-
JIeHO, IO aJbTePHATHUBOIO BiIOMUM MeTOoAaM MO:Ke OyTH JlasepHe 3BapIOBaHH,
1o 3abesmeuye 3aJ0BiJIbHY MiIlHicTh i HamifiHicTs KoHCTPYKINii. JIoKa bHMI
HarpiB y IeBHUX TOUKAaX 3amobirae gedopmarrii gerameii, 1o 3’€IHYIOTD y IIPO-
meci 3BapoBanHs. Bukopucranuda imoyiabcaoro Nd: YAG-1asepa DOTYKHICTIO
400-500 Br, 110 mpairfoe y miamazoni uactor 50—200 I't, 703BoIsS€ TPOBOAUTH
3BapIOBaHHA AK 3 MeTaJOM IPHCAIKO0I0, TaK i 6e3 Hboro. BcTaHOBIIEHO, 1110 BU-
KOpPHCTAaHHSA MeTaly IPUCAaIKU IPaKTUYHO He BILJIMBAE HA MeXaHiuHi BiacTu-
BOCTi 3BapHOTO 3’€THAHHSA, OJHAK 3HAYHO 3MEHIITY€E 30HY PO3TOMY Ta IIiIBUIITYE
HIiJIbHiCTE 3BapHOro 3’eauanuda. Ha ocHOBI ofep;KaHnX pes3yJIbTATiB BUSBJICHO,
110 IIiABUINEHHA MIIIHOCTI 3’€IHAHHS AOCATAOTh 34 PAXYHOK BMCOKOI YMCTOTH
BaKyyMHOI KaMepH, HUBLKOTo BakyyMy (Menie 1072 I1a) Ta ontumisamnii mpore-
cy 3BaproBaHHA. [[oBefieHO, 1110 BUKOPUCTAHHS JIa3€PHOI'0 3BAPIOBAHHA Y BaKy-
yMi I CKJIAZAHHSA €JeMEHTIiB TeILJIO3aXMCHUX KOHCTPYKIIHA Ja€ MOKJINBICTH
OJlePKAaTH MiIHITIINH i HiIbHIIIKI III0B IOPiBHAHO 3 BifoMuMu ciiocobamu.

KarouoBi ciroBa: 1asepHe BaKyyMHe 3BapIOBAHHS, MIiITHiCTh 3BAPHOTO 3’ €THAHHS,
IUCHePCiiiHO-3arapTOBaHi CTOIN, TEIIJIO3aXMCHI KOHCTPYKITiT.

(Received October 27,2021, in final version, December 15, 2021 )

1.INTRODUCTION

The designs of heat-shielding elements of reusable spacecraft with an
external metal panel are being actively developed by leading experts
from many countries [1, 2]. In fact, that the most effective thermal



ENSURING THE STRENGTH OF THE SEAM OF THERMAL STRUCTURES 395

protection consists of individual tiles attached to the hull of a space-
craft. Such protective tiles usually consist of upper and lower shells
(plates) between which there is a honeycomb core.

The tiles are mechanically attached to the hull of the spacecraft. At
the same time, tiles can be integrated either into a single system or
separately from the body with subsequent placement on surfaces re-
quiring thermal protection.

Such integration requires welding or soldering of the plates simulta-
neously with the installation of a U-shaped flexible heat-compensating
element, as well as additional fasteners (legs) that secure the thermal
protection elements on the surface of spacecraft (Fig. 1).

The promising materials used to create heat-shielding systems are
multicomponent alloys based on (Ni-Cr), in particular, a five-
component powder composite material consisting of metallic (Ni—Cr),
intermetallic (Al-Ni;) and oxide (Y,0;) phases. However, its applica-
tion, despite numerous advantages, is difficult due to the exceptional
complexity of welding or brazing [3—5] of non-rigid thin structural el-
ements.

So, according to [5], when soldering structures in a vacuum furnace,
prolonged exposure to high temperatures leads to the appearance of
residual thermal deformations of the processed parts (Fig. 2), causing
their warpage. The stability of the strength and density of the weld is

Fig. 1. Typical heat-insulating systems of spacecraft and their design. 1—top
plate; 2—bottom plate; 3—honeycomb filler; 4—side plate.
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significantly reduced. The recommendation to solder in one installa-
tion is only applicable while fixing the top and bottom panels, as well as
the U-shaped inserting between these panels.

The efficacy of the lasers system use in welding and related opera-
tions (different processing of the surface layer) is considered in several
works [6—10]. Is usually the process is that the concentrated flow of
energy enters the surface, where it is absorbed with the release of a
large amount of heat.

The focused beam of high intensity, capable to evaporate the basic
material and to form a steam capillary (lock slit), allows to weld ele-
ments and details with deep penetration. By moving the melt zone
along the weld area, it is possible to connect thick-walled parts (Fig. 3,
a), or parts that require significant welding. Typically, the wavelength
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Fig. 2. Test body. a—initial; b—residual thermal deformations of workpieces
after fire testing.

of modern laser radiation sources belongs to the near infrared region.

Due to the formation of the steam capillary, the degree of reflection
of radiation is reduced to 10% , simultaneously with the increase in the
depth of thermal penetration, which allows in some way also to equal-
ize the thermal stresses arising during welding.

Solid-state or gas lasers with a power of 0.5 kW to 20 kW, which
usually have fibre-optic means of transporting the beam, are used for
welding. Pulsed lasers with lower power are used for precision weld-
ing, including refractory metals and alloys.

In [6] the authors analyze in detail the possibilities of using lasers of
different types in certain processing technologies, authors of [7] give
the comparison of laser and plasma effects on materials for cutting,
welding, modification and the like.

a

Fig. 3. Laser keyhole forming (a) and discrete melt bath formed by pulsed la-
ser (b) according [12] and [13].
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The authors of [8] give the features of using gas lasers for welding
non-ferrous metals, alloyed [9], heat-resistant and difficult-to-
machine materials [10]. Some researchers believe that a higher quality
of permanent joints is provided under conditions of high or low vacu-
um [11] now. In this case, it is possible to remove various contaminants
from the surface, to ensure the cleanliness of the weld pool. The ab-
sence of air or gas environment prevents thermochemical processes in
the surface layer. This is especially true for cases when joints are made
from materials prone to embrittlement and warpage.

Traditionally, laser vacuum welding is used for one-piece connection
of critical elements and parts that require stable quality and strength.

Different papers provide information on laser welding of thin sheet
blanks [12]. When working in pulse mode, a discrete melt bath is
formed (Fig. 3, b).

It is known that the main problems of welding Ni-based heat-
resistant alloys are put down to the formation of hot cracks in the weld
metal and the heat-affected zone [13], as well as a number of crystal
lattice defects, which sharply reduce the mechanical properties of the
joint and in some cases make fusion welding difficult.

At the same time, the mechanism of initiation and development of

cracks has not been sufficiently studied.
It is believed that the nucleation can take place both during the crystal-
lization of the weld pool (crystallization cracks are formed), and dur-
ing the cooling of the metal and the transition to the solid state
(polygonization cracks are formed).

It is certain that the insufficient strength of the weld and its low de-
formation capacity are associated with the formation of microcracks.

To combat cracks, the purity of the components to be welded is in-
creased and local powerful energy sources (laser, e-beam) are used [14].

Another problem is the porosity and low bond strength rendered by a
high sensitivity of Ni to the content of impurities (P, S) and the in-
crease of dissolved gases concentration in the weld metal. ‘Hydrogen
disease’ occurs due to a sharp decrease in the solubility of O,, H,, H"
and CO with a decrease in the temperature of the deposited liquid metal
and limited opportunities for gas leakage during the crystallization of
the welded joint.

However, the greatest degree of pore formation in Ni-based alloys is
associated with nitrogen saturation especially in the presence of oxy-
gen. The weld metal is prone to embrittlement and the formation of a
microcracks mesh, which is caused by the appearance of the Ni—NiO
eutectic (T, = 1438°C) distributed outside the crystallites during the
cooling of the welding molten bath.

This reduces the strength of the grain boundaries, makes the weld-
ing seam not only porous but also brittle.

So, the prospect of using a vacuum chamber to ensure reliable pro-
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tection of the welding zone from the atmosphere, as well as the use of
high-purity filler metals or laser welding, is reasonable and justified.

It is of interest to weld elements of the heat-resistant dispersion-
hardened alloy Ni—20Cr—6Al1-Ti—Y,0; by methods of local (high inten-
sity) heating of the contact zone using the laser.

Since the connected panels are thin, it is necessary to provide such
conditions for laser welding, which will be free of both through firing
and significant residual stresses leading to the formation of mi-
crocracks after cooling.

The aim of the work is to study the laws of formation of parameters
of strength and reliability of fixed joints from sheet blanks of small
thickness from materials based on nickel and chromium.

2. EXPERIMENTAL PROCEDURE

Integration of the elements into a single body is performed by laser
welding in vacuum chamber with the use of finely dispersed Ni-based
solder and without it. Simultaneously, other high-temperature dis-
persed alloys are used. To control the weld condition and study the ma-
terial structure an electron scanning microscope REM-106-I (Ukraine)
is used.

To identify the composition and structure of multicomponent alloys
by scanning electron microscopy, the thermal etching method is used.
The essence of the method is to heat the samples up 550°C, with a hold-
ing time of 12 min after obtaining thin sections with a surface rough-
ness of Ra 0.16 pm.

Sections are made according to the standard technique, material re-
moval is less than 0.08 mm, and there are no surface defects. The size
of the welding zone is changed by means of electromechanical focus
control, which made it possible to ensure the local heating of the sur-
face from 0.27 mm to 1.8 mm in diameter. The composition of the ele-
ments of the joint zone as well as adjacent areas is studied. The study is
carried out by the method of energy dispersive X-ray microanalysis. At
the same time, along with the alloy Ni—-20Cr—6Al-Ti-Y,0,, studies are
also carried out on other materials, the mechanical properties of which
are given in Table. 1.

Welding in vacuum is carried out using a laser complex LSK-400-5
and a universal vacuum station VUP-5 [15] (Fig. 4). Some technical
characteristics of LSK-400-5 are given in Table 2.

While welding, the beam in the plane of the upper workpiece is fo-
cused. Positioning is carried out by using a transverse movement table
which provides welding at several points with different duration of the
process. The duration of the process is from 0.1t00.15s.

The effect on the surface is controlled by a mechanical beam chopper
with an electric drive. The chopper is installed in the chamber through
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TABLE 1. Based on nichrome mechanical properties of the used alloys.

Characteristic T, °C Base Ni20Cr3Al Ni20Cr6Al
YuIPM-1200 reinforced Y,04
Aluminium con-
tent, % - - 3.0 5.0-6.0
Density, m?/kg - 8300 7950 7500
Tensile strength, 20 738/0.09 1020/0.136 1005/0.134
6,, MPa/MPa/kg 800 237/0.03 542/0.07 999
1100 45 - -
1200 - 40 56
Yield strength 6,,, 20 364 624 760
MPa 800 228 457 687
1100 40 - -
1200 - 35 51
Elongation 8, % 20 36.5 21 12.9
800 36.7 18.1 2.0
1100 32.8 18 -
1200 - 18 22.3

the optical beam transport system. Placement of samples in a vacuum
chamber is performed so that the weld bath is formed in the horizontal
plane.

Vacuum |
chamber

for
aplical

Driver for
control

mechanic
shaftter

Camera

Zone of welding

Fig. 4. The equipment used and the scheme of the beam exposure to the sur-
face and parts of workpieces.
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TABLE 2. Technical characteristic LSK-400-5.

No. Characteristic
1 Hydraulic drive power, kW 40
2 Number of controlled coordinates 5
3 Number of simultaneously controlled coordinates 3
4 Desktop dimensions, mm 500x1000
5 Laser type and beam wavelength, nm Nd:YAG, 1062
6 The power of the laser average, W 410
7 Pulse frequency, Hz 50-1000
8 Accuracy of movements, mm +0.05
9 Energy per pulse max, J 600

Welding is carried out both with and without filler metal: 1) quick-
setting high-temperature powder solders type of VPR [10] (based by
Ni), Table 3; 2) finely dispersed Ni powder (Ni; 5% W; 1.0-1.5% B).

Mechanical tests of the finished specimens are performed on a P-20
tensile testing machine equipped with an m-Daq ADC data acquisition
system and means for displaying the load diagram (Fig. 5).

The mock-up heat-shielding section (TZS) consists of four three-
layer honeycomb panels 72x72 mm in size. (Fig. 1), and four thermal
compensators—U-shaped connecting elements (Fig. 2).

The connecting element consists of a package of two profiled plates
with a thickness of 0.15 mm each. The edges of the connecting element
and the three-layer panel are butt welded and overlapped, while ensur-
ing a reliable connection. The height of the weld should not exceed 1.0
mm, and its width should be 2.0 mm.

TABLE 3. Quick-setting high-temperature powder solders (from granules)
based on Ni.

Contained, % mass T of
clor|Al|co|Mo|Nb| W[ B |si|mi| Fe [useC
VPRIl  0.5- 14.0 0.1- 2.0- 4,0~ - 3.0 1050—
0.6 - 1.01 3.0 5,0 5.0 1120
16.0 0.6 1.8
1.2 2.2
VPR24  0.1- 6.0- 4.0~ 8.5— 1.6— 10.0 8.5— 0.25 2.5- 0.3— - 1210-
0.15 7.0 5.0 95 2.0 - 95 — 3.0 0.9 1225
11.0 0.35
VPR36  0.15 8.0- 2.5- 8.0— 1.4— 2.0~ 2.0- 0.8— - — — 1250
-0.2 10.0 6.0 10.0 2.0 5.0 6.0 1.1

Finely dispersed 0.1- 1.6—
Ni powder 0.2 2.0
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Fig. 5. The equipment used for mechanical characteristic identificating.

Pre-formed elements and details of the panel are used for welding,
having performed their metrological verification and surface prepara-

tion.

It is taken into account that the formation of a U-shaped element to
compensate for thermal deformations did not provide full compliance
with the drawing, and the joint surfaces also required grinding to a
roughness of Ra of 0.32 um. It is also taken into account that the me-
chanical properties of heat-resistant alloys significantly depend on op-

erating temperatures.

Based on the alloy properties of Ni—Cr composites given on Table 4.
The mechanical properties of the connection should correspond as fully
as possible to the properties of the base material.

TABLE 4. Ni—Cr based alloy properties.

Parameter

Temperature T, °C

20-100 | 700 | 1100

Tensile strength ¢,, MPa
Yield strength o, ,, MPa
The limit of proportionality o
Elongation 8 %
Relative narrowing vy, %
Density p, kg/m?
Thermal conductivity A, W/(m*K)
Specific heat C, kJ/(kg-K)
The degree of blackness of the surface, ¢

MPa

nn’

OOk WNh =

738
364
356
36.5
34.2
8300.0
(10-11)
(0.44)
0.8-0.85

237
228
222
36.7
32.6

(28)
(0.6)

45

40

39
32.8
19.0
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3. EXPERIMENTAL RESULTS AND DISCUSSION

Some aspects of heat tasks given on the [17], however, the pulse heat-
ing model of laser melting requires special conditions.

The pulsed laser operating at fixed frequencies simulation. In the
simulation, it is assumed that the heating of the plate surface alternat-
ed with the propagation of heat into the material at the moment of the
absence of a pulse. Given result of [13], [14], let into account that the
distribution of the radiation intensity at the laser exit aperture obeys
the Gaussian law:

I(w) = I, exp(w®/w?),

where I, is the radiation intensity on the beam axis; w—current radius;
w is the radius at which the radiation intensity decreases by a factor
of e. Also based on the well-known uneven heating equation

oT o°T 0T o°T
¢ e T2t
ot ox® Oy 0z

with boundary conditions on the surface from the action of the source:

g T

=q(x,y,t),
o= q(x, y,1)

2=0

where g = qo(1 — R), q, is the radiation power density; R is the surface
reflection coefficient; & is the coefficient of thermal conductivity of
the material; the z axis is perpendicular to the surface and directed
deep into the material. From where the heat distribution is described
as follows:

y2 P —mn)exp # Lz
qgx)r? (o 2 {4at 4aJ
T <y =—| —

(2) A (nj IO Jt(dar +r?)

where A is the thermal conductivity coefficient; a—thermal diffusion
of the material of the workpiece; t is the current time; P—power of la-
ser radiation.

Temperature on the surface of a semi-infinite body at a point with
coordinates (x, y, z) provided that the laser beam moves along the sur-
face with a speed v, and provided that heat losses from the surface are
ignored:

T- I

dr, 1)

2 <2

exp| EATD T 2]
Je? + 7 )(b'2 +7%) 4@ +7) bi 4t ’

?2
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— 16nKrT _ v, _, x _, Yy - 2 -, ¢ = b
where T=———; 0="3; X =—; Y ==; Z=—; C=—; b'=—;
PA, 2a r r r r r

r? = cb; A,—reflectivity of the workpiece material; P—power of laser
radiation; b, c—parameters of the laser density distribution.
In this case, the temperature change is determined:

(x—u(t—z))2 y?
t e 4at+A?  4at+B?

[, x

pe "’ [(dat + A®) (ot + BYax ]

N

T(x,z,t) =
T

3)

DN | =

x {e‘m —n(rat)*erfe (2(;)1/2 + n(OW)l/z) e”mzm] dr,

where x, y, z are coordinates; ¢ is time; 1 is coefficient of heat transfer
from the surface of the workpiece; o is the thermal conductivity coef-
ficient; A and B are major and minor axes of the heating spot; P =ntgAB
is the power of the emitter. The heat distribution will occur in the
plane of the limited thickness plates.

At the end of the period between laser pulses, the surface tempera-
ture is determined by

T(t):T%{%%+exp(%jertb[—va(;_r)ﬂ . @

where 0 is the depth of heating; q,= f(f*, p, t).

Under the conditions of pulsed laser exposure, the theory of thermal
destruction is usually used to describe the evaporation mechanism.

The one-dimensional problem of thermal conductivity in the coordi-
nate system associated with a moving boundary, with the evaporation
of a semi-infinite body, has the form

max

oT oT o*T
—=v—+a
oT 0z 02*

—ngqv—vaH, z2=0¢.
0z

T(z, 0) = T(c0, t) = 0

where v—the velocity of the evaporation front; AH—the difference
between the specific enthalpies of the solid and gaseous phases:

AH =L, —%ROT,
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L,—specific heat of vaporization; R,—universal gas constant.
Let the process is stationary, so the solution of the boundary value
problem in a moving coordinate system has the form

20,

T(z,t)=Tye <

20,

L (5)

vep

here

q .

RT

L. +25-00
p(” AJ

In the conditions of intensive evaporation after some time from the
beginning of influence of laser radiation (delay time #;) the constant
speed of movement of the evaporation front in depth of material v, is
established.

The delay time is determined by the equation as

_ nKpe(T, - T)
U qu

UO:

, (6)

where C—specific heat; T—intense evaporation temperature; T,—
initial temperature.

Consider the distribution of heat in the body, provided that the radi-
ation power is evenly distributed on some treated surface, and the ra-
diation arrives normally. In time 8¢ the energy Wot will reach the sur-
face. The volume of evaporated material will be for the formed funnel
Sbl. Based on the law of conserved energy we have the equation:Shpbl =
W&t, where h—the amount of heat required to evaporate a unit mass of
material; p—material density.

Transforming this expression and assuming that we will have the
growth rate of the funnel as:

ds W
dt hpps

(7

On the other hand, there is a certain transfer of energy deep into the
material due to thermal conductivity. This phenomenon leads to the for-
mation of a destructive layer—a layer with altered physical and mechan-
ical properties. The problem of the motion of the phase boundaries taking
into account the thermal conductivity is known as the Stefan problem.
Assuming that the heat spreads normally to the surface, we have a one-
dimensional non-stationary equation of thermal conductivity as

T 10T

-7 8
02> D ot (8)
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for the temperature inside the material T(z, t) together with the
boundary conditions at the moving border z = I(¢) and on the reverse
side of the workpiece. So, D = K/(pc)—temperature conductivity; K, p,
c—thermal conductivity, density and specific heat.

The condition on the moving boundary is obtained as a result of us-
ing the law of conservation of energy in the form as

Wo_pp% g ©)
A dt 0z
where L,—latent heat of vaporization per unit mass.

Another limiting condition is that the temperature of the moving
limit is approximately equal to the temperature of the boiling point, so
and z=1[(t), T=0, when | — <.

Despite the fact that in practice there is some evaporation of the ma-
terial at the boiling point, the approximation is satisfactory.

While maintaining sufficient accuracy, it is possible not to take into
account the violation of continuity at the phase boundary.

This formulation of the problem is more difficult than the classical
one, but obtaining a simple solution is possible when the velocity of the
boundary moves close to the velocity in the limit mode of evaporation.
Then there will be equation as

[K@T/ot)"| _ KO(T,/T") (10)

| Lp(dl/dt)|  LpOW/hpA)’

where the characteristic distance at which the temperature drops in
the material. This distance is

D

I'=——. (11)
(W/hpA)
Then for dimensionless velocity of the evaporation limit depending
on the dimensionless time

, L2 (12)
x—{l + Luz} arcsin {(1 — BJ }
i T 47

Solving this equation allows us to calculate the growth dynamics of
the molten bath during the time of laser exposure to a certain area of
the surface. Together with (12) it is possible to estimate the shape of
the groove after exposure to a pulsed laser beam and to determine the
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dynamics of the destruction of the material, i.e. to determine the
thickness of the layer with altered physical and mechanical properties.

In this case, it is taken into account that plates of shallow thickness
are in contact with each other along a limited plane. The deformation
of the plates and loose contact are not taken into account.

The problem is solved for two cases: 1) contact welding of plates
along the plane; 2) butt welding in the wall area.

The curves of semi-obtained temperature increase on the surface
and over the cross section are shown in Fig. 6. Table 5 also shows the
results of modelling the process for the cases of contact welding and
butt welding, implemented in ANSYS[15]. To control the temperature
used the probe: 1¥—on the centre of welding point; 2**—on the upper
panel. The patterns of temperature distribution over the surface and
over the section of the workpieces in the contact zone are obtained. The
time (number of pulses) has been determined for the temperature in
the centre of irradiation to reach 1475°C (temperature of phase trans-
formations) and 1800°C.

Thus, the zone of formation of hot microcracks can be significant
and have the area up to 2—3 areas of laser action. Uneven heating, as
follows from Table 5, will lead to the formation of localized macrode-
fects, including intermetallics, which reduce the strength of the joint.
For Nd:YAG laser when operating at a frequency of 125 Hz with a
power of 0.5 kW, the heating time of the welding point of 0.8 mm part
should not exceed 40—45 ms.

After laser exposure, temporary destruction in the area of exposure
is possible, with the formation of burn-through (holes) at the point of
contact of parts, as shown in Fig. 6, a.

Preliminary heat treatment is carried out while preparing samples
for welding (forming U-shaped elements, honeycomb filler strips).

3000 m top plate 300 distance r=1.0 mm
side plate distance r=1.5mm
2500 = 2507 —+— distance r=2.0mm T
] ae
2000 200 S
& . g £/ 3
~ 1500 ~ 150+ FE ¥
B~ = - &~ i
1000 . 100} D i
L 7 o
500 50+ T 1
==
[ Z
0 : : . 0 _ ‘
0 20 40 60 80 0 20 40 60 80
Time, ms Time, ms
a b

Fig. 6. Temperature rise in the heating centre (a) and behind the area of direct
irradiation (b).
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This made it possible to improve the structure of the processed ele-

TABLE 5. Results of modelling the vacuum welding process.

Welding options and modes

Scheme and the distribu-
tion of heat on the surface
of the workpieces

Temperature fields

Contact

Thickness: §; =0.14 mm;
5,=0.14 mm; d,=0.5 mm;
H=14.0 mm;

clamping force—5 N;

beam power—400 W;

pulse repetition rate—125 Hz;
pulse energy—8 .

Edge

Thickness: §; =0.14 mm;
5,=0.14 mm; d,=2.5 mm;
H==14.0mm;

clamping force—20 N;

beam axis angle—rm/4 (coordi-
nate system XOZ,Y,);

beam power—400 W;

pulse repetition rate—125 Hz;
pulse energy—8 J.

7 7 "s
11'///7"0‘/’2‘? ;

7

1%® probe—on central point

10.0 125
s, -107
[ I )

a0 5 180 175 200

27 probe—on upper panel

100 125 150
s, -107°
[ 1

175 200

1%® probe—on central point

45047

4500-

100
s, 107
T

a5 15 150 175

2" probe—on upper panel
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ments and to reduce the interlayer cracking of the material with the re-
lease of some particles of coagulated material used in sintering (Fig. 7,
a, b; Fig. 8).

The workpieces are destroyed even with relatively small defor-
mations without heat treatment. Based on the results of modelling
temperature fields (Table 2) according to (4), the welding mode is se-
lected.

Microelectronic analysis of the welding points showed that the weld
bath is formed unevenly; the material splashed out of the weld pool and
formed a rather large (up to 200 um) droplet influx. Almost all points
had through penetration (due to the shallow thickness of the workpiec-
es, h = 0.14-0.4 mm), while the shape of the obtained holes differed
from the correct geometric circle. This is due to the fact that the used
laser with a wavelength of 1062 nm with the specified pulse generation
parameters is powerful enough to perform welding operations. The at-
tempt to form a seam with a linear feed motion slightly improved the
results, however, it is not possible to fully obtain stable seam parame-
ters. The reason may also be the shutter used the response time of
which (T = 0.07 s) is comparable to the duration of the laser action on
the surface. The model of the heat-shielding element and the microe-

Fig. 7. Breaking of the workpiece (0.4 mm) during bending. a—before heat
treatment; b—after heat treatment.
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lectronic photo of the welding places are shown in Fig. 8.

It is found out that the low thermal conductivity of nickel and nickel
alloys during welding leads to the increase in grain size and, as a con-
sequence, to a decrease in the toughness and strength of the weld in
general.

The attempts to carry out the heat treatment aimed at preventing
structural changes in the welding zone and in the near-welding zone
are less effective than the introduction of melt modifier additives (Ti,
Mo, Al) and limiting the welding energy per unit length.

Prevention of the formation of nickel aluminides is carried out by rap-
id cooling the samples for 3 to 5 min after welding by blowing a vacuum
chamber with argon cooled to a temperature of —30...—20°C.

The analysis of the welding points (Fig. 8) showed that the weld pool
is not formed uniformly, with the material splashing out of the weld
pool and the formation of rather large (up to 200 um) drip sag.

Almost all the points had through penetration (which is caused by
the shallow thickness of the workpieces, £ = 0.14...0.4 mm), while the
shape of the obtained holes is different from the geometric regular cir-
cle. Comparison with the theoretical parameters of the weld pool
showed that the actual dimensions of the melting point are significant-
ly larger than the theoretical ones, Fig. 9, and the deviation from the

a c

Fig. 8. Real model of a heat-shielding panel made of alloy Ni-20Cr—6Al-1Ti—
1Y,0; (a) and microelectronic photos of elements of the weld bath (upper side
(b) and down side (c)).



ENSURING THE STRENGTH OF THE SEAM OF THERMAL STRUCTURES 411

—=— calculation

20 —&— experimental data

Size, mm

0 50 100 150 200
Time, ms

Fig. 9. Comparison of the sizes, mm, of welding points depending on the time,
ms, of exposure to the beam.

correct shape indicates that the melting of the material occurs rather
unevenly.

The microelectronic images obtained by us when studying the ends
of the bath confirm the same thing. This situation can be explained by
the fact that the used infrared laser with a power of 500 W with the in-
dicated pulse generation parameters is powerful enough to perform
welding operations, and the formation of the seam should occur with a
linear feed move.

The cause may also be the shutter used the response time of which is
comparable with the duration of the exposure.

The result of studying the trace element composition of the welding
zone with and without filler metal (Fig. 10, a) is also of our interest.
The analysis is carried out at three points—directly in the melt zone, in
the near region of the weld, which is heated above 950°C, and on the
supporting surface (Fig. 8, b).

Table 6 shows a comparison of the results obtained laser welding and
brazing in vacuum (both in a clean zone and using a filler powder of the
VPR type).

The presence of a significant proportion of C is caused by carbon

Near Welding Base

a b

Fig. 10. Study of an element of the weld zone on a thin plate. a—microelectronic
photograph of the welding zones; b—diagram of welding zones.
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‘poisoning’ of the surface from the graphite tile of the Table 6, which
is used as a thermal insulation element together with ceramic plates of
Al,O;. This becomes obvious if we neglect the insignificant proportion
of Na, S, Cl, K, Ca detected during the analysis and present in parts of
the vacuum chamber.

The presence of oxygen at the points under study can be explained by
the oxidation of a rather loose layer on the surfaces (Fig. 10), and this
oxygen remains in the molten bath after the process is finished. It is
obvious that the use of laser welding provides better structural and el-
emental characteristics, since the lack of atmosphere and local heating
do not lead to significant changes in the base material in the area
around the weld.

The use of solders as filler materials has a definite effect on the
structure and quality of the formed weld; however, it requires further
optimization of the process.

In this case, only partial melting of one of the plates is possible, and
when using additional heat conductors and ballasts, the process can be
reduced to a process[11].

Subsequent mechanical tests of the resulting joint showed that the
welded joint is destroyed by a static load perpendicular to the plane of
formation of the weld point. It is found that the fault occurs mainly in
the heat-affected zone, in the place of cracking.

At the same time, it is noted that a significant decrease in the num-
ber of pulses (up to 5—10 per cycle) leads to the formation of a low-
strength joint, although no burn-through of the weld is observed.

Due to local heating of the workpiece, no significant structural

TABLE 6. Mass fraction of elements for various types of welding.

. Laser welding with VPR .
Laser welding (air plasma cutting) Soldering process
Near Weld- Sup- Near Weld- Sup- Near Weld- Sup-
ing port ing port ing port

C 243 1581 4.79 33.8 12.1 4.79 57.25 52.16 T7.75
O 4.6 3.05 6.67 4.6 17.4 16.7 34.96 34.96 2.51
Na 2.38 0.07 0.23 2.4 - - - - -

1.7

Al 2.76 5.72 6.63 22.1 16.6 - - 6.16
S 0.28 0.05 0.0 - - - - - -
Cl 2.25 0.0 0.04 - - - - - -
K 0.47 0.08 0.01 - 0.2 - 1.15 2.93 -
Ca 0.39 0.1 0.1 - - - 0.48 0.47 -
Ti 0.56 0.1 0.0 1.18 - 1.1 1.31 -
Cr 17.6 15.8 21.6 10.7 6.15 20.7 1.15 9.95 17.55
Ni 44.2 58.1 59.04 43.8 37.2 39.2 0.45 - 64.33
Y 0.21 1.12 0.89 0.4 0.8 1.9 1.1 0.2 1.9
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23.00kV__ x500

Fig. 11. Grids of microcracks in a weld at insignificant dynamic loading.

changes are observed. At the same time, the resulting joint is prone to
cracking with destruction of the contact zone when the load of 30—-40%
of the critical value for the material is applied (Fig. 11).

Comparison of the results of welding without filler metals and sol-
der for VPR showed that the spread of adhesion strength at five points
on ten samples is higher, when are welded with additives. At the same
time, the strength characteristics continue rise slightly. Another im-
portant characteristic is elongation, which is the maximum for weld-
ing with filler material. It accounts for only 30—-35% of the character-
istics of the starting material (Fig. 12).

Further development of the process can improve these indicators,
most likely by preventing the formation of a porous structure with mi-
crocracks. Since the initial billet from Ni—-20Cr—-6Al-Ti—Y,0; obtained
by powder metallurgy [16], is subsequently rolled into sheets of the re-
quired thickness (0.4-0.14 mm), changes in its structure and phases

Fig. 12. The appearance of a porous structure at the welding site when using
additive materials.
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occur. At the same time, the initial porosity decreases with a simulta-
neous increase in the number of intermetallic compounds and oxides on
the surface. This phenomenon worsens and in some cases almost com-
pletely excludes weldability.

Electron microscopic studies have shown that in the Ni-20Cr—6Al-
Ti—Y,0; plates there is a clearly pronounced granular structure, and
the surfaces of the two mating samples are practically identical. In Fig.
13 the particles are on the order of 1-2 um; microvoids and cavities are
observed in the surface layer. The entire investigated surface (Fig. 13,
b, c¢)is covered with a network of microcracks.

It can be assumed that the alloy contains a large amount of nickel
aluminides, intermetallic compounds with an ordered cubic body-
centred crystal lattice. We are able to examine these intermetallic
compounds in some micrographs of the end parts of the plates. This
explains a number of failures while obtaining a reliable weld joint in
the traditional way. The conclusions are also proved by the pictures of
the destruction of the samples during mechanical tests on the rupture
machine R-20 (Fig. 14). We have that in all cases there is almost frag-
ile destruction of welded points; relative elongation is almost absent.

The presence of additive material has a certain positive effect: the
relative elongation of the samples is larger (laser + s), as evidenced by a
small horizontal part of the diagram ‘stress-deformation’, Fig. 14. The
tests are performed at a temperature of T = 20°C and at an operating
temperature of 600°C (condition of the outer shell of the apparatus at
the entrance to the dense layers of the atmosphere).

At room temperature (20°C) obtained quite high values of welding
strength: the average yield strength of 350 MPa, but the elongation is
less than 6 < 1% . When the temperature rises to 600°C, the results are
different: the maximum strength of the weld section in terms of the
contact area is 0.4—0.5 of the strength of the base metal or about 130—
145 MPa [c,], relative elongation of specimens welded with filler mate-
rialisd = 1.3...2.2%, without additives—oé = 0.5...1.1%

Since the sintered dispersion-strengthened composite is prone to the

Fig. 13. Microphoto of test samples: a—surface layer; b, c—end side of the
workpiece 0.14 mm thick.
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formation of intermetallic inclusions which affect the mechanical
properties of the material, further search for special methods of ensur-
ing the welding process is required.

Another factor affecting the low weldability of elements into a sin-
gle structure is the unevenness of the structural composition and oxide
inclusions observed on the surface of the workpiece, apparently repre-
senting conglomerates of Y,0,. Rather large areas can be explained by
incomplete mix of nanoparticles and their tendency to form separate
surface clusters. In these zones, thermodynamic instability can mani-
fest itself, and when exposed to heat they cause an exothermic reaction
of aluminium oxidation, as a result of which burn-through and fistulas
occur (for thin-sheet blanks).

Thus, improvement of the quality of welding and ensuring the
strength of the welded seam is possible both due to more efficient prep-
aration of the initial blanks, and to the optimization of the modes of
performing welding in a vacuum chamber [17-19].

Another important point is to ensure a certain temperature regime of
welding under which the growth of hot microcracks in the seam and the
active formation of intermetallics in the near-weld zone are inhibited.

The use of volumetric heating means simultaneously with laser
welding can be an interesting solution to this problem.

e —a&— initial prop. —e— laser weld

900 —m— laser weld+s sold

800
700

600 ||

500

Stress, MPa

400 W
300 s

200 |

100}/

1 1 |
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Deformation

Fig. 14. Results of mechanical tests and fracture of a destroyed specimen ob-
tained under static loading with photomicrographs of destruction of samples
under the action of static load.
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Taking into account the provisions on the prevention of cracking of
the welded seam, further research should be aimed at ensuring a tight
fit and high-quality connection of elements before welding. Another
way to improve the quality of the joint is to increase the vacuum level
to 1072 Pa, as well as to ensure the required cooling cycle of the work-
piece. A promising method is a high-frequency laser welding using
screens and heat sink elements.

4. CONCLUSIONS

The tests of welded joints made by spot welding of powder dispersion-
hardened alloy are carried out.

Welding points made in a vacuum chamber with a pressure of 1072
Pa have burn-through in the weld seam caused by the action of a laser
beam, and the diameter of the obtained holes is directly determined by
the number of radiation pulses.

A decrease in the number of pulses decreases the strength of the
joint point and the maximum strength of the weld section in terms of
the contact area is 0.4—0.5 of the strength of the base metal or about
130-145 MPa[o,] (the result of testing on the temperature T = 600°C).

To obtain a high-quality welded joint, it is necessary to accurately
provide the pulse energy and use lasers with a short pulse duration
from 1.0 to 50 ms. The laser used did not allow to obtain rational weld-
ing conditions, which explains the presence of significant defects and
burns at the joints.

It is shown that the presence of special additives in the molten bath
(VPR-36 solder is used in the experiments) reduces the change in the
parameters of the formed welded joint, while the strength properties
of the contact point remain practically unchanged. At the same time, it
is due to the introduction of additive material (VPR type) that the rela-
tive elongation of the samples is increased tod = 1.3...2.2%.

Further research should be aimed at finding rational welding condi-
tions, ensuring the required composition of the filler metal in the mol-
ten bath, as well as the formation of a continuous weld.

Improvements are also required in the vacuum chamber: the use of a
drive system for controlled movement of the workpiece will enable
more stable welding process.
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Influence of Weld Pool Low-Frequency Oscillations on the
Formation of Crystallites’ Size and Welded Metal Microstructure

V. O. Lebedev and S. V. Novykov"

Welding Department, Kherson Branch of the Admiral Makarov
National University of Shipbuilding,
44 Ushakova Ave.,
UA-73003 Kherson, Ukraine
“E. O. Paton Electric Welding Institute, N.A.S. of Ukraine,
11 Kazymyr Malevych Str.,
UA-03150 Kyiv, Ukraine

On the analysis of last researches dedicated an increase of welding construc-
tions technological strength with periodical effect on weld pool melt its estab-
lished insufficiency knowledge about influence on formation of weld metal by
oscillations with frequency range up to 5 Hz. Based on this, the result of re-
searches is presented of the influence of harmonic mechanical trans-verse
weld pool oscillations with a frequency of 2.5—-4.5 Hz and an amplitude of
0.003-0.007 m ranges to formation of crystallite size and the microstructur-
al components of weld metal obtained by GMAW with feeding of a low alloyed
melting wire onto a base of construction medium carbon steel. The crystallite
size analysis is got on the contour graphs base of crystallite size dependence
from oscillations parameters and parameters of technological mode: v—
frequency; A—amplitude; V—surfacing speed and I—amperage of arc cur-
rent. This dependence is model obtained by least squares method of regres-
sion analysis by the plan of experiments by ‘Latin squares’ method. Ampli-
tude—frequency characteristics influence to a formation of structural com-
ponents of weld metal microstructure is researched by the optical microscopy
methods. Amplitude—frequency characteristics influence to a formation of
structural components of weld metal microstructure which are contributed to
increase of weld metal hardness value is researched, the influence of crystal-
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lite size value on weld metal hardness, as well. The importance of this work is
in formation trends to get of maximum effective welded metal microstruc-
ture with minimum material and energy resources and simplicity construc-
tion of an installation for surfacing mechanized as well.

Key words: arc surfacing, weld pool oscillations, crystallites size.

3 amasisy ocTaHHIX MOCJiAKeHb, IPUCBAUYEHUX IIiABUINEHHIO T€XHOJIOTiUuHOL
MiImHOCTiI 3BapHOBaJbHUX KOHCTPYKIIIA 3a HepPioOAWMYHOrO BILIMBY Ha PO3TON
3BapIOBAJbHOI BAaHHU, BCTAHOBJIEHO, IO HEJAOCTATHLO 3HAHD IOAO0 BILIMBY Ha
¢dopMyBaHHS MeTaJy IIIBAa B YMOBaxX KOJIMBAaHb 3 YACTOTHUM [iallasoHOM A0 5
I'm. BignmoBigHo HaBemeHO aHAJi3 BILIMBY FAapMOHIUHMX MeXaHIUHUX IIOIeped-
HUX KOJIMBAaHb 3BaplOBaJIbHOI BaHHU 3 yacToTow 2,5—4,5 I't Ta ammiitTynoro
0,003-0,007 m Ha popMyBaHHSA PO3MipPy KPHUCTATIITIB Ta CTPYKTYPHUX CKJIa-
JOBUX MeTaJly IIIBa y BUIAAKYy aBTOMAaTH30BaHOro HatomueHHsa y CO, HU3BKO-
JeroBaHUM APOTOM Ha 3PasKM 3 KOHCTPYKI[IMHOI cepemHbOBYTIJIEIeBOI cTaJi.
Amnanis posmipy KpucTajiTiB IpoBeqeHO Ha OCHOBI KOHTYpHUX rpadikis, 1mo-
OymoBaHUX Ha 0asi 3a/IeKHOCTI po3Mipy KpHCTaJiTiB Big mapameTpiB KoJau-
BaHb Ta IIapaMeTpa TeXHOJOTiYHOT0 PeKUMY: V — yacToTu; A — amiutityau; V
— IIBUAKOCTI HaTOIJIeHHA Ta I — cuaum cTpymy 3BaproBasbHOI ayru. Ila sa-
JIeXKHICTh € MOMEJIJII0, AKa OTPUMAaHa MeTOAOM HaliMeHINTMX KBaJApaTiB perpe-
cifimoro amaJjisy 3a ILIaHOM eKCIePUMEHTIiB, II[0 CTBOPEHO Ha 6a3i MmeToay «Jja-
TUHCBKUX KBaapaTiB». [locaigsKeHHA BIINBY aMILIiTyZHO-YaCTOTHUX XapakK-
TEPUCTUK KOJNBAHb HA POPMYBAHHSA CTPYKTYPHUX KOMIIOHEHTIB MiKPOCTPYK-
TYypu MeTaJly IIBa 3AifCHIOBAJIN MeToAaMM ONTUYHOI Mikpockomii. Jocaigsxke-
HO BILJIMB aMILTiTyJHO-YaCTOTHUX XapaKTepPUCTUK Ha (GOpMyBaHHS CTPYKTYP-
HUX KOMIIOHEHTiB MiKPOCTPYKTYPHU MeTaJy IIIBa, AKi CIPUASU TigBUIIEHHIO
TBEPIOCTi MeTasJy IIIBa, a TAKOK BILJIMB BEJIUWUYMHU PO3MIipPYy KPUCTAJJITIB Ha
TBepAicTh MeTasy IBa. BaskJauBicTh gaHoi poboTu moaArae y (popMyBaHHI Te-
HIEHIIiNI ofep:KaHHSI MaKCHUMaJbHO e(eKTHBHOI MiKPOCTPYKTYpPU 3BapHOTO
MeTaJly 3 MiHiMaJIbHUMHK MAaTepiaJbHO-eHepreTUYHMMHU BUTpaTaMu Ha 0asi
IPOCTOI 32 KOHCTPYKIIi€I0 YCTAHOBKY JAJIA HATOIJIEHHA.

Karouori cioBa: 1yroBe HaTOIJIEHHS, KOJIUBAHHA 3BapIOBaJIbHOI BaHHU, PO3-
Mip KpucTajiTy.

(Received October 26, 2021, in final version, November 5, 2021 )

1.INTRODUCTION

Increasing of welding constructions technological strength is one of
the actual challenges today. It is known that a significant strength in-
crease, hardness in particular, is a result of increasing the degree of
weld metal dispersion crystallites. One of the simplest and cheapest
ways of weld metal microstructure formation is mechanical harmonic
weld pool or welding tool oscillations application. Nowadays, the more
researched and informed field of knowledge is influence of oscillations
over 5 Hz [1-3], by the other hand, the characteristic changes in the
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microstructure is already has observed at a frequency value of 2.5 Hz
with an amplitude value at some microns [4], that determines the need
of additionally researches in field of oscillation with frequency range
from 2.5 to 5 Hz.

2. EXPERIMENTAL

Installation for surfacing provided weld pool oscillations had been cre-
ated for research influence of low-frequency oscillations on micro-
structure of welded metal. The surfacing is performed with a feed
melting wire J1.2 mm directly into the arc zone due to a semi-
automatic wire feeder 1 (Table 1, Fig. 1).

Arc current is regulated by setting the appropriate feed rate of elec-
trode wire with the appropriate switches on the control panel of the
wire feeder device. An arc current magnitude is controlled by an am-
meter is set on the front panel of power supply 2 is rectifier welding
universal VDU-506. The rectilinear movement of the welding torch 3
carried out due to movable frame 4 where welding torch is fixed.
Movement speed is smoothly set by the corresponding toggle switch on
the control panel of a movable frame. Oscillation process of sample for

TABLE 1. Nomenclature of basic units of the surfacing installation and weld-
ing materials.

Equlpmept and The model The manufacturer Country of
materials production
Semi-automaticwire  pgy 107y The Pilot Paton Plant USSR
feeder
Rectifier welding g5 506 The plant ‘CuM3’ Ukraine
universal
Welding torch Prototype The Pilot Paton Plant Ukraine
Movable frame Prototype The Pilot Paton Plant Ukraine
Kinco-K306- . .
Stepper motor 24AT Kinco Automation PRC
Movable plate Prototype Initsky fagtory of'mechanl- Ukraine
cal welding equipment
Control block Prototype Initsky fagtory of'mechanl- Ukraine
cal welding equipment
Programming console Kzlzniﬁlle Kinco Automation PRC
Material of samples Ct 3 (A568M) - Ukraine

Solid welding wire ER70S-6 - PRC




422 V.O.LEBEDEV and S. V. NOVYKOV

Fig. 1. Structural scheme of the surfacing installation: I—semi-automatic
wire feeder; 2—power supply; 3—welding torch; 4—welding torch movable
frame; 5—sample for surfacing; 6—stepper motor; 7—movable plate; 8—
control console; 9—control block; 10—CO, gas balloon; 11—gas reducer. Red
line—power main; blue line—gas main; yellow line—main for data input.

surfacing 5 took place due to movable plate, which is able to move in an
arc of a circle with centre O to a certain angle o (Fig. 2) is determines of
the magnitude of oscillation amplitude A.

The circle centre is axis parallel to the surfacing axis and through
which passed the shaft of the stepper motor 6, which brought into os-
cillation the movable plate 7. Stepper motor parameters are entered
thanks to the control console 8. Starting of the stepper motor, its stop,
control, programming and processing of an oscillation mode is carried
out by the control block 9 on the basis of the controller of the PLC Kin-
c0-K306-24AT. CO, supply to the arc zone is carried out from a gas bal-
loon 10, and gas flow is regulated by a reducer 11. CO, consumption is
constant in all experiments and is range to 9—12 1/min.

All samples for surfacing are metal plates with a thickness of 8 mm
from sheet steel. The samples sizes are not constants, and they had at
the range by the width of 30—25 mm and by the length—120-180 mm.

Before surfacing, all surfaces of each sample are cleaned from a pro-
tected coating, pollution and rust by grinding machine. The surface
degreasing is made by acetone.
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Welding torch

Surfacing bead Sample for surfacing Surfacing bead

A

W 4

—

N

Oscillation’s center

Fig. 2. Scheme of movable plate traverse oscillations, where A—oscillations
amplitude, a—the deviation angle from the surfacing process axis, O—
oscillation’s centre.

An influence of oscillation mode with frequency v = 2.5-4.5 Hz and
amplitude A = 0.003—0.007 m ranges on crystallite size 6 and corre-
sponding average hardness values B of welded metal is researched. Ap-
propriate samples are obtained on to technological modes with current
I =100-200 A and velocity V = 0.0028-0.0072 m/s ranges. Experi-
ments are carried out according to the plan of ‘Latin squares’ [5] for 25
samples obtained by MAG surfacing in CO,. For comparison, 5 samples
are obtained without weld pool oscillations by the same surfacing type,
it’s are been designated”.

For further researches, a micro section is obtained by cutting some
part of the sample, followed by mechanical and chemical treatment,
which includes grinding, polishing and chemical etching. Cleanliness
class of research surface of micro section is 14. Weld metal crystallite
size value are measured in upper, medium and root part of bead and
average hardness value B (Table 2).

In this work, a separate crystal of a polycrystalline conglomerate,
which is bounded by adjacent surfaces—grain boundaries, is considered
a crystallite. The grain size is measured as the average value of random
cross sections of grains in the plane of the metallographic section.

All metallographic researches are carried out on a NEOPHOT-32 mi-
croscope and microstructures views ware obtained by an Olympus digi-
tal camera. The hardness value is measured by Vickers using a hard-
ness tester LECO M-400.
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TABLE 2. The crystallites size value 6 in the weld metal of surfacing beads
obtained at the appropriate oscillatory and technological modes.

Experi-| /- v, | v | 4 5, pm B-107,
ment

number A m/s Hz m  [Upper partMedium part{Root part| Pa
1° 100 0.0028 - - 258 208 82 170
1 100 0.0028 4 0.007 65 113 57 192
2 100 0.0039 3.5 0.006 105 108 54 202
3 100 0.005 4.5 0.003 90 101 46 222
4 100 0.0061 2.5 0.004 25 67 26 226
5 100 0.0072 3 0.005 48 58 37 211
6 125 0.0028 3.5 0.003 78 90 57 207
e 125 0.0039 - - 127 148 46 167
7 125 0.0039 3 0.007 67 116 56 220
8 125 0.005 4 0.004 69 100 35 226
9 125 0.0061 4.5 0.005 114 70 59 237
10 125 0.0072 2.5 0.006 - 55 26 270
11 150 0.0028 4.5 0.006 117 120 42 217
12 150 0.0039 4 0.005 97 132 45 229
13° 150 0.005 - - 36 113 65 214
13 150 0.005 2.5 0.007 36 43 39 211
14 150 0.0061 3 0.003 79 159 48 224
15 150 0.0072 3.5 0.004 110 79 30 253
16 175 0.0028 3 0.004 185 176 64 206
17 175 0.0039 2.5 0.003 48.5 52.5 30 184
18 175 0.005 3.5 0.005 130 133.5 48,5 215
197 175 0.0061 - - 88.6 133 34 222
19 175 0.0061 4 0.006 155 130 43 226
20 175 0.0072 4.5 0.007 55 77 57 213
21 200 0.0028 2.5 0.005 - 174 53.3 193
22 200 0.0039 4.5 0.004 60 90 48.3 224
23 200 0.005 3 0.006 147 195 47 220
24 200 0.0061 3.5 0.007 162 108.3 30 213
25" 200 0.0072 - - 50 53 24 200
25 200 0.0072 4 0.003 109 89 40 196

3. RESULTS AND DISCUSSION

With data obtained (Table 2) shows a tendency to dispersion degree in-
crease due to oscillations in comparison without those is observed in
not whole amplitude—frequency range, in addition, a hardness values
B in some surfacing samples are higher where the crystallite size is
larger (Fig. 3). Thus, an increase the microstructure dispersion degree
is not the only way to corresponding increase the hardness can be as-
sumed. One of the probable reasons is prevail of microstructure com-
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290
270
250 A
230 1
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190 A
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8, um

B-107, Pa

Fig. 3. The graph of mean value of hardness dependence of welded metal B on
the crystallite size 8, according with the data in Table 2. Black line—with os-
cillations applied; red line—without oscillations (interpolated according by
data marked”).

ponents formation, in particular acicular ferrite [6], that contributes
hardness value increase over increase of dispersion degree of micro-
structure. This is assumption stipulates further research of weld pool
oscillations influence on microstructure not only as an influence factor
on crystallite size but the one of influence on certain structure compo-
nents formation.

The main influencing factors to degree of microstructure dispersion
under mechanical oscillations are fluctuations in the temperature gra-
dient and diffusion processes in the zone of the crystallization front,
fragmentation of grains and an obstruction to its growth as well. There
is not currently theory of describe the formation of a microstructure
taking into causes these factors, which determines the use of statisti-
cal methods for processing experimental data as the most convenient
and accurate for technological needs.

Processing of measurement results, 6 is carried out by the least
squares method of regression analysis [ 7] using the STATISTICA soft-
ware and represents is the model of dependence of the response d on in-
dependent factors: I, V, A, v:

6 =0.000861939780195999 — 0.000004574680543779441I —
—0.000152825723295094v — 0.099658715277177TIVA +
+0.0001258472617426641Vv + 0.06631357216354281V " +
+0.000103968124488349IAv* — 0.03787035428883211VAV* +
+18.5922416750269IAvV* + 0.000000004179355027512381%v —
~0.000000548282819770837VvI® + 0.00174124657326777V V> +
+2.00770982113061AV v + 3.40689322091218vV?* —
—0.00593263564907643Av* — 3331.1722125233V°>.

1)
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Model adequacy is evaluated by Fisher’s, y” criteria and a determine
of minimization criteria accordance of residual vector &. The signifi-
cance of each of factors of obtained model is checked using t-statistics.
Model (1) is adequate and has a degree of compliance with true depend-
ence at the level of 86—89% .

According to the obtained regression model (1), contour graphs of a
depend crystalites size value from amplitude and frequency values are
obtained for each of arc current and surfacing velosity rate values,
from the analysis of which it is found that the minimum of crystallite
size are most ofren formed at frequency values 2.5 and 4.5 Hz.
Amplitude value A is determined by relation of arc current I and
surfacing speed V (Fig. 4, a and b). Also, the relation allows to choose
an technologicals modes where the least crystallite size formation
posible both at frequency values 2.5 Hz and at 4.5 Hz (Fig. 4, ¢ and d).
In general, there is no general relationship between technological and
oscillatory parameters for crystalites formation of the minimum size.

From crystallite size values analysis (Table 2) and repression model
(1) follows that the size can be reduced by at least 1.57—2.7 times com-
pared to samples obtained without oscillations, but when the surfacing
with arc current of 200 A crystallite size can on the contrary, increase
due to oscillations.

The main difference between the samples obtained by oscillations
and those obtained without ones is not only to increase the degree of
microstructure dispersion, but also to increase the useful structural
components.

I1=100 A, V=0.0039 m/s

6 7
v-0.5, Hz
| T T T 1 I

8
1 I i

8 10 11 i3 14 16 17 19 20
8-10°, m

a

Fig. 4. Contour graphs of crystallites size dependence from the amplitude—
frequency parameters of welding bath oscillations obtained at different techno-
logical modes: the least crystallite size formation at v=4.5 Hz, A = 3-5 mm (a);
the least crystallite size formation at v = 2.5 Hz, A = 6-7 mm (b); the least crys-
tallite size formation both at v=2.5 Hz, A=6-7 mm and at v=4.5 Hz, A=3 mm
(c); the least crystallite size formation both at v=2.5 Hz, A=6-7Tmm and at v =
=4.5Hz, A=6-7Tmm (d).
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s 1=200 A, V=0.0028 m/s

8
v-0.5, Hz

6 7 8 8 9 10 11 12 13 14
§-10%, m

. I1=200 A, V=0.0039 m/s

§-107%, m

Continuation of Fig. 4.

Well, the samples obtained without the weld pool oscillations influ-
ence have a classical ferrite-pearlite structure with rather wide cast
crystallites, as well as with ferrite layers along the boundaries of cast
crystallites, which represent the release of polygonal ferrite (Fig. 5, a—
¢). The influence of oscillations significantly improves the microstruc-
ture, various forms of ferrite are observed (Fig. 5, d): polygonal—in
the form of thin layers along the boundaries of cast crystallites; poly-
hedral—in the form of individual or groups of grains, which are most-
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ly adjacent to the polygonal ferrite; lamellar ferrite with an ordered
2nd phase, which is the release of carbides in the form of parallel series
in the ferrite matrix. In addition, acicular ferrite is observed in the
centre of the cast crystallites, as well as small areas of perlite that have
the appearance of small dark secretions adjacent to the ferrite grains.
Acicular ferrite is accompanied by the release of MAC-phase, which
also increases the hardness and toughness. Also, oscillations contrib-
ute to a significant reduction or even get rid of such harmful structur-
al components as the Widmanstéitt structure.

In terms of the influence on the microstructure, the oscillatory
modes differ significantly from each other in the qualitative change of
the microstructural components, but very significantly in their quan-
titative relation. The general tendency is that oscillations promote not

Fig. 5. Views of typical microstructure of welded metal beads obtained with-
out oscillations and with weld pool oscillations (x200) (a—c): characteristic
microstructure (d); microstructure with acicular ferrite in a basket-weave
form (e); microstructure with fine-acicular ferrite (f); microstructure of mix-
ture of upper and lower bainite (g).
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only to an increase in the fraction of acicular ferrite, as the most useful
component, but also to its various forms (Fig. 5, e and f).

The best microstructure of the welded metal is obtained in the mode
I=125A;7V=0.0072 m/s; A=0.006 m; v=2.5 Hz and is a mixture of
upper and lower bainite (Fig. 5, g).

4. CONCLUSION

The analysis of weld pool oscillations influences to the crystallites size
of weld metal on the base of regression model obtained is done. From
this one is established that the least crystallite size value is most often
formed at frequencies with ranges 2.5 and 4.5 Hz in dependence on the
ratio of current and speed surfacing which determine the effective am-
plitude value. That is confirmed result of work [4], but that crystallite
size can be reduced by at least 1.57—2.7 times compared to samples ob-
tained without oscillations, that is much lower in comparison with re-
sults of work [4] where crystallites size is reduced in 10 times. This is
due with different conditions caring out experiments that are proved
of results work [1] where crystallites size is reduced in 2.7 times at fre-
quency value 75 Hz. In general, the tendency of oscillation application
is that mechanical properties increase the more the large values of am-
plitude and frequency especially.

From the analysis of weld metal microstructure, it is following that
the oscillations significantly improve the microstructure and increase
the useful structural components number such as acicular and plate
ferrite, which can be formed not only in the base microstructure but
also in the crystallites body. As well as, the oscillations get rid struc-
tural components nearly or at all from harmful structural, such as the
Widmanstitt structure.
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