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IH®OPMAIIA A1 ABTOPIB

Mi:xnaponuuii HaykoBuii sxypHaa «Meranodisuxa ta HoBiTHI TexHomorii» (MHT) momicansa my0Omikye crarti,
SAK1 paHiIrre 111e He IyOIiKyBaIrcs Ta He mepe0yBaroTh Ha POSTJIAI 1JId OMyOIiKyBaHHA B iHIIMX BUugaHHAaX. CraTTi
MAalOTh MiCTUTH PE3YJIbTATH €KCIIEPIMEHTAJBLHUX 1 TEOPETUYHUX AOCHTiIKeHb B 00JacTi (DisMKM Ta TEeXHOJIOTii
MeTaJIiB, CILUIABIB i CIIOJIYK 3 MeTaJIiYHUMU BJIACTUBOCTSIMMU; pelleHsii Ha MoHorpadii; indopmartiro mpo KoH(Depen-
1ii, ceminapu; Bimomocti 3 icTopii MeramodisuKuy; peKiaMy HOBUX TE€XHOJIOTIH, Marepiaiis, npuianis. JKypuaa
JIOTPUMYETHCS 3araAIbHOIPUHHATAX IIPUHITUIN B, 3a3HAYEHNX Ha M10r0 CaiiTi B JOKYMEHTaX 3 ITyOJIiKaIliiTHOI eTUKY
Ta HEIPUIHATHUX IIPAKTUK.

TemaTuxa :xypHaiy: Enekmponni cmpyxmypa ma éaacmueocmi, Jepexmu kpucmanivnoi rpamuuyi, @asosi
nepemeopenns, Pisura miyrocmi ma naacmuynocmi, Memaniuni nosepxri ma niieku, Bydosa ma sacmueocmi
HAHOMACULMABHUX | Me30CKoniLHUX mamepianie, Amop@ruil i pidkuii cmanu, Bsaemodii sunpominenus ma wac-
MUHOK i3 KOHOeHC08aHOI0 pewosuHolo, Mamepiaau 6 ekcmpemanvhux ymosax, PeaxmopHe i agiaxocmiure 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 IPaBuI AJs omy6raikyBanus B8 MHT, noseprarorbes
aBTOpaM 0€e3 Po3rJIsAAy 10 cyTi. (laTor HagXOI KeHH BBA’KAE€THCA I€Hb TIOBTOPHOTO HAZIAHHS CTATTI ITICJIs JOTPU-
MaHHSA 3a3HAYEHNX HUKUe IIPABIJI. )

1. Crarra Mae GyTH migmicanoro BciMa aBTopamu (i3 3a3HauYeHHAM IXHIX afpec eJIEKTPOHHOI ITOIITH); CJIiZ
BKasaTy Mpi3BUIIle, iM’s1 Ta 1o 6aThbKOBi aBTOpA, 3 IKMM PeJaKIlisi Oy/ie BeCT! JINCTYBAHHSI, FOT0 IIOIIITOBY aApecy,
HOMepH TestehoHy Ta (haKcy i afipecy eJIeKTPOHHOI ITOIITH.

2. BukagaHHa MaTepiasy Mae OyTH 4iTKUM, CTPYKTypPOBaHMM (PO3AilaMu, HapUKJIaL, «1. Berym», «2. Exc-
nepuMenTaigbHa/ TeopeTnuHa MeTonKa» , «3. PesyabraTu Ta ix 00roBOpeHHs», «4. BucHoBku», «IluroBana site-
parypa» ), CTUCJINM, 6e3 JOBruX mpeamMOyJI, BiIXJIEHb i IIOBTOPIB, a TAKOK 0e3 MyOJIIOBAHHS B TEKCTI JaHuX Tab-
JIAIh, PUCYHKIB i migmucis 1o Hux. AHoTaris Ta po3ait « BucHOBKI» MaroTh He IyOJIFOBATH OAMH ofHOro. Huctosi
JIaHi CJIiZ1 HABOJWITU B 3araJIbHOIPUITHATUX OAVMHUIIAX .

3. 06’em crarTi Mae 6yTu He Gisbiie 5000 ci1iB (3 ypaxyBaHHAM OCHOBHOTO TEKCTY, TAO/INIIb, IiAKCIB 10 PUCY-
HKIiB, COIMCKY BUKOpHCTAHUX Kepen) i 10 pucyHKiB. YxBasia mpo mybutikarito HaykoBux orJisagis (1o 9000 ciis Ta
30 prc.) IpUiMAaETHCS PEIKOJIEr i€10 ITiCIIsT 03HAMOMIIEHHSA 3 PO3IIIMPEHOI0 aHOTAIIEI0 POGOTH.

4. To pemakiii moxxke Hapasarucs 1 apyxkoBanwuii (A4, nosiitHuii iHTepBas) IPUMiPHIK PYKONIKCY 3 LyrfocTpa-
miAMU.

5. ITo pepakiii 060B’s13K0BO HaAEThEsA (10 e-mail) daiin crarri, HaGparuii y TekcToBoMy pegakropi Microsoft
Word 2003, 2007 a6o 2010, 3 Ha3BOIO, IT0 CKJIAMAETHCS 3 ITPI3BUIIIA MIEPITIOTO ABTOPA (JIATMHUIIE0), HATIPUKJIIA,
Smirnov.doc.

6. EjleKTpomHHa Bepcist pyKOMIUCY Ta foro ApyKOBaHM BapiaHT (B pasi foro HaJaHHs) MAlOTh OyTH iIeHTUYHY-
Mu. BoHU MaroTh 0(hOpMITIOBaTUCA 3a I1a0JI0HOM, KU MOYKHA 3aBAHTAYKUTH 3 CAUTY JKypHAIY, 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 AKVX BOHU IIPAIIOIOTH, AHOTA-
wiro crarri (200—250 ciiB), 5—6 KIIOYOBMX CJIB JBOMA MOBAaMM (aHTJIIICHKOIO, YKPAIHCHKOIO), & 3aT0JIOBKY Tab-
JIIh 1 miAmIcH o0 PUCYHKIB MarOTh TOJABATHUCS SIK MOBOIO PYKOIINCY, TAK i aHIUIIICHKOI0 MOBOIO; AHIJIOMOBHA
aHOTAIliA MOXKe OyTH IIPeCTaBJIEHOIO B GiIbIl posropHyTomy BapianTi (1o 500 ciris). Hassa crarri, ii aHoTarisa Ta
KJIIOYOBIi CJI0Ba He TOBUHHI MiCTUTH CKJIATHUX (DOPMYJI, MATEMATITYHIX BUPA3iB YU ITO3HAYEHbD.

7. EnexTpoHHi KoIIil PUCYHKIB MaioTh GyTH IPEACTABIEHNMY ¥ BUTUIA/] OKpeMux haiiris (B rpadivnux dopma-
rax TIFF, EPS a6o JPEG 3 poszaibuoio 3xaTaicTio y 600 dpi) 3 HasBamu, 1110 CKJIQAAIOTHCS 3 IPISBUIIA IEPIIIONO
aBTOpa (JIATWHUIEI0) Ta HOMepa PUCYHKA, Haupukiax, Smirnov_fig2a.tiff. [JonarkoBo pucyHKu Hajgarotecs y
dopmaTi mporpamu, B IKiii BOHU CTBOPIOBAJIVICA.

8. Harucu Ha pucyHKax (0COG/IMBO HA ITiBTOHOBYX) CJIL 110 MOKJIMBOCTI 3aMiHUTH JIITEPHUMY TIO3HAYEHHIMU
(HabpaHrMu Ha KOHTpacTHOMY (hOHi), a KpHBi MO3HAYNTH InpaMu ab0 PisHUMU THUIAMU JIiHil/MapKepiB, AKi
MaioTh OyTH pO3’sICHEHUMH B IiAnmcax N0 PUCYHKIB a6o B Tekcri. Ha rpadikax yci jinii/mMapkepy Maiots OyTu
JIOCTATHBHOI TOBIIMHY,/ PO3MIPY IJIs X AKICHOTrO BiITBOPEHHA y 3SMEHITIEHOMY B 2—3 pasu BUIJIAAL (DeKOMeHIOBaHA
TI0YaTKOBA MIMpuHA pucyHKa — 12,7 cm). CBiTiinHN MaroTh OyTH YiTKMMU Ta KOHTPACTHVIMY, a4 HAIIMICH Ta IT03HA-
YeHHsS MalOTh He 3aKPUBATH iCTOTHI JeTaJIi (IJIg 40ro MOKHa BUKOPYCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUEHHS B
MiITEeKCTOBITI 30LIBIITEHHS IIPY 3HIMaHHI 6ayKaHO IIPOCTABUTH MacITad (Ha KOHTpacTHOMY (hOHi) Ha OHiil 3 imeH-
TryHUX cBiTinH. Ha rpadikax mignucu o oceil, BHUKOHAHI MOBOIO CTATTi, MAIOTh MICTUTH ITO3HAYEHH: (a60 Haii-
MeHYyBaHH:) BeJIMYUH, 1110 B3IOBXK BiIK/IaJal0ThC, 1 uepe3 KOMY IXHi OMHUITI BUMipIOBaHHS.

9. ®opmysi B TEKCT HEOOXiJHO BCTABIATH 3a AOIOMOroio pemaxropa dopmys MathType, cymicaoro 3 MS
Office 2003, 2007 a6o 2010. BexTopu c1iz HaGHPATH YKUPHIM IIIPU(TOM 6€3 CTPLIOK 3BEPXY.

10. Pucynxn, a6, hopmMysH, a TAKOXK HMiAPSAAKOBI MPUMITKY (BUHOCKH) MAIOTh HYMEPYBATHUCS [IOCIILIB IO
Bciif cTarTi.

11. IlocunaHus Ha JliTepaTypHi JPKepeJia CJIiA AaBaT y BUIVIAAL TOPAAKOBOIO HOMepa, HAPYKOBAHOTO B PAZOK
Yy KBaApaTHUX Ay:kKaxX. CIHCOK JIiTepaTypy CKJIAJAEThCs ITOYEProBO 3a IIEPITIO0 3TagKo0 MJKepesa. ITpukianu
odopMIIEHHS TIOCHJIAHb HABEIEHO HIKUE (IIPOCUMO 3BEPHYTH yBary Ha MOPSAOK PO3TAIlyBaHHA iHiriastis i mpi-
3BUII] aBTOPIiB, Gibriorpadiurmx BigoMocTell i Ha PO3ALIOBI 3HAKM, a TAKOK Ha HEOOXiMHICTH 3a3HAUEHHS BCiX
cIiBaBTOPIB ITuTOBaHOI po6ory Ta it DOI, AKIIO BiH €):

1. E. E. Zubov, Metallofiz. Noveishie Tekhnol., 38, No. 11: 1423 (2016) (in Russian). DOI:
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https://doi.org/10.15407 /mfint.38.11.1423
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).
5.M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Alloys. V (Eds.
I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.
6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.
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ELECTRONIC STRUCTURE AND PROPERTIES
PACS numbers: 62.20.-x, 63.20.dk, 71.15.-m, 71.15.Mb, 71.20.Nr, 71.27.+a

Effect of Atomic Substitutions on the Electronic Structure of
Pt:-.Ni,MnSb Alloys (x=0.0—1.0)

V.M. Uvarov and M. V. Uvarov

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

Using zone calculations in the FLAPW (the full-potential linearized aug-
mented-plane-waves) model, information on the energy, charge and spin
characteristics of Pt;-.Ni.MnSb alloys (x = 0.0-1.0) is obtained. As estab-
lished, with an increase in the concentration of nickel atoms in Pt;-.Ni.MnSb
alloys, the interatomic space density of electrons decreases, covalent bonds
weaken, and the cohesive energies of the alloys decrease. The dominant con-
tributions to the formation of magnetic moments in Pt;-.Ni.MnSb alloys are
provided by 3d electrons of manganese atoms. In alloys with x > 0.50, a com-
plete polarization of Fermi electrons is registered that converts these alloys
to a half-metallic state.

Key words: band-structure calculations, Heusler alloys, band structure,
magnetic moments, polarized band-structure state, spintronics.

3a 1omoMoror 30HHUX po3paxyHKiB y mogesni FLAPW (the full-potential line-
arized augmented-plane-waves) ogep:kaso indopmailiiro Ipo eHepreTUYHi, 3a-
pAamoBi Ta cuiHoBi xapakTepuctuku cromis Pt .Ni,MnSb (x = 0,0-1,0). Bera-
HOBJIEHO, II[0 3i 30iabIlleHHAM KOHIeHTpallii aromis Hikaoo B cTomax
Pt1.Ni,MnSb smeHIIyeThcs MiKaToMoBa HPOCTOPOBA T'yCTHUHA €JEKTPOHIB,
OCJIabJII0I0THCS KOBAJIEHTHI 3B’ A3KY 1 MOHMIKYIOTHCA KOTe3iliHi eHeprii cTo-
miB. [lomiHyBasbHi BHECKM y (DOPpMYyBaHHA MarLeTHUX MOMEHTIB y CTOIIax
Pt:.Ni,MnSb BuHocaTh 3d-esnexkTpornu aromiB Manrany. ¥ cromax 3 x > 0,50
3apeecTPoOBaHO MMOBHY HoJisspusariiro @epmilioBuUX eJIeKTPOHIB, 110 IIePEeBOIUTH
IIi cTONM B HAITiBMETAJIeBUU CTaH.
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1. INTRODUCTION

A variety of materials with complex crystal structures that exhibit
unusual electronic and magnetic properties have always attracted con-
siderable attention from both theorists and experimenters for the pur-
pose of using these unconventional properties in possible practical ap-
plications. One such group of materials, which is being actively inves-
tigated at the moment, are the Heusler compounds. The parent Heusler
compounds, the so-called the full-Heusler phases (L2; structures),
have the general formula X,YZ, where X and Y are transition metals
and Z is an sp-valent element. The half-Heusler phases (C1; structures)
have the same structure, except that one of the sites occupied by the X
atom in the parent compound is empty, giving a general formula XYZ
[1]. These phases have [2—5] a complex of magnetic, kinetic, optical,
magneto-optical, superconducting, thermoelectric, and other im-
portant properties. In the system of compounds under discussion, it is
possible to implement topological insulators and the so called half-
metallic state of a solid with a completely uncompensated spin density
of band electrons at the Fermi level —an important property necessary
in technologies for creating materials for spintronics devices.

In 1983 de Groot and co-workers [6] discovered by ab-initio calcula-
tions that one of the half-Heusler alloys, NiMnSb, is half-metallic, i.e.,
the minority band have a band gap at the Fermi level. This conclusion
is confirmed in a series of other works see, for example, reviews [7, 8].
C1, type Heusler compounds have attracted much attention since the
discovery of the very large Kerr effect in PtMnSb [9]. This large effect,
a maximum of 1.3° at 1.7 eV in the room-temperature Kerr-rotation
spectrum, has been attributed to the unusual electronic structure of
this material. Long-standing calculations [6] of the zone structure
showed that PtMnSb belongs to the class of so-called half-metallic ma-
terials, but there is no convincing experimental evidence for this fact
in the literature. Moreover, in the calculations [7, 8], the value of
66.5% was obtained for the polarization of valence electrons at the
Fermi level in the PtMnSb compound.

The sequential transition of PtMnSb — NiMnSb was studied in [10,
11] using the system of solid solutions Pt;_.Ni,MnSb alloys (x = 0.0—
1.0). It is established here that this transition does not lead to a change
in the symmetry of the crystal lattices of solutions. Using X-ray dif-
fraction, the parameters of their cubic lattices were determined, and
the magnetic, temperature, and magneto-optical characteristics were
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measured.

Outside of the cited works, a few comparative characteristics of the
electronic structure of these alloys have not been studied. There was no
complete information about their energy characteristics, the spin and
charge states of atoms, the nature of interatomic chemical bonds, the
structure of valence bands and conduction bands. This paper is devoted
to finding answers to these problems.

2. THE METHODOLOGY OF THE CALCULATIONS

The ‘parent’ half-Heusler alloys PtMnSb and NiMnSb crystallize in
cubic syngony with the space group F—-43m (No. 216) [12]. As already
mentioned, experimental studies of alloys of mixed atomic composi-
tion Pt,-.Ni,MnSb [10, 11] did not reveal a significant rearrangement
of the symmetry of their crystal lattices. To simplify the calculation
procedure in this paper, the positions of the component-atoms of the
Pt,-.Ni,MnSb alloys (x = 0.0—1.0) are set using the symmetry opera-
tions of a simple cubic lattice P. The correctness of this approach on
the example of the study of half-Heusler phases is proved by us in [13,
14].

Band calculations were performed by the LAPW method [15] with a
gradient approximation of the electron density (GGA-generalized gra-
dient approximation) in the form [16]. A spin-polarized version of this
method was used to calculate the characteristics of the electronic
structure [17]. The parameters a of the cubic lattices of the
Pt,-.Ni,MnSb alloys (x = 0.0—1.0) required for the calculations are bor-
rowed from the experimental data, obtained in [10]. The radii (Rwt) of
the MT (muffin-tin)—atomic spheres were chosen from the considera-
tion of minimizing the size of the inter-sphere region in the NiMnSb
alloy, which has the smallest unit cell volume. For all alloys and all the
atoms in them, these radii were 2.18 Bohr radius (1 Bohr radius =
5.2918-107'! m). When calculating the characteristics of the electronic
structure of all alloys, 172 points in the irreducible parts of their Bril-
louin zones were used. APW-+lo bases are used to approximate the wave
functions of the 3d electrons of all atoms, and LAPW bases are used for
the wave functions of the remaining valence electrons. The size of the
basis set was determined by setting the product RmiKmax = 7.0 (Kmax is
the maximum value of the inverse lattice vector). When selecting the
maximum orbital quantum number for partial waves inside the MT
spheres, the value [ = 10 is used. The non-muffin-tin matrix elements
were calculated using [ = 4. The convergence parameters for calculat-
ing the energies and charges at the final iteration of the calculations
were 0.0001 Rydberg and 0.0001e (electron charge), respectively.
These parameters determine the accuracy of determining the energy
and charge characteristics of the alloys under study.
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The binding energies (cohesion energies) were calculated as the dif-
ferences between the total energies of the atoms forming the unit cells
of the alloys themselves, and the sum of the total energies of their con-
stituent atoms, separated from each other by ‘infinity’. They were de-
termined in accordance with the recommendations [18].

The degree of polarization (P) of Fermi electrons was determined by
the formula[19]:

_ DT(EF) - Di(EF)
D,(E,)+ D,(E,)’

where D, (E;) and D,(E;) are the total electron state densities at the
Fermi level (Er) with the spin directions up and down, respectively.

3. RESULTS AND DISCUSSION

In the works [13, 14, 20], it was found that the chemical composition
and atomic disorderings corelationally affect the interatomic bond en-
ergies, the degree of their covalence, and the parameters of the unit
cells in half-Heusler alloys. Similar dependences, as indicated in Fig.
1, are also characteristic of Pt:_.Ni,MnSb (x = 0.0-1.0) alloys. As can
be seen, the drop in the charge density in the interatomic region is ac-
companied by a decrease in the binding energies of the atoms in the al-
loys under study. Based on this and the theory of valences [21], the fol-
lowing conclusion can be formulated: a decrease in the spatial density
of electrons in interatomic regions with an increase in the concentra-
tion of nickel atoms in Pt;.Ni,MnSb alloys leads to the loosening of
chemical interatomic bonds. By-turn, this same reason leads to a con-
comitant decrease in the cohesive energies of atoms in these alloys. The
latter fact may indicate a loss of thermodynamic stability of

~12.04
{ ]
-6.51 195 ./
? s 7] ./
& 7.0 /' 3 /
& ~13.04
» ] o
~7.5 / /
. 1351 o
000 025 050 075 1.00 000 025 050 075 1.00
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Fig. 1. Interatomic charges (@, e—electron charge) and binding energies (E.on)
of atoms in Pt;-.Ni,MnSb alloys (x = 0.0-1.0).
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Pt,-.Ni,MnSb alloys with an increase in nickel concentrations in them.

The concentration dependence of the parameters a of the crystal lat-
tices correlates with the charges of the atoms in the alloys. The quanti-
tative values of these charges and their dependences on the concentra-
tions of nickel atoms in the alloys are shown in Fig. 2. As can be seen,
with increasing nickel concentration in Pt:-.Ni,MnSb alloys, the num-
ber of electrons in the atomic spheres of metals increases monotonical-
ly. Note that the transition to alloys with a maximum nickel concentra-
tion is accompanied by a small increase in the number of electrons on
the Pt and Sb atoms by 0.09 and 0.06 percent, respectively. Slightly
larger values in the variations of these charges are characteristic of the
Ni and Mn atoms—0.41 and 0.12 percent, respectively. A possible rea-
son for such variations in @ is an increase in the degree of delocaliza-
tion of valence electrons in a few atoms Pt, Sb, and Ni, Mn—a reaction
to a sequential decrease in the charges of the nuclei of these elements.
In particular, the increased delocalization of the valence electrons of
nickel and manganese atoms provides an increased dynamics of the
formation of their chemical bonds with the surrounding atoms and, as
a result, leads to large changes in the @ values. The primary cause of
these changes in the charge states of atoms is obviously a reduction in
the parameter a of the crystal lattices of alloys with an increase in
nickel concentrations in them (Fig. 2, right panel).

75591 Pt * 6.20 -
75.361 // “ —e—[10]
1 —a—[11]

75331 o—
T T T T T 6.15-
26.90+ o
26.85 Ni ./ 5.0
26.801 /0/ |
© ) ? ) I 1 <
& S 6.054
L ]
23.2081 Mn - 1
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3.1¢ — .
23.184{ e— . !

17.784] —* \\
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Fig. 2. Concentration dependences of atomic charges (@, e—electron charge)
and parameters (a) of conventional cells of Pt:-.Ni.MnSb alloys (x = 0.0-1.0).
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This dependence of the parameter a on the nickel concentration in
Pt:-.Ni,MnSb alloys (x =0.0-1.0) is due to the reduced atomic radius of
nickel, equal to 1.24 A, compared with the same for platinum atoms,
equal to 1.39 A [22]. Because of this and the already mentioned ‘aspi-
ration’ of alloys to dense atomic packages (F structures), it should in-
evitably lead to a decrease in the values of parameter a with an increase
in the concentration of nickel in the alloys. If the atomic radii of the
substituting components exceed the size of the platinum atoms, then,
according to the above considerations, in a series of solid solutions, the
parameter a should increase with increasing concentrations of the em-
bedded atoms. Indeed, such a pattern can be seen for a series of
Pt,-.Ni,MnSb alloys (x = 0.0-1.0) [11] for which the atomic radius of
gold is 1.44 A [22]. Another confirmation of the above assumptions is
the course of the dependence a(x) in the Pt;_.Cu,.MnSb series of alloys
(x =0.0—1.0)[11]: here, at an atomic radius of 1.28 A of copper [22], a
decreasing course of the curve a(x) at x — 1.0 is observed, as in alloys
with nickel. It should be noted that the current values of a(x) in copper
alloys exceed those for nickel alloys [11]. The latter circumstance is
explained by a somewhat larger radius of copper atoms.

Additional information about the nature of chemical bonds in the
studied alloys can be obtained by considering the energy structure of
their valence bands and zones of vacant states. The corresponding data
in the form of curves representing the electron state densities are
shown in Fig. 3. Total densities and the total atomic densities of the
electronic states of the studied phases for both spin orientations are
complex structures that change with the atomic composition of the al-
loys. These changes affect the shape and energy localization of atomic
valence states.

The maximum contributions to the densities of states from antimo-
ny atoms in all alloys are concentrated in the region of deep lying
(~—10eV) quasi-core states genetically associated with Sb5s- electrons.
In general, these contributions are insignificant. The states of antimo-
ny atoms in the region of valence electron localization (0—5 eV) have
even smaller contributions. This indicates that the antimony atoms in
the crystal lattices of the alloys are mainly held by ionic bonds.

The localization of the electronic states of metal atoms in this ener-
gy region and their hybridization (mixing) indicate that the metal at-
oms in the alloys are bound together mainly by covalent interaction.
Their further analysis is based on the basic principles of quantum
chemistry [21]: in the absence of spatial symmetry constraints, the de-
gree of interactions of the electrons entering into chemical bonds de-
pends on the proximity of their energies and manifests itself in the en-
ergy splitting of the final states and the degree of their hybridization.

As can be seen from Fig. 3, the hybridization of the electronic states
of metal atoms depends on the atomic composition of the alloys. In the
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Fig. 3. Total electron densities (top panel) and total atomic electron densities
of Pt;-.Ni,MnSb alloys (x = 0.0—1.0). Densities with positive and negative
values correspond to the spin-up and spin-down orientations of the electrons
respectively. Eris the position of the Fermi level.

PtMnSb alloy, the states of metal atoms occupy close energy positions,
hybridize well and split energetically. These facts indicate a high de-
gree of covalence of PtMn chemical bonds, which provides high values
of the binding energy of the PtMnSb alloy (Fig. 1).

A consistent increase in nickel concentrations in Pt;_.Ni,MnSb al-
loys (x = 0.0-1.0) is accompanied by a decrease in the degree of hybrid-
ization of the electronic states of platinum atoms. In the limiting case
(x = 0.75), the electronic states of platinum are localized in a narrow
energy region remote from those similar for nickel and manganese at-
oms. The latter remain well hybridized throughout the changes in
nickel concentrations, thereby providing covalent Mn—Ni interactions.

Based on these arguments, we can understand the fact that the con-
centration decreases in the cohesive energies (Fig. 1) of Pt,_.Ni,MnSb
alloys is probably due to a decrease in the covalent interactions of plat-
inum atoms with the surrounding atoms.

It also follows from Fig. 3 that the states of the conductivity bands
of the alloys are mainly formed by the electrons of the manganese at-
oms with a spin-down orientation. Attention is drawn to the discrepan-
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cy between the shapes and values of the electron densities correspond-
ing to different spin directions, which indicates the polarization of the
electronic states. This effect is most pronounced in manganese.
Polarization effects lead to the appearance of magnetic moments on
the atoms. It is useful to consider the question to what extent certain
electronic states are involved in the formation of magnetic moments on
the atoms of the alloys under discussion? The relevant data are shown
in Fig. 4. As can be seen, the determining contributions to the for-
mation of magnetic moments in alloys are assigned to the 3d electrons
of manganese atoms. The contributions of Mns,p-electrons are negligi-
ble. This can be fully attributed to the electrons of all the symmetries
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Fig. 4. Partial contribution of electronic states to the formation of magnetic
moments (M, yu,—Boron magneton) on atoms in Pt,-.Ni.MnSb alloys (x = 0.0—
1.0).
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of other metal atoms and antimony in all types of alloys.

Figure 5 shows the concentration dependences of the magnetic mo-
ments falling on the formula units of Pt;_.Ni.MnSb alloys (x = 0.0—
1.0). In the experimental work [10], it was noted that the values of
these magnetic moments essentially remain constant over the entire
range of nickel concentrations in the alloys. In Figure 5, this is indi-
cated by a horizontal line, which, according to the authors, is the result
of averaging experimental data. These data at the qualitative level co-
incide with those obtained in this work. Indeed, the calculated values
of the magnetic moments practically do not depend on the concentra-
tion of nickel atoms in the studied alloys. Recall that the ‘outliers’ of
the values of experimentally measured magnetic moments at the con-
tent of nickel atoms x =0.25 in alloys are associated [10] with the pres-
ence of other phases with concentrations reaching 15% . In general, the
samples studied here also contained other phases in concentrations up
to 5% . Perhaps these reasons led to systematic differences between the
experimental and calculated values of magnetic moments. Note that
these differences for most alloys (x > 0.25) were ~1.5% . As for the ini-
tial composition of PtMnSb, the experimental and calculated values of
the magnetic moments coincided.

Substituting nickel atoms change the polarization P of electrons at
the Fermi level (Fig. 5). The transition from the PtMnSb metal alloy
with a relatively high (P = 0.76) electron polarization to alloys with x >
>0.5 is accompanied by full polarization of Fermi electrons (P = 1.0)
and converts these alloys to half-metallic state.

4. CONCLUSIONS

1. With an increase in the concentration of nickel atoms in
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Fig. 5. Magnetic moments (M) per formula unit of Pt;-,Ni.MnSb alloys (x =
=1.0-0.0). The horizontal solid line in the experimental part of the figure is
the result of averaging the measurements [10]. P—electron polarization at
the Fermi level in Pt,-,Ni,MnSb alloys.
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Pt1-:Ni,MnSb alloys, the interatomic spatial density of electrons de-
creases, which leads to a weakening of interatomic covalent bonds and,
as aresult, to a decrease in the cohesive energies of the alloys.

2. The course of the concentration dependences of the parameters a(x)
of cubic crystal lattices of Pt:_.M.MnSb solid solutions (M = Ni, Cu,
Au; x=0.0-1.0) is determined by the ratio of the radii of the substitu-
tion atoms and platinum. If this ratio is less than one (M = Ni, Cu), then
the dependence a (x — 1.0) has a descending and in the opposite case
(M = Au) an increasing character.

3. The densities of the electronic states of Pt;_.Ni,MnSb alloys (x=
=0.0-1.0) are complex structures that vary in shape, energy position
and localization. The zones of valence electrons (0—5 eV) of alloys are
dominated by hybridized states of metals, while the vacant states are
formed mainly by Mn electrons with spins oriented downwards.

4. Antimony atoms in the crystal lattices of Pt:_.Ni,MnSb alloys are
mainly held by ionic bonds, whereas metal atoms are mainly covalently
bound to each other. Covalent interactions are maximal in PtMnSb,
and with an increase in nickel concentrations in alloys, they weaken
due to a decrease in the role of platinum valence electrons in the for-
mation of chemical bonds.

5. The densities of electronic states with different spin orientations do
not correspond to each other, which indicates the polarization of elec-
trons in alloys. Polarization effects lead to the appearance of magnetic
moments on the atoms. The determining contributions to the for-
mation of magnetic moments in alloys are associated with the 3d elec-
trons of manganese atoms. The values of the magnetic moments prac-
tically do not depend on the concentration of nickel atoms in the stud-
ied alloys.

7. Substituting nickel atoms change the polarization P of electrons at
the Fermi level. The transition from the PtMnSb metal alloy with a rel-
atively high (P = 0.76) electron polarization to alloys with x > 0.5 is ac-
companied by full polarization (P = 1.0) of Fermi electrons and con-
verts these alloys to half-metallic) state.
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BnopsaakoBaHi cTomu IMPKOHIIO 3 iHTepMeTaJiTHUM 3MillHEHHIM

O. M. Maxnka, II. M. Pomauko, B. I'. Tkaueuko, O. I. Kougpaimes

ITncmumym npobaem mamepianosnascmea im. 1. M. Dpanyesuva HAH Vkpainu,
sya. Axademirxa Kpxcuxicaroscovroezo, 3,
03142 Kuis, Ykpaina

B maniit po6oti o6rpyHTOBaHI XeMiuHi cKJIagu i pexuMu o0pOOJIeHHA HOBUX
eKCIIepUMEHTANbHUX cTomiB B cuctemi Zr—8Al-1Nb 3 imTepmeranigaum
(Zr3Al) sminHeHHAM [JI IOAAJIBIIIOTO i ABUIITEHHA MEeXaHIYUHNX BJIaCTUBOCTEH
MUPKOHIMOBUX CTOIIiB Ha OCHOBi (h)OpMyBaHHSA BIOPAIKOBAHOI HAJCTPYKTYpPH
L1,. IIpencrasieHi pes3yabTaT BUMipOBaHb 3a Temmueparyp 293 i 673-973 K
piBHMX mapaMeTpiB KOPOTKOUYACHUX 1 TPUBAJIMX MEXaHIUYHMX BJIACTHUBOCTEMN
mupKoHifioBux cromiB Zr—8Al i Zr—8Al-1Nb, icTOTHO BIIOPAAKOBAHMX HA OC-
HOBi (asu ZrsAl. BeramoBieHo, 1110 iX MeXaHiuHi XapakTepUCTUKN BU3HAUA-
IOTHCA B OCHOBHOMY BJIACTHMBOCTSIMU BIIOPANKOBAHOI 3a TUIOM L1, cTPYKTYypU
inTepmeraniny ZrsAl (mo 92% ). Jleryeauus HioGiem 1ogaTKOBO migBUIYE 2Ka-
poOMinHicTh, pejlaKkcaIliiHy CTiHKiCTh 1 omImip AMCIOKAI[IMHIT ITOB3yYOCTi CTOITY
Zr—8Al-1Nb. Makpockomniuaa MexXa INIMHHOCTH CTOIY IPAKTUYHO HE 3MIiHIO-
€ThCS 3 MiABUINEHHAM TeMIIepaTypHu, a BUCOKOTeMIIepaTypHi MexaHiuHi Bjiac-
TUBOCTi IUPKOHIHOBOro crony 3 imTepMmeramiguum ZrsAl sminmHeHHAM GiabII
HiK B IBa pasu BUINE aHAJOTIYHUX NOKA3HUKIB IIUPKOHINOBUX CTOIIIB 3 TBEp-
Iopo3unHHUM 3MinHeHHAM (Zircaloy). Hocmimxeni mogudikarii ictoTHO BIIO-
PAAKOBAHUX ITUPKOHINOBUX CTOIIB 3 iHTEepMeTaNifHUM 3MiITHEHHAM PO3TJIA-
IAIOThCA IK MEePCHeKTUBHI MATPUIllL AJIsS KOMIIO3UI[IMHUX MaTepiajiB HOBOTO
MOKOJIIHHSA 3 Hal0OiJbIII BUCOKMMHU €KCIJIYaTAIliIHUMU XapaKTepPUCTUKaMU B
ANEePHiA eHepreTuIri.

Karouosi cmoBa: nmupkoHifiosuii cror, ZrsAl BuopAaaKyBaHHS, MiIlHiCTb, IIJIac-
TUYHICTH, MEXaHi3M IIOB3yYOCTH.
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This research article outlines a detailed study of mechanical properties of
zirconium alloys in the Zr—-8Al and Zr—-8Al-1Nb systems using strain rate
change measurements and tensile tests in a wide temperature range, to opti-
mize their specific properties such as dislocation creep resistance, high tem-
perature strength and low temperature ductility. In this approach, suitable
combination of the innovative are melting, hot-working and annealing
treatment of the Zr—-8Al-1Nb alloy to produce a substantially continuous
matrix of the L1; ordered intermetallic compound ZrsAl (up to 92%). A series
of mechanical tests has been carried out with the Zr;Al based alloys which
should consider as discontinuously reinforced composite materials by the
very nature themselves. Post thermomechanical treatment of as-cast ZrsAl
based alloys indicates owing to their unchangeable yield stress at 293 and
673—-973 K. Mechanical properties of the essentially ordered Zrs;Al based al-
loys are at least two times higher than that observed for solution hardened
zirconium alloys (Zircaloys). The Zrs;Al induced structure developed by ther-
momechanical treatments with subsequent annealing improves the chemical
and structural homogeneity of the composite material as a whole. The for-
mation of inhibitory jog type obstacles on the screw dislocations is assumed
to be the rate controlling deformed mechanism of ZrsAl ordered alloy
strengthening which is dependent on the dislocation density. The excellent
combination of short-term mechanical properties at 293 K and relaxation
strength at 673—-773 K revealed in the Zr;Al based alloys leads to their ability
for high performance applications in nuclear energetic.

Key words: zirconium alloy, ZrsAl ordering, strength, plasticity, creep
mechanism.

(Ompumarno 2 swoemunsa 2021 p.; ocmamoyn. apianm — 21 aiomozo 2022 p. )

1. BCTYII

TenoBUAiIAOUL eJIeMeHTH Y BUTJIAAL c(hOPMOBAHOTO IIOPOIIKY OKCUIY
ypaHy po3MiIlllyloTh B TPYOHUX 0GOJIOHKAX 3i cTONY IMPKOHIi0 3 106aB-
kamu Nb i Sn i moTiM BUKOPHUCTOBYIOTH B €HEPTeTUUHUX AJEPHUX PeaK-
TOpax Ha TeIJIOBUX HeHTPOHAX 3 BOAAHUM TelljioHocieM [1]. ¥V 3B’ a3Ky 3
TeXHOJIOTIiYHUMU BUMOTaMHU HiABUINEHHA TeMIOepaTypH A epeKTuB-
HOI poboTu TemaoHocia o 723 K BigoMi mpoMHUCIIOBi CTOIN B IUX YMO-
BaxX He MOKYTh OYTH BUKOPIMCTAHI uepes iX HeJOCTAaTHIO MIIlHiCTB i ommip
IIOB3y4OCTi. ¥ 3B’A3KY 3 IIIM 3POCTAIOUU iHTepec paxiBIiB BUKINKAE
PO MepCcIeKTUBHUX CHUCTEM ITMPKOHIOBUX CTOIIIB Ha OCHOBIi iHTepMe-
raxigy ZrsAl 3 BopsaKoBaHOoO HaACTPYKTypoto Tuny L1, [2—4]. Ha Bi-
IMiHY BiJ MeTaJieBUX CTOIIiB, HAIIPUKJIAML, 3 TBePAOPO3UMHHUM 3MiIl-
HEHHSAM, Jie CIIOCTepiraeThcsa pisKe SHUIKEHHA MeXKi MJIMHHOCTH 3 IIij-
BUIEHHAM TeMIepaTypu, xeMiuHa cmoiayka NisAl xapaxkTepusyeTbes
aHOMAaJILHUM XOJOM ii TeMIepaTypHOI 3aJIe;KHOCTU 3aBASAKU OiJIBII BU-
COKOMY T€PMiUYHOMY OIIOPY HOTO BIIOPAAKOBAHOI CTPYKTypu. € Bei miac-
TaBU MIPUIYCTUTU HOLIOHY TeMIIepaTypHY 3aJIe;KHICTh MeKi MINHHOCTH
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IS BIIOPAAKOBAHOI cnosiyKu ZrsAl. Ockinbru ZrsAl Bigpisusaersca ma-
JUM IIEPETUHOM 3aXOIIJIEHHS TEeIJIOBUX HENTPOHIB, KOPO3iiiHOO CTiliKi-
CTIO i TIOTEHI[iTHO BUCOKKMM OIIOPOM IIOB3YYOCTi, poOOTH B 00JacTi moc-
JiPKeHb CTPYKTYPU 1 BJIACTHUBOCTEN IMUPKOHIMOBUX CTOMIB Ha OCHOBI
Zrs;Al IpoBOAATHCS IPOTATOM 0araTbox PoKis [5—T].

IMupkoHilioBi cTonM 3 MaTpPHUIEIO 3 BIOPAAKOBAHOTO iHTepMeTaJiny
Zr;Al zamarentoBani B CIITA [2]. I1i croniu B iMTOMY cTaHi miggaBaainch
rapauint gedopwmaiii 3a remmneparypu 1273 K B xBodasniit obsacti Pz—
ZrqAl i Bimnaseni sa remnepatrypu 1265 K. Byiu BusiBiieHi moMiTHI 10-
JiNNIeHHS KOPOTKOYAaCHOI MIiITHOCTH, OIIOPY IMOB3YydYOoCTi i KoposiiiHoil
CTiIKOCTHX B CTOIIAX IIMPKOHIiI0, 1110 MicTATs Bix 7,5 10 9,5% mac. Al. B
JaHWX CTOIIaX iHTepMeTa igHe 3SMiIlTHeHHSs 34i1CHIOBAJIOCH IO IIePUTEK-
TOimHi peakrIii Pz + Zr:Al « ZrsAl (8,97% Al). Ilpuyomy, inTepmera-
aig ZrsAl, mo mae BmopsaaxoBany ['I[K-cTpyKTypy KpHCTaLy THILY
CusAu, cTae 0ocHOBHOIO (pa3010 B 3a3HAUEHUX JUTHX CTOIAaX, AKIIO Ii Ki-
JbKicTh mepesuye 50% 3a obcsrom. Taki cromu, Ha JKaJjb, MalOTh 00-
MeyKeHy ILIacTuuHicTh 6 (~3% 3a tremmeparypu 293 K i ~10% sa Temire-
parypu 573 K) i HU3bKY TeXHOJIOTiUHICTE. IX MOKM 1[0 He MOKHA BUKO-
PUCTOBYBATHU B AKOCTiI KOHCTPYKIIIMHUX MaTepidAiB B peaKTopaxX HOBO-
IO IIOKOJIIHHSA He TiJIbKM BHACJILOK HeJOCTATHLOI HMJACTUUYHOCTH 34 Ki-
MHATHOI TeMIlepaTypu, aje i uepes amopdiszamiio, BUKJINKaHy HEUTPOH-
HUM ompoMineHHAM. [leAaKi oOHAMiIIMBI pedyabTaT 6yJI0 Ofep:KaHo Ha
JUTUX cTonax B cucrtemi Zr—Al—Nb micss Tpusazoro repmMooopodIeHHs
(Bigmany) [8]. IIpu mpomy MopdoJoria ¢as i posmomin ¢asu ZrsAl
OB’ A3YEThCA 3 AKTHUBAITi€I0 KOHTPOJIIOBAILHOTO Jajiekoaiiitaoro (audy-
3ifHOT0) MeXaHi3MYy.

Taxum YuHOM, KOPOTKOUYACHI i TpuBaJIi MexaHiuHi BJacTUBOCTI IUP-
KOHiloBUX cTomiB 3 Zrs;Al iHTepMeTadifHUM 3MiIlHEHHAM BUBUYEHI He-
JOCTATHLO, OCOOJIMBO B AiAMA30HI HAIPYT i TeMIepaTtyp, ki BigmoBiga-
IOTh iX MOTEHIIIATHOMY 3aCTOCYBaHHIO. ¥ IIbOMY KOHTEKCTi CTa€ JOI[i/Ib-
HUM BHUOip XeMiuHMX CKJanmiB cTomis B cuctemi Zr—Al-Nb, aki zabesme-
YaTh 3aBISIKN BUKOPUCTAHHIO HOBOTO TEXHOJOTIUHOTO MUKJIY, TOOTO ix
TepMOMeXaHiuHOTO i TepMiuHOro 06pO6IEeHHA, ONTUMATIbLHE ITOETHAHHS
BHCOKMX 3HAUEHb MIiITHOCTH Ta IIJIacTHUYHOCTH 3a Temieparypu 293 K i
IIiABUIMeHUX TeMIlepaTypax He HiK4e 673 K.

2. MATEPIAJI I EKCIIEPUMEHTAJIBHA METOJJUKA

3auBku cTomiB Zr—8Al i Zr—-8Al-1Nb O0yu ogep:xaHi 3 BUKOPUCTAHHIM
MomMaHOTO MUPKOHII0, amoMiHio Mapku A-99 i miobdiro mapku HOAIITOO.
BuTomienHs BiIIMBOK IIPOBOAMJIOCEH B €JIEKTPOAYTOBiY IIedi 3 HeBUTPAa-
THUM BOJb(PAMOBUM €JIEKTPOJOM B CEePEeJOBUIIli UMCTOTO aproHy 3 Ki-
JbKicTio mepeTotiB 7 pasiB. Xemiuni Ta pa3oBi cKJIaaM ITMX CTOIIIB Oyan
BU3HAUEHI 3 BUKOPUCTAHHAM PEHTIE€HiBChKOI (JII0OPECIeHTHOI Ta
peHTI'eHiBCBLKO00I (pasoBoi aHaNi3. OmepsKaHi 3JIMBKY OYyJIN IIiATOTOBJIEHI
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IJISI TOCJILIMKeHb B JIUTOMY, AedOpMOBAaHOMY i BifmajJeHOMY cTaHax 3a
pexxuMaMu, HaBeJeHUMU B Ta0JI. 1.

BigmoBiguo mo miarpamu (asoBux piBmoBar (puc. 1) crom Zr—8Al
3HAXOAUTHLCS B ABOoda3Hili obaacTi oz, + ZrsAl. TyrommaBguii inTepme-
rasing ZrsAl 3a remneparyp Buitie 1261 K yTBOPIOETHCS IO IEPUTEKTOII-
HiM peakIii Pz + Zr2Al « Zr;Al, a amixue 1213 K — mo mepitexToigniit
peaxiii oz, + Zr:Al < ZrsAl. Ilum nosscHIOETHCA BUOIp pesKUMiB TepMO-
MexaHiuHOro i Tepmiumoro obpobiaenusa (tada. 1). Cam imTepmerasin
ZrsAl € BmopsiaxoBaHoio HaAcTpyKTypoio 3 I'IIK-r'paraurneio tumy CusAl
(L12, cP4) 3 mepiogom rpatuuti a = 0,4372 HM 3a KiMHATHOI TeMIiepa-
typu (puc. 2). Ileit Tun yomopagkoBaHoro iHTepmerasriny ZrsAl yTso-
proeThbcs 3a TepMooOpobseHHi (Bigman 3a remneparypu 1153 K noportsa-
rOM 4-X TOJINH) B IIPOITeCi MePUTEKTOIMHOI peaKIrii.

ITicas TO1 erpyKTypa cromy, 1o ckaagaerbeda 3 10% 06. oz 1 90%
dasu ZrsAl crae HegedopmoBaHoIO Bike micas gedopmarii ~30% 3 mix-
BUIIEHOI0 UYTJIMBICTIO O JIOKAJBbHOI KOHIIEHTPAIlil OKPUXUYBAJIbHUX
Hanpy:keub. Ilicaa inrencuBHOi medopmaitiii e Big 0,34 mo 0,56 cTomm
migmaBaau TepMooOpobsienuio 3a Temuepatrypu 1153 K maa suginenusa
MaKCHMAaJIbHOI KinmbKocTu ¢asu ZrsAl. Hepes HU3HKY TEXHOJOTIUHICTD
ZrsAl B MmaTpuili oz, 4yacTUHA PEKMMIB TepMOOOPOOIeHH OyJja IIpoBe-
IeHa 3a temmepatyp 1237 K — 1173 K, aki BiamoBigaioTs 6iJbIII BHCO-

Al, % mac.
2000 1|0 210 310 4.0 5[0 610 7.0 810910
. 1852C
1800\~ L
AN
NN 1645 C
RN 1595C-~ ™\ 13580°C
1600 N 1480 C o N 1580°C
) RN 1530C =~ AN
B A N \\ 1395¢C SQLC-\\'/ 1485 °C 14'_8;)% \\\
~ / (9,0 ~
E 1400+ SN 2g 3TA ~~
B B 26/ 1350 C 1275°C N
g 92,5/ 1260C 3
f:':’ 1200+ | | \
2 R \
o G| |8 |
= 1000+ 12,5/ 988C e |
7 |
,;:71’1 5 910C '1
- 7 ’ —_ — == - = o
8001 % TR R OE| & F| % '
[ N| N| NN N Nl N N
;o 660,8C
600 L T T T T T T
zp 0 10 20 30 40 50 60 70 80 90 A
A], ar.%

Puc. 1. [iarpama crany Zr—Al.
Fig. 1. Zr—Al equilibrium phase diagram.
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TABJIAIA 1. Pexxumu TepMivHOTO i TepMOMeEXaHiYHOTO 00POOIeHHS ITUPKO-
HiIOBUX CTOIIiB.

TABLE 1. Processing modes of thermal and thermomechanical treatment of
zirconium alloys.

Cron Bup 06po6ienns IosHaueHHA
Zr 8Al Bigman 3a remmnepa 1158 K 4ro TO1
Zr-8Al-1Np = AMAT 32 TeMIEpaTypu roguHm

Zr—8Al Tapsaue xyBanHs Ha e = 0,34 3a remneparypu TMO + TO2 + TO1
1237TK —- 1173 K; Bizman 1173 K 10 xB;
Bigmas sa remnepatrypu 1153 K 4 ronuau

Zr—8Al-1Nb Tapsiue kyBauusa Ha e = 0,34 3a TeMIepaTypu TMO + TO3
1237 K — 1173 K; Bigmai 3a TeMmiepaTypu
1273 K 10 xB

Zr—8Al-1Nb Tapsiue kyBauus Ha e = 0,34 3a remueparypu TMO + TO3 + TO1
1237 K — 1173 K; Binmas 3a remiiepaTypu
1273 K 10 xB; BigmaJ 3a remaepatypu 1153
K 4 roguan

Kilf miracTuyHOCTi Pz:.

CrangapTHi MexaHiuHi BUIpPoOyBaHHS Ha PO3TAT IIPOBOAWIN HA IH-
JIHAPUYHUX 3pasKax J3 MM i JoBKUHOIO po6ouoi yacTuHu o ~ 18,5 MM
Ha mamuni 1246P-2/2300 xouctpyknii HUKMMII 3a mIBUAKOCTH Je-
dopmarii ¢’ = 1073 ¢! y BignosiguocTti o ICTY EN 10002-1:2006 3a Ki-
MHaTHOI TeMmnepaTtypu Ha noiTpi i JICTY EN 10002-5:2006 za mixsu-
mieHuX Temiepatyp y Bakyywmi ze Buire 0,013 Ila. IIpu nromy miBup-
KicTh 3pocTaHHA HAIPY:KEeHHS B 3pasky ckiaazana ~3 MIla/c. ITogoB-
JKeHHA (QiKcyBaJiu TeH30METPUUYHUM AATUNKOM OeslocepeiHbo 3 Po0o-
Y0l YacTUHU 3pasKa. 3pasKu BUpPisaau 3 IeHTPaJbHOI YaCTHUHU Biniu-

Puc. 2. ITopanoK yKIagaHHA aTOMIB i KpucTadiuHa rpaTHung ZrsAl.

Fig. 2. The stacking order of the atoms and the crystal lattice Zr;Al.



448 0O.M. MAJIKA, II. M. POMAHKO, B.T. TKAYEHKO, O.I. KOHIPAIIIEB

BOK. BumpoOyBanusa Ha pejaKcallilo TAKOK IIPOBOAMJIN Ha ITill ke Ma-
IIWHI i iTeHTHYHNX 3pa3Kax.

s Toro, 1100 BCTAHOBUTU BeJIUUNHY OIIOPY MOB3YYOCTi ITUPKOHINO-
BUX CTOIIIB B IIMPOKOMY iHTEepBaJIi TeMmepaTyp, OyJIO IIPOBEJEHO BHU-
npoOyBaHHSA Ha peJiaKcallilo Hanmpy:KeHb 3a Temieparyp 623—-923 K ma
mamuHi 1246P-2/2300 y Bakyywmi me Buine 0,013 ITa. Tounicts miar-
puMKu TeMmnepaTtypu ckaagaina +0,25 K. MeToguka npoBeqeHHsa eKcIIe-
puMmeHTy npusegena B [9]. CaMm ekcliepruMeHT ITPOBOIMBCA 3 Ti€I0 JUIIIE
pisHHITEIO, 110 3a TeMOepaTyp 673 i 773 K HaBaHTa)KeHHS IPOBOAUJIOCH
mo medopmairii 8% uepes Te, IO JaHi CTOIM 3a TEeMIIEPATYP MEHIIIAX
~800 K 3a mBuIKOCTH aKTHUBHOrO HaBaHTaXKeHHs 107 ¢! i masiTes npm
IysKe BUCOKMX CTYIIeHAX Ae(popMallii He BUXOIATDH Ha CTaAil0 yCcTaJaeHOol
Teuii, a 1e)OpMyIOThCA 3 NPAKTUYHO JiHIHHUM JedopMaliiHuM 3MilL-
HeHHAM (KoedimieHnT nedopmariinoro saminnHennsa do/de ~ 2,5 I'lla) mo
pyliHyBaHHA.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

PesynsTaTy peHTreHiBCbKOI (pasoBoi aHamisu cromiB Zr—8Al i Zr—-8Al-
1NDb maBeneni B Tab. 2.

3a nuMu JaHuMU 00’eMHA yacTKa dasu ZrsAl B redpopmoBaHuX i Bin-
naygenunx cromnax Zr—8Al-1Nb cramosutrs 80,6—84,5% . Immuii 06’em
3aiiMae TBepAUM PO3UMH HA OCHOBIi Ogzy. SMEHIIIEHHS IIepioay Ir'paTHUITI
ozr crony Zr—8Al-1Nb (B mopiBHAHHI 3 IepiogoM I'PaTHUIIL CTOIY Zr—
8Al osHauae, 110 Hi00iil POSUMHSAETLCS B Ozr, IPU IILOMY IPAKTUYHO HE
posuuHsAeTbCS B ZrsAl, ockinbKy mepiox rpatuuili ZrsAl npakTuuuo He
BMiHIOETHCA 3a JaHUMHU PEHTTEeHOCTPYKTYPHOI aHaisu. o mporo cuaifg
JomaTH, 1o JogaTKoBe Jerysanua Zr—8Al Hiobiem ymoBijbHIOE IIpoliec
MIEPUTEKTOIJHOTO IIePEeTBOPEHHSA, SHIKYOUN 00’eMHY 4YacTKy ZrsAl i
30iJIbIIYI0OUN 00’ €MHY YaCTKY Olzr.

Hocaimxeni auti crouu cucrem Zr—Al i Zr—Al-Nb Bosogirors oome-
JKEeHOIO IIJIACTUYHICTIO, III0 He IIEPEeBUIIYE NeKiJIbKOX BiJICOTKiB 3a TeM-
neparypu 293 K (ta6s. 3). Iloganbiiie TepMoMexaHiuHe 00pOOJIEHHS
(TMO) mux cTomIriB 3 momaabIIuM Bimmasom 3a Temmeparypu 1153 K
IPOTATrOM 4 TOAWH HNPUBOLUTH O iCTOTHOTO 30iJbINIEHHA MIiIITHOCTU Ta
IJIACTUYHOCTH. 3a TEPMOMEXaHiuHOTO OOPOOJIEeHHSA CTOIIB Pis3KOo Immif-
BUIIYETLCA KOHIIEHTPAIliA BaKaHCiii, IO IPUBOAUTHL OO IIiABUINEHHS
InGysiiHOI PYyXJAMBOCTHA aTOMiB i HNPUINBUAINIYE ITPOIECU YTBOPEHHS
dasu Zrs;Al B mporieci mepuTekToOigHOro meperBoperHs. IleBHa pojb y
dopmyBaHHI MexaHiUYHHX BJIACTHBOCTEH cromiB B cucTemi Zr—Al-Nb
HaJIeXKUTh TBEPAUM PO3UMHAM HA OCHOBi IIMPKOHiIO. 30Kpema, 3i 30i-
JIBITIEHHAM 00’€MHOI YaCTKHU Oz, IPU mepexoxi Bix crouy Zr—8Al mo Zr—
Al-Nb spocrae i saynuinkosa gedgopmairida (Tabdiu. 3 i 4).

Hedopmarrisa cromie Ha ocHOBi iHTepMmeraniny ZrsAl (HazcTpyKTypa
L1;,) mae cBoi 0cO0JIMBOCTI B IITUPOKOMY iHTepBasi Temmnepatyp. 1) B in-



BITOPSITKOBAHI CTOITM ITMPKOHIIO SIHTEPMETAJIIHVM SMITHEHHAM 449

TABJINIA 2. Pasosuii ckiaajg 1ed)0OpMOBAHUX CTOIIIB.
TABLE 2. Phase composition of deformed alloys.

oz (TIIY) Zr3Al (rekcaroHajabHAa)
Cron ITapameTpu 06’emHa ITapameTpu 06’emHa
I'PATHUIL, HM moius, % I'PATHUIL, HM moius, %

HedopmoBanuii cran

Zr—8Al a=0,32070 B
¢=0.51072 71,63 a=0.29003 28,37
¢/a=0,15925 =0,
Zr-8A1-INb  a=0,32091 B
c=0.51145 80,39 APy 19,61
¢/a=1,5937 =0,
HedopmoBaHnuii i Bigmanenuii ctan
az (CTIY) Zr;Al (TTIK)
Zr—8Al a=0,32250
c=0.51575 7,36 a=0,43761 92,64
c/a=0,15937
Zr-8AI-INb  a=0,32156
c=51369 16,22 a=0,43751 83,78
c/a=1,5975

TepBaJIi TeMmmepatyp 293—773 K 11i cTonu 36epiratoTh piBHOMipHE II00-
B)KEHHS BiJ mouaTky gedopmailii 1o moBHOro pyiHyBaHHS, TOOTO He
BUABJAAITh CXWJIBHOCTH OO0 JIOKasizarmii medopmailii 3 yTBOpPEHHAM
IMUNKH, a iX IJIaCTUYHICTh 30i/IbITyeThCA 3 MiABUIIIEHHAM TeMIIepaTypu
(mo 873 K). 2) XapaKTepHOI0 0COOJIMBICTIO JOCTiAKEeHNX CTOIIB Ha Oc-
HOBi Zr3;Al € paKkTHUHA BifiCyTHICTh BUPA3HOI TeMIEPATyPHOI 3aJIe3KHO-
CTH MeXKi IJIMHHOCTH, HAIPUKJAL, mjas cromy Zr—8Al (92% ZrsAl)
(Tabs. 314). et pesyabTaT € 03HAKOIO O1TBITT e(heKTUBHOTO TEPMiUHOTO
OIIOPY BHOPSAKOBaHOI cTpykTypu Ll imTepmerarniny ZrsAl B mopis-
HAHHI 31 cTOIIaMM 3 TBEPJOPO3UYNHHNM 3MiIlHEHHAM B cucreMi Zircaloy,
Y AKUX Me)Ka IJINHHOCTU 3MEHINYEThCA 3 IIiABUINECHHAM TeMIIEPaTypPHU
(puc. 3).

30eperkeHHA MeXKi IIMHHOCTHY cTomy Zr—8Al 3 migBUIlleHHAM TeMIIe-
parypu (606 MIla 3a tremneparypu 293 K i 604 MIla 3a TremmnepaTtypu
673 K (Tabis. 3 i 4) iMOBipHO OB’ A3aHO0 3 IOSBOIO 3aTAJILMOBAHUX KOM-
mirekciB Kipa—Binscmopda ta 6ap’epiB Jlomepa—Korrpenna [3, 4] 3a
JTaHWX YMOB IIIBUIKOCTY 3POCTaHHA HAIPYyKeHHA B 3pasky (~3 MIla/c).
Binwmr Toro, Bci MexaHiIUHI BJIaCTUBOCTI HOCIII)KEHUX IMUPKOHIAOBHX
cToIIiB Ha ocHOBI Zrs;Al icToTHO BHIIle, HijK aHAJIOTIYHI BJIACTUBOCTI CTO-
miB B cuctemi Zr—Nb—Sn [1] i mpomucaoBux cromis 3-110, 9-635. 3)
KpuBi po3TAry nmupKOHIHOBUX CTOIIB 3 Pi3HOIO MaTPHUIIEI0 MOKA3YIOTH
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TABJINIA 3. MexaHiuHi BIacTUBOCTI MUPKOHIMOBUX CTOIIB 3 MATPUIIEI0 HA
ocHOBI Zr3;Al 3a remmeparypu 293 K.

TABLE 3. Mechanical properties of zirconium alloys with a matrix based on
ZrsAl at 293 K.

N Cron  |HVa, MIa|E, TTa|0,002, MITa|oo.2, MITa|o,, MITa[3, % |y, %
JIuTnii cran + TO1
1 Zr-8Al 2607 126 445 606 607 0,3 2,0
2 Zr-8Al-INb 2821 122 345 601 845 3,6 6,4
JIutnii crar + TMO + TO1
3 Zr-8Al 2,72 122 477 526 807 5,8 10,4
4 Zr-8A1-INb 2,74 106 510 618 950 7,9 13,0
5 Zr-8Al-INb* 2,56 122 377 519 962 8,2 7,5

* — misk TMO i TO1 nposozuiocsa TO3.
TABJINIA 4. MexaniuHi BIacTUBOCTI MUPKOHIMOBUX CTOIIB 3 MATPUIIEI0 HA
ocHOBI Zr3;Al 3a remmeparypu 673 K.

TABLE 4. Mechanical properties of zirconium alloys with a matrix based on
ZrsAl at 673 K.

Ne|  Crom | E,THa| oo MIa | ooz MIa | o, MIa |3, % |y, %
JIuTnii cram + TO1

1 Zr-8Al 106 383 604 776 14,4 24,8

2 Zr-8Al-INb 99 394 540 874 24,2 19,6

(puc. 3), 110 3a XapaKTePUCTUKAMU MIiIITHOCTH Ta ILJIACTUYHOCTHU CTOIIiB
Ha ocHOBi ZrsAl 6iygbIll Hi2K B ABa pasu IepeBepIIyIOTh aHAJOTiuHi xa-
PaKTEPUCTUKY CTOIY 3 TBEPAOPOSUMHHUM 3MillTHEHHAM MAaTPHUIIi Ha OC-
HOBi ogz,. Hiobi#l momaTKOBO HMiABUINYE IIJIACTUYHICTh YHIOPAIKOBAHUX
CTOIIiB ITicsig TepMooOpobaeHHsa 3a Temmneparypu 1153 K, aka 3minHioe
cuiBBigHOIIIEHHS TBepaoi ZrsAl i M’ aKoi oz, pas i 30iabIrye 06’eMHY ua-
CTKY M’AKOI CKJIamoBoi oz B cToni Zr—-8Al-1Nb. HaaBuicTs 3yba minH-
HOCTH IPU IPOMIKHUX PO3BAHTAKEHHSX IOB’ A3YETHCA 3 PO3ZMHOMKEH-
HSIM AUCJIOKAIIil 1 pO3BUTKOM Je(popMAaIliiiHoro cTapiHHA, 00yMOBJIEHO-
r'0 YTBOPEHHAM KHCHEBUX aTMocdep Ha Aapax TUCTOKAIlii.

Ha pucyHKYy 4 npuBefeHi pesyabTaTH JOCTIiIKeHb 3aJeXHOCTH IITBU-
IKOCTH yCTaJIEHOI IMOB3YyYOCTHU BiJl BeIMUMHY AiI0UOTO HAIIPYKEHHS 3a
pesyJjabTaTaMu BUIIPOOYBaHL HA pejaKcallilo HAIpPyKeHb IIUX CTOIIB.
Ha rpadikax Touku Ha KPUBUX BiJIIOBiIalOTh €KCIIEPUMEHTAJILHUM Ja-
HUM, a JiHil — eKCTpamoJAIifHNM Ta IPOTHO30BAHUM 3aJI€KHOCTIM
IIIBUAKOCTH YCTaAJIEHOI IOB3YUYOCTH.
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Puc. 3. Kpusi po3Tary ajad MUPKOHiIMOBUX CTONIB 3 HAHO(MA3HUM i TBEPAOPO3-
yuHHEUM 3Minaensam (1) Ta BiAmoBigHO cTOIIiB Ha OCHOBI Zr3Al 3a Temmneparypu
673 K gna cromiB Zr—1Nb—1,55n-0,17Fe—1,5Y,03(<40 uMm) (1); Zr-8Al + TO1
(2)iZr-8Al-1Nb + TO1 (3).

Fig. 3. Tensile curves for a zirconium alloy with nanophase and solid solution
strengthening (1) and essentially ordered Zrs;Al based alloys at temperature
673 K for alloys Zr—1Nb-1.5Sn—-0.17Fe—1,5Y:05(<40 um) (1); Zr-8Al + TO1
(2) and Zr—-8Al-1Nb + TO1 (3).

O TepMoaKTHBAaIliliHOl aHaJNisu i mMOOYyZOBU €KCTPAIIOJbOBAHUX i
MIPOTHO30BaHUX GYHKIIH Ha puc. 4 KOPUCTYBAJIUCA y3araJbHEHUM
cuiBBigaomenuaM (1) [10], axe OyJio BUKOPHUCTAHO B IMOIIepeIHil po6oTi
aBTopiB [9]. IIpu pospaxyHKax 0yJ0 BUKOPUCTAHO 3HAUEHHS BEKTOpa
Broprepca HaguacTKoBOI gucaokaiii b = 0,4372 um i xoedimienra Ilya-
ccoHa u = 0,34 gisa oz. Pesyabratu fioro nmpuBeneHi Oe3mocepeHbO Ha
puc. 4. TepmoaxTuBaIlilfiny aHaaisy O0yJi0 IIPOBEAEHO II0 THX €KCIepH-
MEHTAJbHUX TOUYKAX KPUBUX, AKi BiAMIOBigaOTH OHOMY I TOMY 2K 3HA-
YeHHIO aKTHUBAIliliHOro 06’ eMy.

. (TJ’” [ HO—V‘CJ
ée=¢,|—| exp| ——— |, (1)
G kT

Je é, — KOHCTaHTa IIBUAKOCTH IOB3y4YOCTH; T = G/2 — HaIpyKeHH:A
3cyBy; G — MOAyJb 3CYyBY; M — CTYIIiHb AedopMalliiiHOro sMilfHeHHS,
IMoB’sA3aHa 3 3aJeKHICTIO I'YCTHHM PYXOMHUX OUCJOKAIIifl Bim Hampy-
sKeHHsd (3asBuuait m = 2); Ho — ynaBaHa eHepria akTuBariii (e.a.); V —
ymaBaumuii akTuBaIiiiHUii 06’eM (a.0.); k — KoHcTauTa Boabiimanua; T
— abcoJIIoTHA TeMIepaTypa.

s momaTKOBOI aHAMi3W 0COGJMBO B 00JIaCTi MaIMX HANPYKEHb 3a
remnepatrypu 973 K 6yJ10 BUKOPHCTAHO 3aJIeKHICTD (2):
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Puc. 4. 3amexHiCTb MIBUAKOCTY IIOB3YyYOCTH BiJl HAIIPYKEHHS i TeMIepaTypu
nis cromiB Zr—8Al + TO1 (a), Zr—8Al + TMO(e = 0,4) + TO3 + TO1 (6), Zr—8Al-
1Nb + TO1 (8), Zr—8Al-1Nb + TMO(e = 0,52) + TO3 + TO1 (2).

Fig. 4. The dependence of creep strain rate on stress and temperature for al-
loys Zr—-8Al + TO1 (a), Zr-8Al + TMO (e = 0,4) + TO3 + TO1 (6), Zr-8Al-1Nb +
+TO1 (8), Zr—8Al-1Nb + TMO (¢ = 0.52) + TO3 + TO1 (2).

é =At" exp (—&j, (2)
kT

me n=m+ 1. PesyabraTu ananisu 3a ¢opmyJioro (2) npuBemeHi B Tabu. 5.

Amaniza ganux tabua. 5 3a remoeparypu 973 K mokasajia, 1o BeJu-
YypHAa 7 B paiioHi 2 BKasye Ha BKJIAJ ANCJIOKAIIMHOI IIOB3yYOCTH IIepe-
Ba)XKHO B IIPUI'PAHUYHIN obOJacTi 3epeH, TOAI AK OpPU OiJIBIINX HAIPY-
JKeHHaX (mpaBimre mMTpuxoBoi Jinii) ckopimt 3a Bce mepeBaskae MaTpuUd-
HUU BHYTPIiIITHbO3ePEHHU M AUCTOKAIiHHNY MeXaHi3M IT0B3YYOCTH.

IIpu pospaxyHKax MOIYJA 3CyBY BUKOPHCTOBYBAaJIaCh TEMIIepaTypHA
sayie:kHicTb Momysis FOura (puc. 5).

ExconepuMeHnTaJ bHI TOUKM, AKi ofxep:xani 3a Temmeparypu 673 K i
YacTUHi JaHUX 3a TeMueparypu 773 K (BuCOKi Hanpy»KeHHs) IIPpU BUKO-
HaHHI TepMOaKTHUBAI[iMHOI amaaisu He Opanu. IIpmumHa — 3pasoK He
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TABJINIIA 5. PospaxoBaHi 3HaueHHs TapaMeTpy 7 3a BupasoM (2).

TABLE 5. The calculated value of the parameter n according to formula (2).

Temneparypa BunpobyBaub, K
Crom
673 773 873 973
Zr—-8Al+TO1 13-97 9-35 3,4-13 -
Zr—8Al + TMO (e=0,4) + TO3 + TO1 16-71 9-31 3-14 1,6-2,8
Zr—8Al-1Nb + TO1 9-77 10-35 2,9-10 -

Zr—-8Al-1Nb +TMO (e=0,52) + TO3+ TO1 19-69 10-31 3,4-16 -

B rtab6a. 5 meHIIi 3HaUeHHA N BiJHOCATHLCS A0 HAWMEHIIINX HANPYKeHb TOCJIi-
IKeHHs, OLIbIIi — J0 HAMO1JIbIINX.

IoBemeHUi mo cranii Teuii ockinbKu HaBiTh mpu 8% nmedopmarrii Bim
MIIPOJOBIKYBaB Maiike JiHIHO 3MiITHIOBATHCA 3 HEBEJIUKUM Koe(ilieH-
ToM JedopManiifHOro 3MiIHEHHA dTmax/dYmax ~ 0,03G 3a Temmeparypu
672 K. 3 apiteparypu [11, 12] Bimomo, 110 Apyra Mmaii:ke JiHiliHa cragia
aMinHeHHA (HarapTyBauHs) 3a TeopiamMu Motra i Tipma gaa T'IIK-
MeTaJIiB 3a Koedimienra gedopmartiinoro sminmuenus 0,03G mos’a3ana
3 YTBOPEHHAM Ha I'BUHTOBUX OUCJIOKAIiAX CXOAMHOK. Ha yTBOpeHH:
KOKHOI CXONMHKM HeoOxigHa eHepria oaGb3, ge a ~ 0,2—0,5 — koe@iri-
e"HT MorTa. [JaHi CXOOZUHKYN MOYKYTh KOHCEPBATUBHO PYXaTUCS B3TOBIK
IUCJOKAIlill i HEKOHCEePBATHUBHO MEePEeMiIllyBaTHCI PA30M 3 TUCJIOKAITis-
MU B HaOPAMKY ix pyxy. IIpu 1iboMy TaKMil PyX CYHIPOBOMKYETHCS
yTBOPeHHAM a00 Baxkamciii, 00 Mi2KBY3JIOBUX aTOMiB B 3aJI€3KHOCTI Bix
HaAIpAMKY PyXy cxonauHKN. HeKoHcepBaTUBHUM PYX MOMKJINUBUU TiTbKHU
3a PaXyHOK JysKe CUJIbHOI TepMiuHOI akTuBaIlii 3 eeprieio ~0,5—1Gb3.
Came BeIMUnHA KOHIIEHTPAIlil X CXOAMHOK i BU3HAUAE BeJIUUYNHY Je-
dopmarifinoro sminmHeHHA. I OCKiJIBKM ycTajieHa IIOB3yYiCThb, 3TiIHO
ysaBjaeHb MoTTa, BUHUKAE KOJIU IMBUAKICTE Je()OpMAIifHOTO 3MiI[HEH-
H$ IOCTYIOBO 3HIKYIOUNCH JOCATAE BeJINUNHI, IKA JOPiBHIOE IIIBUIKO-
CTi TepMiUuHO aKTHBOBAHOIO MOBEPHEHHS, TO JIOTiYHO IPUIIYCTUTH, IO
TePMiUHO aKTHBOBAHUMHU Oap’epaMu € CXOOUHKN Ha I'BUHTOBUX AMCJIO-
Kalligx, a HafOiabIn MMOBIpHMM KOHTPOJIOIOUMM TEPMiUuHO aKTHBOBA-
HUM MeXaHi3MOM € iX HeKOHcepBaTUBHUI pyX. Ile TaKoX migTBEpAKY-
€ThCS BeJIMUMHAMU eHeprii akTusarii 3,2-3,5 eB (0,5-0,74Gb?).

Ho Toro kK, SK moKasaHo B Jiteparypi [13], Ha momi6HOMY cToIi
(NisAl) 3 Tiero & cTpyKTypoio L1g, 1110 Ipu MaJIuX IIBUAKOCTIX Aedop-
Mmarii 10 ¢! mopiBusano 3 Bucokumu 1021 1072 ¢! anomanbpHOI 3a1eK-
HOCTH BEJUUYHUHU Cp,2 HE CIIOCTEPIraeThbCcsl BHACIILOK TOTO, IO HAAIMC-
JIOKAIlil 3a MeXaHi3MOM MOIIePeUYHOro KOB3aHHSA BCTHUIaIOTh MOBHICTIO
MePexXoqUTH 3 OKTaeIPUUHNX N0 KyOiUHMX IJIOIIMH KOB3aHHS i HaBIAa-
KU, i 3araJibMoBaHI KOMILIeKcH Matixke BigcyTai. Toxx moB’sa3aTu oxep-
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Puc. 5. Temneparypua 3ajiexkHicts moxyasa FOura nis cromis Zr—8Al + TO1 (1),
Zr—-8Al + TMO (e = 0,4) + TO3 + TO1 (2), Zr-8Al-1Nb + TO1 (3), Zr—-8Al-
1Nb + TMO (e =0,52) + TO3 + TO1 (4).

Fig. 5. The temperature dependence of the Young’s modulus for alloys Zr-—
8Al+TO1 (1), Zr—8Al + TMO (e =0,4) + TO3 + TO1 (2), Zr—-8Al-1Nb + TO1 (3),
Zr—8Al-1Nb + TMO (e = 0,52) + TO3 + TO1 (4).

JKaHy HaMHU BeJIWUYMHY e.a. 3 AoJaHHaM O0ap’epiB Kipa—Biabcmopda B
eKcIeprMeHTax Ha pejaKcallilo 3 MaJUMHU IIBUAKOCTAMU Aedopmaririi
HEMOKJINUBO.

TakoK 3 eKCIIEPUMEHTIB Ha rapsde KyBaumusa ctony Zr—8Al mepese-
meHoro Tepmoobpobaenuam TO1 B HagcTpyxrTypy ZrsAl (90% ) moxkHaA
3pOOUTH BUCHOBOK, IO IIPU BEJUKHUX IIMBUAKOCTAX 3POCTAHHS HAMPY-
JKeHHs B MaTepiAai BigOyBaeTbca Ay Ke iHTeHCHBHE YTBOPEHHS 3arajib-
moBaHuX KoMminiekcis Kipa—Binbcgopda i MOMKINBO CUAAUYNX AUCIOKA-
it Tuny Jlomepa—Korrpenna. IIpuuomMy iHTEeHCUBHICTD HAKOIMMMYEHHA i
TepMiuHa MilfHicTE MuX 6ap’epiB Taka, 1110 micjg gedopMallii KyBaHHIM
30% HaBiTh 3a Temmeparypu 1273 K KyBaHHA BiKe He MOXKJuBe. IIpu
30inbIlIeHHI eHeprii ymapy 3pasKu KPUXKO PYHHYIOThCA. BHacIimox
IIBOT'0 iHTeHCHUBHE TepMOMeXaHiuHe 0O0pOOJIeHHsS CTOIMIB Ha OCHOBi Haj-
cTpyKTypu Lls, 3oxpema ZrsAl, mpoBoauTu HemOIijabHO. J[OIiJIbHO
nposoguTy TMO 3 MamuMu IIBUAKOCTAMH medopMarlrii, HampuKJIam
excrpysiero. Ile BuTikae 3 eKcmepuMeHTiB Ha pejakcailtiio (puc. 4, 0).
Tam BUIHO, 110 Bake 3a TeMmieparypu 971 K, aka ma 300 K HuxKue HiXK
TeMIlepaTypa KyBaHHs, IIJaCTUYHA TeUid MeTasly BiIOyBaeThCcs BigHOC-
Ho Jierko (107% ¢!) 3a manux Hanpy:xensb (20 MIla).

TakuM YMHOM OUiKY€ETBCH, IO IpPeACcTaBJIeHi 00HamiiiinBi pesyabTa-
TH OOCJHiMKeHb OyAYyTh CHOPUATHU MOMAJBIINiN Po3polbIli IMUPKOHIAOBUX
CTOITIiB 3 MOTEHI[iAJIOM iX TeXHOJOTiUHOTO0 BUKOPUCTAHHSA 3a OiJbIl Bu-
COKMX TeMIIepaTyp i HaNpY:KeHHAX B AKOCTi 000JIOHKOBUX CTOIIiB [JIs
TBeJIiB B ilepHill eHepreTuIli.
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4. BUCHOBKH

1. PesyabTaTyi KOPOTKOUYACHUX BUIPOOYBaHb JIUTHUX, He(dOpMOBaHUX i
BiAmmaJieHNX MUPKOHIiIOBKUX cTomiB B cuctemi Zr—Al—Nb sa Temmepatyp
2931 673 K, a Tako:x BUOpoOyBaHb Ha pejlaKkcalliio HaIpy:KeHb B iHTep-
BaJi Temmepatyp 673—973 K mepexoHyIOTh B TOMY, III0 OCHOBHA POJIL V
(opMyBaHHI MeXaHIYHMX BJIACTUBOCTEH IINX CTONIB BU3HAYAETHCS iH-
TepMmeTanaizom ZrsAl 3 ynopagxoBaHowo HAACTPYKTyporo Llq, axuii 3aii-
mae 10 92% o006’emy marepiany. IIpruuyomy y HOpiBHAHHI 3 IIUPKOHIO-
BUM cTOomoM Tumy Zircaloy 3 oz, MaTpuIieio, mo 0ys 3MillTHEHUN HAHO-
poamipHUMET uacTuHKaMu Y203, MIUPKOHINOBI cTONN 3 BIOPALKOBAHOIO
HAACTPYKTYPOIO ZrsAl BigpisHsaOTECA HabaraTo BUIMMU XapPaKTEPUC-
TUKaMH KapOMiITHOCT! B imTepBaji Temmepatyp 673—873K i miaacTuu-
HOCTHU B iHTepBaJi Temmepatyp 293-673 K.

2. JIuTi cTonm Ha OCHOBI BIOPSIKOBaHOro intepmerasainy ZrsAl 3 TITK-
I'PATHUIECI0 XapaKTepU3YyIOThCA MOPiBHIHO HU3BKOIO IIJIACTUYHICTIO 3a
remuepatypu 293 K i o6mesxeHoI0 JepopMOBaHICTIO HAaBiTh 34 IIiABUIIE-
HUX Temneparyp. Haa migBuiieHHA nedOpMOBAHOCTH I MeXaHiUHMX
BJIACTHBOCTEH JIUTUX CTOIIIB HA OCHOBL Zrs;Al ix HeoOXimmo migmaBaTu
TepMoMexaHiuHoMy ob6pobsenHio Buile 1260 K 3 HacTymHUM TepMO00-
pobameruam go 1210 K B ymoBax, 1110 3a0e31IeUyI0OTh MAKCUMAJILHY Kilhb-
KicTb (pasu ZrsAl.

3. HomarkoBe JeryBanusa aBodasHoro cromy Zr—8Al 3 miobdiem (zo 1%),
SAKUH PO3UYMHAETHCA B IEPBUHHOMY Oz 1 He B3aeMogie 3 ZrsAl, icroTHo
30iJIBIITye MesKy MIITHOCTH i omip AmcJIoOKaIliiiHil pesnakcarii medpopmo-
BAHOTO CTOOY 3 ONTUMAJLHUM IIOETHAHHAM BHCOKHMX TEeXHOJIOTiUHUX
3HAUYeHb iX MiITHOCTH Ta IMJacTUYHOCTH 3a TeMuepatypu 293 K.

4. BeraHOBJIEHO, 1110 MesKa IJIMHHOCTH I[UX CTOIIIB HA OCHOBI (pasu Zrs;Al
NPaKTUYHO He 3aJIeKUTh BijJ TeMIlepaTypH, IO CBiTUUTH ITPO BUCOKUH
TepMiUHMH oImmip iX ABo(as3HOI CTPYKTypHu 3a Temiepatyp 673-773 K.
IIpu mpomMy Me’ka ILIMHHOCTH KAPOMIIIHHMX CTOMIIB Ha OCHOBi ZrsAl
OiJIBIN HiXK B IBa pasy MePeBUIINYE aHAJOTIiUHI MOKA3HUKHU ITUPKOHIIO-
BUX CTOIIiB 3 TBEPAOPO3UNHHNM 3MintHeHHEAM (Tuny Zircalloy), axi Bin-
Pi3HAIOTHCSA CUJILHOIO i1 TeMIepaTypPHOIO 3aJIeXKHICTIO.

5. IToGymoBaHO AisrpaMu OIIOPY AMCIOKAI[iMHi# moBayuocti Zr—8Al i
Zr—8Al-1Nb cromiB B INMHPOKOMY [OiANIa30HI HOPMOBAHUX HAIPYT
(0,02-7)-102 6/E i remneparyp 673—973K. B 3ayeKHOCTI Bifi BeIUUNH
HaIpyKeHHs i TeMIlepaTypu IIOKa3aHO MeXKi 3MiHM MexaHi3MiB 3 MarT-
PUUYHOI Ha 3€pPHOMEIKOBY IMOB3ydicTb. IIpruomy WMOBIpHUM TepPMiUuHO
AKTHBOBAHUM MeXaHi3MOM II0OB3YUYOCTHU € HEKOHCEPBATUBHUN PYX IIOPO-
riB Ha TBUHTOBHUX AUCJOKAIiAX 3 e.a. 3,2—3,5 eB (~0,5Gb3).
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Temnepartypa coaigycy Ta rapada TBepaicts cromiB Ti—Nb—Mo

O. M. MucauBueHko, A. A. Bougap, B. M. Bo6rikos, H. I. [luranenxo,
T. A. Cininceka, O. I1. l'anosoa”

ITnecmumym npobaem mamepianosnascmea im I. M. Ppanyesuwa HAH Ykpainu,
8y.. Axademira Kpacusxarnosecvkozo, 3,

03142 Kuie, Ykpaina

*CymcoKuil OepicasHuil yHisepcumem,

8y.. Pumcvrozo-Kopcaxosa, 2,

40007 Cymu, Ykpaina

Metozgoio ayrosoro meperony ogep:kano 8 cromis cucremu Ti—Nb—Mo. IToka-
3aHO, 110 BOHU MAaIOTh TUIIOBI JJIf JIUTTA JeHAPUTHI MiKpOCTpyKTypu. Busna-
uyeHO (pa30BUI CKJaL Ta BCTAHOBJEHO IIEPioAY I'PATHUIE YTBOPeHUX (has. Bu-
KopucToByIOUM MeTomy nudepeHmniansHol TepmiuHol ananism (IITA) mocui-
I:KeHOo (a30Bi mepeTBOPEHHS Yy TBEPJOMY CTaHi, a TAKOK BU3HAYEHO TEMIIEpa-
TYpHU OYaTKY TOIJIEHHA Ta Kpucraiisamii. [yia cromiB TeMmeparypa cosinycy
axux Buime 2000°C paszom 3 ITA 6yna Takok BUKOpPHCTAHa IIipoMeTpHUYHA
metoza Ilipani—AnsTepmyma. Ha ocHOBi eKcliepruMeHTAIbHUX JaHUX ITO0YI0-
BaHIi TeMIepaTypHi 3aJIe;KHOCTi TBEP/IOCTH CTOIIiB Ta PO3PaXx0OBaHO €HEPTii aK-
TuBalii nedopmMyBaHHA MaTepiany mix ingeaTopom. IlpoBeseHo aHaIizy Kpu-
BUX 3aJIeKHOCTi TBEPAOCTHU CTOIIIiB Ta BU3HAUEHA TeMIepaTypa Pi3Koro 3HeMi-
nHeHHA Marepiany. [lokasaHo, mo o — B-nepexig B cronax cucremu Ti—Nb—
Mo 3 HecTabisibHOIO OeTa (Pa30i0 He IPU3BOIUTE 40 CYTTEBOI 3MiHM TBEPIOCTi 3a
JTaHOI TeMIIepaTypu IIepexoy.
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TUTAHOBI CTONIM, KPUCTAJIiUHA CTPYKTYypA.

Eight alloys of the Ti—Nb—Mo system are synthesized by the arc remelting
method. As shown, they have dendritic microstructures typical of casting.
The phase composition and lattice periods of the formed phases are deter-
mined. Using the method of differential thermal analysis (DTA), phase trans-
formations in the solid state are investigated, and the temperatures of the on-
set of melting and crystallization are determined. For alloys, the solidus tem-
perature of which is above 2000°C, together with DTA, the Pirani-
Althermum pyrometric method is also used. Based on the experimental data,
the temperature dependences of the hardness of the alloys are constructed and
the activation energies of deformation of the material under the indenter are
calculated. The analysis of the curves of the dependence of the hardness of the
alloys is carried out and the temperature of the sharp softening of the material
is determined. As shown, that the o — B transition in titanium alloys with an
unstable B-phase does not lead to a significant change in hardness.

Key words: solidus temperature, hot hardness, high-temperature strength,
titanium alloys, crystal structure.

(Ompumarno 2 swoemunsa 2021 p.; ocmamoyn. eapianm — 18 ciunsa 2022 p.)

1. BCTYII

TuTaHoBi cTONIM 3HAXOAATH IITUPOKE 3aCTOCYBaHHA, 30KpeMa, AK KOHC-
TPYKI[IMHUT MaTepifJ B aepOKOCMiUuHiN TexXHIiMi Ta iHIIKUX TPaHCIOPT-
HUX 3acobax, y XxeMiuHili TpOMHCJIOBOCTI Ta B Meauiiuui. Bizomo, 1110
3HAYHO POIIIUPUTHU TaJay3i 3aCTOCOBYBAHHS TUTAHOBUX CTOIIiB MOKHA
IIJIAXOM KepPOBaHOTO JieT'yBaHHS Ta IMOAAJbINIOI TePMiUuHOI 06PO0OKH, 110
3a0e3MMeuyIoTh 3MiHY CTPYKTYPHU Ta BJIACTUBOCTEH Y 3aJaHOMY HAIIPSIM-
Ky. Xoua Hiobiit Ta Mosi6meHn uacTo BiKMBaHi Jiel'yBaJabHiI J0OABKU IO
TUTAHOBUX CTOIIB, Ha JaHUHN MOMeHT (has3oBi piBHOBaru i ¢asosi meper-
BopeHHa y cucteMi Ti—Nb—Mo BuBueHi HegoctaTubo [1, 2]. Hocaimxeni
eKCIepUMEHTAJNIbHO Ta IIPeACcTaBJIeHi B JiTepaTypi )a3oBi piBHOBaru 3a
HusbKkux Temuepatryp 500 i 1100°C [3] B obacTi TBepaodasHUX PiBHO-
Bar. B po6ori [4] npexacTaBieHnii TepMoarHaMiuHuit onuc cucremMu Ti—
Nb—Mo Ha 0CHOBi IepPIIONIPUHIUIHAX PO3PAXYHKIB i modymoBaHo i30-
TepMiuHU#A mepepis 3a Temmepatrypu 600°C. Isorepmiuni mepepisu 3a
remneparypu 500°C [3] i sa Temneparypu 600°C [4] cyTTeBO BinpisHs-
0TheA 3a npoTskHicTio OLIK-TBepmoro posunny (Ti, Nb, Mo). Hiarpa-
MU CTaHy oOMexyBaabHIUX HoABiiHUX cucteM Ti—Nb, Ti—Mo ta Nb—Mo
nmo6ymoBaHi HaAilHO i mpeacTaBieHi B poboTax [5—7] BiamoBigHO.
TeopeTUUHO MIOBEPXH coJrigyca morpiiioi cucremu Ti—Nb—Mo omu-
caHa B [8] 3a 1oIOMOr0I0 METOAM CUMILIEKCHUX I'PaTHUIL. [TosinoM ye-
TBepTOro crymneHs nasa cucremu Ti—V-Nb—Mo omep:xkany Ha OCHOBI
OMOPHUX BUMIipiB TeMIepaTyp IOYATKY TOILIeHHS 3a MeTomoio Ilipani—
AgnbTepTyMa, BUuKopuctopyiounu mipomerp OII-48. ITomipsaso Tpu cronu
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notpiiinoi cucremu Ti—-Nb—Mo (crmxan y % sa macoi): 50% Ti—25%
Nb—-25% Mo (1940°C); 25% Ti—50% Nb—-25% Mo (2180°C) i 25% Ti—
25% Nb—50% Mo (2075°C).

Ockinpku cronu cucremu Ti—Nb—Mo MmaroTh 34€0i1bITOI0 BICOKI Te-
MIIEpaATypU TOILJIEHHS, TO IMOBipHO, IO PiBeHb BUCOKOI MiITHOCTH BOHU
MOJKYTH 30epiraTu 1o BUCOKUX TEMIEPATyp i BApTO IPOBECTH OIIHKY iX
sKapoMminaocTr. OIHOIO i3 MeTOL0I0 BUBUEHHSA TeMIepaTyPHOI 3aJIeKHO-
CTU MIITHICHMX XapaKTEepPUCTUK MAaTepidAyiB € BU3HAUEHHA IX rapsadol
TBepmocTu [9, 10]. TBepaicTs mobpe BimoOpaskae piBeHb TaKOl XxapakTe-
puctuku AK MinHicTs [11-14], a aHanisa 3aIeXHOCTH TBEPAOCTU Bin
TeMIepaTypH Ja€ TeMIIEPATyPy HOYATKY Pi3KOT0 3HEMiITHeHHSI MeTaly,
dAKa MaJio BiIpi3HAEThCA BijJi BEpXHBOI TeMIIePaTyPHOI MeXKi MOMKJIMBOTO
BUKoOpucTaHH [15].

Bpaxosyrtouu, 1110 (¢asoBi piBHOBaru ta TemIiiepaTypu IIOYaTKy TOII-
JIeHHS € BAKJIMBUMU XapaKTePUCTUKAMU IIPY PO3POOIli HOBUX KAaPOMi-
IHUX CTOIIiB, a TAKOYK METOJ iX OJepKaHHs Ta TePMiuHOi 00poOKM, 3a
MeTy maHoi PoO0OTH B3ATO OJEP:KAHHSA eKCIIEPUMEHTAJbHUX MaHUX II0
BM3HAUYEHHIO TEMIIEPATyp IIOBEPXHi couigzyca cromiB cucremu Ti—Nb—
Mo, a TaKOK OIIiHKY KapOMIITHOCTH JOCJIIIKEHNX CTOIIIB 3a pe3yJibTa-
TaM¥ BUMipIOBaHHSA rapsa4ol TBEPAOCTH.

2. METOOJUKA ERKCIIEPUMEHTAJBHUX TOCJIIAEHD

Cromnu BUTOILIIOBAIU 13 YMCTUX KOMIOOHEHTIB (i3 ix BMicTOM He MeHIIIe
99,90% ) B eNeKTPOAYroBiii Ieui y 3aXMCHOMY CepPemoBHIIi aproHy,
OUMIIIEHOI'0 TOIIKOI0 TUTAHOBOrO reTepa TPUBAJIICTIO He MeEHIIEe 5 XB.
3pas3Ku mepeToIII0BAJIN He MeHIle 6 pasiB aad 3abes3mneueHHs iX omgHO-
pigHOoCcTH. fIK BHM3HAUeHO XpoMmarTorpadiumo, spaskm Mmictuam 0,04—
0,07% wmac. Oxcureny, a smict Hitporeny i I'izporeny He mepeBuiilyBas
MexKi uyTauBocTu merogu — 1-1073 % mac.

HdudpakTorpamMmu ogep:kaHO 3a AolomMoroio audppaxtomerpy Proto
AXRD, BuxkopuctoByiourn CuKo-BUIPOMiHIOBAaHHA Ta IIMPOKOIIOJIOC-
Huii kpemuieBuii gerekTop DECTRIS. Kpox ckaHyBaHHS CKJIagaB
0,02°, MHOKHUK KPOKY 4, mpu ekcmoaurii B Tourri 0,5. docaigsxeHHs
MiKPOCTPYKTYPHU Ta JIOKAJIbHA XeMiuHa aHajisa IIpoBeJleHa Ha PacTpo-
BOMY €JIEKTPOHHOMY MiKpockoiri Superprobe 8200 meToq010 XBUJIEIHC-
nepciitnoi mikpoanaaisu (WDX).

TemnepaTypy IIOYaTKy TOIJIEHHA CTOIIiB Bu3Hauau meronoro Ilipa-
Hi—AJbTepMyMa 3a HOIIOMOTOIO OIITHYHOTO Iripomerpa JOII-66 [16, 17]
Ta METOAO0I0 BHMCOKOTEeMIepaTypPHOI Au()epeHIiliHOI TepMiuHOl aHaJ i3yl
(meToma KouepixkuucbKkoro Ta cuiBaBTopis [18]) i3 cTpyHHOIO TepMoIia-
poro Boabdppam/BP20). Ilpu Burkopucramai wmetomu Ilipami—
AnprepmyMa Oyam 3po0JeHi MOMpaBKM HA IIOTJIMHAHHA BUIPOMIiHIO-
BaHHA BIiKOHEUKOM i HeZOCKOHAJICTL MOZEeJi YOPHOro Tija (IaIyxoro
otBOpPY) [17].
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I'yectuHy nociifyKyBaHMX MAaTepiAJiB BU3HAYaNU TilpOCTaTUUYHOIO
MeTon010. BumiproBaHHSA TBEPAOCTH B iHTEPBaJIi TeMIlepaTyp BiJ KiMHa-
THOI 10 800°C mpoBOAMIN Ha €KCKJII3UBHOMY OOJIaAHAHHI IIpU HaBaH-
raxkenui 9,8 H i Burpumi nig Kopyumgosum ingenTopom (mipamiga Bik-
Kepca) 1 xB. [n1a 3anmobiraHHsa OKMCHEHHIO 3pa3ka eKCIIePUMEHT IIPOBO-
Inian y Bakyymi 6;1mspro 4-1078 I1a. TemmepaTtypy po60odoro IpocTopy
KOHTPOJIIOBAJIN 3a JOIIOMOI'OI0 TePMOIIapu, rapAdYnil coail AK0i momiIia-
Ju Ge3rnocepeTHbO Ha 3BOPOTHY IIOBEPXHIO BUIIPOOOBYBAHOIO 3pasKa.

3. PESYJIBTATH TA OBTOBOPEHHS

BuTomneni Ta gocaigikeHi HaMu cTOIN 8-MU CKJIALiB MOXKHA PO30OMTH Ha
IBi rpymnu 3rigmo mpuitHaTol Kiaacudikallii Tutanosux cromis [19, 20]:
1) crabinbui 6eta i 2) cTonm i3 HecTabinbLHOIO OeTa-(hasoio. CKaam JoCTi-
IXKeHMX CTOIIiB, IX I'ycTHMHAa Ta TeMIlepaTypa COJIiAycy IpeAcTaBJIeHO B
Tab. 1.

3.1. CradineHi OeTa TUTAHOBI cCTOIIN

MikpocTpyKTypa HepHinx TPhOX JUTUX CTOIIB OJlTHaKOBA i IpeCcTaBIIsAE
c000I0 THUMOBI AJIA JIUTOTO MATEPisAIy AEeHIPUTH OKPYyTJoi opmu (puc.
1, a). ¥ quromy cromi Ne 4 meHAPUTH MaIOTh iHIITY (hopMy 3 TOJTKOIOIi0-
HuMU Tiakamu (puc. 1, 6). Oci JeHAPUTY TPETHOTO MOPAAKY He CIIOCTepPi-
ralThbesa. XoUa MiKPOCTPYKTYPHU JaHUX CTOMNIB BUTJIALATEL AK ABO(das3Hi,
3TiHO HJaHUX PEHTIeHOCTPYKTYPHOI aHanisu (puc. 2) BOoHU ogHO(DA3HI i

TABJHUIIA 1. 'ycTuHa Ta TeMIlepaTypa coJiycy BusHaueHa metonoio Ilipami—
Asnprepmyma (N 1-4) Ta [ITA (Ne 5—8) gocoigsxkeHux cTomis.

TABLE 1. The density and temperature of the solidus were determined by the
Pirani—Alterthum method (Nos. 1-4) and DTA (Nos. 5—8) of the studied al-
loys.

Ne Cxaapn cromy, at.% ‘ T'yeruna, r/cm® | Temneparypa coaigyca, °C

1 Tis1NbasMoug 8,393 2300+ 15
2 Tis1Nb1sMogs 7,097 1927+8
3 Tis1NbssMogs 7,944 2215+ 17
4 Tis1NbzsMo1s 6,785 1907 +11
5 TigaNbsMo, 5,018 1726+ 2
6 Tigs,5Nb1,5Mos 4,946 1683+ 2
7 Tig2,sNbsMoy, 5 5,093 1725+ 2
8 TigsNbsMoy 5,084 1718+2




TEMIIEPATYPA COJIIOYCY TATAPAYA TBEPJICTE CTOIIIB Ti-Nb—Mo 463

Puc. 1. CEM-mikpocTpyxTypa cromiB Ne 1 Tis;NbasMoys (a); Ne 4 TigiNbesMoss
(0).

Fig. 1. Microstructures of No. 1 TiziNbssMoss (a); No. 4 TisiNbosMois alloys by
SEM (6).

MIPeACTaBIAIOTL Cc000I0 TBepAWit posumH 3amimenua 3 OILK-
KPHCTAJIIIYHOIO I'PaTHUIEI0. Pe3yibTaTu JOKAJIbLHOI PEHTIeHOCIEeKTpa-
JbHOI aHaJisdy, BKasylOTh Ha Te, I0 AeHApuTHU 36araueni Hiobiem Ta
MouniomeroMm (0ifbII TYTOILJIABKUMU eJIeMeHTaMM), a MidKIeHIPUTHA 00-
Jactb — TuranmoMm. OCKiJIBKY PEHTI'€HOCTPYKTYPHA aHAaJiza € iHTerpa-
JIBHOIO, a He JIOKAJbHOI0 MeTO 1010 (IIJI0Ia aHaIisu cKaamasa Big 5 7o 10
MM? B 3aJI€XKHOCTI BiJ KyTa nudpakitii), To BapTo 3BepHYTH yBary Ha Te,
110 AeHAPUTH Ta MisKIeHIPUTHA 00JIaCTh KOYKHOTO CTOITY, He TUBJIAYNCD
Ha IOMITHY PiSHUITIO B XeMiUHOMY CKJIami, yrBopiooTh OILK-r'paTHUIO.
Ilepion mamoi OLIK-rparuuIi spocrae 3i 30iJIbIITIeHHAM HOMEPY CTOITY.
Take 3pocTaHHSA IEePiOAiB I'PATHUIIL MOKHA HMOACHUTH TUM, 1o Turan
Mae HaHOiabIIMi aToMHUM panmiyc 146,2 M, Hiobifi — OGaM3BKUHA 10
142,9 i, a Moaibgen cyrreBo MmeHIuii — 136,3 v [21]. Tomy a3mina
BMiCTy MOJIiOIeHY i € OCHOBHOIO IPUYMHOIO 3MiHM IIepioay I'paTHMILI.

B Tabauni 1 HaBemeHO pes3yJbTaTH MMiPOMETPUYHOTO BUMipIOBaHHS
TeMIepaTyp mouaTky TtomaeHHsa. Ctonu Ne 2 ra Ne 4 MaloTh TeMIlepary-
py TornenHa menrie 2000°C i 6yau 1ogaTKOBO AOCTiIKeHi MeTO0I0 BU-
coKoTeMIIepaTypHOoi fudepeHIiiinoi Tepmiunoi anaxisu (puc. 3). 3rigHo
IUX JAaHUX HiAKIX TEPMIiUHNX e(peKTiB B TBEPAOMY CTaHi He cIocTepira-
eThbecda. TemmepaTypu IodaTKy TOILIeHHA BusHaueHi meromoio I[TA
Bchoro Ha 11 Ta 6°C BuIIi Bify BCTaHOBJIEHUX IIipOMETPUYHO, TOOTO, BH-
Mipu y3roI:KyIOThCA B paMKax IOXMOKU ekcrepuMeHTiB. Kinenp Toi-
geunda ckaazae 2028 ta 1990°C gusa cromis Ne 2 ta 4, BigmoBiguo. BapTo
3BEpPHYTHU yBary, IIo Imporec Kpucranaisarii granux cromnis (puc. 3) imze B 2
eranu: 1) Kpucragisalisa meHTpaIbHOI YaCTUHY JeHAPUTIB (ToCcTpuii miK
Ha KpuBint [ITA oxonomxennsn); 2) Kpucrajiisarmia nepudepii neHapuTy
(mmosiora KpuBa).

TemmmepaTypHi 3aJIeXKHOCTL TBEPIOCTH CTOIIB Yy 3BUYAWHUX KOOPIU-
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Puc. 2. Judparkrorpamu jutux crouis cucremu Ti—Nb—Mo.

Fig. 2. XRD patterns of as-cast Ti—-Nb—Mo stable beta titanium alloys.

HaTax i B KoopamHaTtax Appeniyca In(HV)—(-1/T) [12, 22], upexncTas-
JIeHi Ha puc. 4.

Haiisuiiy TBepAicTh 3a KiMHATHOI TeMIlepaTypXd MalOTh CTONU 3 BU-
COKUM BMicToM HiobGito Ta Mmomi6merny (Ne 1 Ta Ne 3). B koopammarax Ap-
peniyca oxgep:xani 3ayexuocTi g cromiB Ne 1, Ne 2 ta Ne 4 cKkJIamai0Th-
¢s 3 TPhOX JIIHIMHUX OIISTHOK, AKi BiAIIOBiZaOTh TPHOM PiBHAM e(peKTH-
BHUMX eHeprifi aktuBaii meopMyBaHHA MaTepiday miJ iHAeHTOPOM i,
OUEeBUIHO, Pi3HMM MexXxaHidamMaM. PisuuHa IPUPOJA IIPOIlECiB B KOMKHIN
obsacTi posriaHyTa B podorax [15, 22]. B iHTepBasi HU3LKUX TeMIIepa-
TYp, Big KimuEaTHOI 10 270—-475°C, eHepria akTusailii craHoBUTL Big 1,5
mo 4,7 xll»x/monb. Ile Bkasye Ha Te, 1110 MexaHisM gedopMarlrii KOHTPO-
JIOETHCA BIIJIMBOM JAJeKOMIiIOUMX IIOJiB MPY:KHOCTH AUHCIOKAIiil. 3a
cepenuix Temmepatyp Big 270—475°C mo 580-725°C 11a eHeprisa cTaHo-
BUTH 6;113bK0 9—13 K I[2K/Moab, 1110 BiAmoBizae B3aeMoii guciokarii 3
aromamu mnpoHuKHeHHs (Kap6on, Oxcuren). 3a BUINUX TeMIIEpPaTyp
(moumax 580-725°C) emepris awxTuBallii craHoBuTh Big 35 mo 64
kI:x/Monb. Haa cromy Ne 3 morapudmiuHa 3ajgekHiCTh BiJ TeMIepary-
PU He OIIHMCYETHCA JaMaHOIO JiHiel0, a Mae cCKJIagHNM xapakTep. Hinau-
Ka pisKoro sHeMillHeHHs (CTpiMKe mamiHHS TBEPAOCTHU 3a BUCOKOI TeM-
ImepaTypu) UYiTKO IPOCHiITKOBYETBCA Yy BCiX mOCIIimKeHMX cTomax (mHa
puc. 4 mosHauveHa MITPUX-OYHKTUPHOIO JiHieo). Habiapm Tyromiaas-
Kuit crom (N2 1) mae maliHMMKYY TeMueparypy sHeminmaeHHs (580°C), a
HaiiBuimy — ctom Ne 3 — 725°C. ¥ cromax Ne 2 ra Ne 4 Temmeparypa pi-
3KOro 3HeMimHeHHA cTaHOBUTL 675°C. Tako:k BapToO 3BEpHYTH yBAary,
110 B cToIri Ne 4 mepInuii mepesioM IpsAMOoi HacTae 3a HalBUIIO1 TeMIIepa-
Typu (450°C).
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Puc. 3. [ITA xpusi cromiB Ne 2 Tig;1NbisMoge i Ne 4 Tig1NbzsMo1s 3HATI 3i mBUI-
KicTio 20°C/xB B TurIaX 3 Sc203 (KpUBi 3CyHYTiI BEPTUKAJIBHO).

Fig. 3. DTA curves of alloys No. 2 Tigi:Nbi1sMogs and No. 4 Tis:NbssMoss, taken
at arate of 20°C/min in crucibles with Sc203 (curves are shifted vertically).

3.2. Cromnu i3 HecTabixbpHOIO GeTa-dhas3o10

MikpocTpyKTypa, PO3IOALN €JIEeMEeHTiB MisK CTPYKTYPHUMHU CKJIAJOBU-
Mu, (hazoBUil CKIAMA, TeMIIePaTypy (asoBUX MepeTBOPEHb, TBEPAICTh Ta
MOZYJb IPYKHOCTH AJAHUX CTOIIIB AOCJIiI3KeHOo HaMu paHile [23, 24].
TeMIepaTypHi 3aJeXHOCTL TBEPAOCTH CTOIIB i3 HecTabiaIbHOIO OeTra-
dasoio mpeacrasieHi Ha puc. 5. BoHM MaOTh CXOMKHUI MixK c0o00i0 Xin
KpuBHUX, AKi B Koopauuarax In(HV)—(-1/T) 4iTKo IPOABIAIOTL TPHU JIi-
HiHUX gingaKku. B mux sKe KoopanHaTaxX IBHO BUPaKeHi TeMmepaTypu
MOYaTKy PisKOro sHeMillHeHHs. B iHTepBasi HU3BKUX TeMIlepaTyp Bifm
kimaaTHOI 10 300-325°C eheKTUBHA eHEPTisd aKTHUBAIlil CTAHOBUTD Bif
1,3 mo 2,6 xlx/monb. 3a cepegHix Temmepartryp Bix 300-325°C mo
525-570°C ma enepria craHoBuTh 0au3bKo 16—31 K[ /Moab. 3a BU-
mux Temmoeparyp (Bumge 525-570°C) emeprisa akTusailii cTaHOBUTEL B
cepegabomy 185 kJl:x/Moab (Bixg 170 mo 210 xIlK/M0Jb), 110 GJIM3BKO
o eHeprii akTuBaii camogugysii y uncromy tutaHi (160 rx/MO0JIb)
[15]. OT:xe, TeMmepaTypa IoYaTKy PidKOro 3HeMiITHEHHSA CTOIIIB i3 He-
cTabinpHOIO OeTa-(asoio BiAIIOBiZae moyaTKy HpeBaIIOBAHHS IIPOIleciB
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Puc. 4. TemmepaTypHa 3aJIe}KHICTh TBEPAOCTH JUTUX CTAOLILHUX OeTa-CTOIIiB
cucremu Ti—Nb—Mo B xoopauuarax HV-T ta In(HV)—(-1/T).

Fig. 4. Temperature dependence of the hardness of cast stable beta alloys of
the Ti—-Nb—Mo system in the coordinates HV-T and In(HV)—(-1/T).

audysii Hag iHmmmMy MexaHisMamu aedopmarrii.

CxIagHUM XapaKTep 3aIeKHOCTH AJIs cTomriB Ne 3 Ta Ne 8 Mmoske OyTu
o0yMoOBJIeHUI (Pa3oBUMHU IIEPETBOPEHHAMM, fAKi BimOyBamoTbca IIifg
BILIMBOM medopmailiii MmaTepisiry Iij iHZeHTOPOM B II€BHOMY TeMIIepa-
rypuomy imTepBaii (~150-300°C). Pisaunsa mMixk eheKTUBHUMU eHEepTi-
aMu akTuBarlii amxbda Ta Gera mommdikaiiii (Temmepatrypu (HasoBOTO
mepexony BKasaHo B poborax [23, 24]) mpaKTUYHO He IPOABIIETLC Ha
OoJlepiKaHNX HaMHM 3aJIeKHOCTAX [OJA CTOIiB i3 HecTabiJIbHOIO OeTa-
¢asoro.

4. BUCHOBKH

Ha ocHOBi pmociaimxeHb CTOIIIB IIOTPiliHOI cHMCTEeMM THUTAaH—HioOili—
MOJIiG/IeH MeTOoJaMM CKaHyBaJbHOI eJIeKTPOHHOI MiKpOCKOIii, peHTT'e-
HOCTPYKTYPHOI aHaJIi3u, ImipoMmeTpii, nudepeHIriiaol TepMivHOI aHaJi-
3U Ta BUMipy TBEPAOCTU 3a TeMIepaTyp BHUIIe KiMHAaTHOI 60 BCTAHOB-
JIeHO:

1. IIpu Kpucramdisalii y gocaigxeHNX cTOIaX YTBOPIOIOTLCA AeHIPUTH
s3baraueni Hiobiem i Moai6meHoM Ta MikaeHIpHIHA 00JaCTh, AKa MAae
nigBuinenni Bmict Tutany. [aHi cTPYKTYpHi CKJIaf0Bi MarOTh OJHAKO-
BY KpHUCTaJiuHy I'PATHHUII0, XOU i BiIpi3HAIOTHCA 3a XEMIiUHUM CKJia-
JIOM.
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Puc. 5. TemmeparypHa 3alle)XHICTh TBEPAOCTH JHUTUX HeCTaOiIbHUX Oera-
crormiB cucremu Ti—Nb—Mo B Koopauuarax HV-T ta In(HV)—(-1/T).

Fig. 5. Temperature dependence of the hardness of cast near-beta Ti alloy of
the Ti—-Nb—Mo system in the coordinates HV-T and In(HV)—(-1/T).

2. Y turamoBuxX cromax 3i cTabinbHOIO Oera-(haszor mepiox rpaTHHUIli
CYTTEBO 3aJIe:KUThL Big BmicTy Mousibgeny, a mpolec ix Kpucraaisarii
e B ABa eTaIu.

3. 3ajleKHOCTI MisK TeMIepaTypaMU COJIiZYCYy Ta PisKOro 3HeMillHeHHs
He CIIOCTEePiraeThCs.

4. TutanoBi cTonu 3 HecTabiIbHOIO OeTa-(as30i0 3a TeMIIEPaATyp Pi3Koro
3HEeMiIlHeHHs MAalOTh €HePrilo akTuBaIlii 0J1M3bKY 40 UKMCTOTO TUTAHY, B
cTabiIbHNX OeTa-cTomax 3a IMX TeMIepaTyp eHepria akTusallii mae
3HAYHO MEHIIIi 3HAUeHHS.
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BniuB TexHOJIOTII MPpOKaTYyBaHHA HA BJIACTUBOCTI
TpaHchOpMaATOPHOI CTAJII

A. A. Hecrep, O. C. po6orT, O. O. HikiTia

XmenvHUybKUil HAUIOHAJLbHUTL YHI6epcumem,
sya. Incmumymecvka, 11,
29016 XmeavHuuvkuil, Vekpaina

Ha meranyprifiHux 3aBogax TpPaHC(HOPMATOPHY CTAL OJEPIKYIOTH IePeBaKHO
MEeTOJO0I0 IBOPA30BOTO UM TPUPA30BOTO MPOKATyBaHHA. 1A CIIPOIEHHSI TeX-
HOJIOTiI oZlepsKaHHA CTaji MOKHA BUKOPHUCTOBYBATH OLHOPA30Be IPOKATYBAaH-
Ha. EleKTpoMartserHi BJIaCTUBOCTI TOTOBOTO JIMCTA TPaHC(OPMATOPHOI cTaJi
3aJIesKaTh Bifl CTPYKTYPH Iicad mepBUHHOI peKpucraiisarmii. OgHaK TeXHOJO0-
rig mpoBeAeHHA TAKOTO IPOIeCYy BUMArae eKCIepuMeHTaJIbHUX AOCHiIKeHDb. B
3B’A3KY 3 IIMM BUHHUKJA II0Tpeda JocaiguTu BILINB cTabirizaiii maTpulli micasa
OTHOPA30BOT'0 IPOKATYBAHHS CJIA0iB 3 IMOIepeIHiM TOMJIeHHAM cJIs6iB Ha do-
pMyBaHHS peOpoBoi TeKkcTypu. HocaigskeHi 3pasku TpanchopMaTOpHOI cTasi 3
cnsa0iB, IKi He IPOXOAMJIM I'OMOTeHi3aIliio Ta Taki, 1110 miggaBaJInch TOMOTeHi-
saIiiiHOMYy Bigmasmy. AHajiza MiKpPOCTPYKTYpPHU XOJOAHOAe(OPMOBAHUX 3pPas-
KiB ITicaia mepBMHHOI peKpucTaaisaiii moxasaa, 110 TOMOTeHi3yIOUni BigmaJ
cupuse GopMyBaHHIO G1IBIIT OTHOPiAHOI Ta APi6HO3EPHUCTOI CTPYKTYPHU CTAJTi.
3pasku, gKi miggaBa I 0OMHOPA30BOMY ITPOKATYBAaHHIO MAalOTh MEHIITUH PO3Mip
3epHa, Hi)K Mmicasa ABO- Ta TPUPA30BOrO IIPOKATYBaHHA. STiHO IPOBEAEHUX
JOCHiI:KeHbh MOJKHA DPEKOMEHAYBATH OJHOPA30Be NMPOKATYBAHHSA AJS OTPHU-
MaHHS TOTOBOIO JINCTA TPaHCchOpPMaTOPHOI cTaTi.

Kuarouori caoBa: TpancopmaTopHa cTajlb, IPOKATYBaHHA, PEKPUCTATIi3aIisd,
casA0M, TOMOTeHi3aIifHui Bigmaa, 3epHO.

At metallurgical plants, transformer steel is produced mainly by double or
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triple rolling. One-time rolling can be used to simplify the technology of steel
production. The electromagnetic properties of the finished transformer steel
sheet depend on the structure after primary recrystallization. However, the
technology of such a process requires experimental research. Therefore,
there is a need to investigate the effect of matrix stabilization after a single
rolling of slabs with previous slacking of slabs on the formation of rib tex-
ture. Samples of transformer steel from slabs that did not undergo homoge-
nization and those that are subjected to homogenization annealing are stud-
ied. Analysis of the microstructure of cold-deformed samples after primary
recrystallization shows that homogenizing annealing promotes the formation
of a more homogeneous and fine-grained structure of steel. Samples that
have been rolled once have a smaller grain size than after two and three rolls.
According to research, it is possible to recommend a single rolling to obtain a
finished sheet of transformer steel.

Key words: transformer steel, rolling, recrystallization, slabs, homogeniza-
tion annealing, grain.

(Ompumarno 11 ciunsa 2022 p.)

1. BCTYII

YKpaina mae meKinbKa IMOTY:KHUX TpaHchOpMaTOpHUX 3aBOIiB (3amo-
pisoxsa, XMeIbHUIIBKUI), AKi ITOCTaUYal0Th CBOIO MPOAYKITiIO AK B YKpa-
iHYy, TaK i 3a KOpAOH. [[Ji BUTOTOBJIEHHA MarHeTOIPOBOJiB eJeKTpOoTe-
XHIUYHOTO 00JIafHAHHSA BUKOPHUCTOBYETHCA CIEI[iaibHA €JIeKTPOTeXHiu-
Ha cTayb 3 ToBimuHoo 0,23, 0,28, 0,3, 0,35 MM 3 0COOJIMBOIO CTPYKTY-
poro, 1110 J03BOJIsI€ 3a0e3MeUunTy IPU BiAIOBiAHI TeXHOJIOril BUCOKI Xa-
paxTepucTUKU (0COOGJIMBO Ie BAKJIMBO IJI IOTYKHUX TpaHchopMaTo-
piB). IlocTauanbHUKAMU TaKUX CTAJIEH IJIA TiATPUEMCTB ¥ KpaiHu € 3a-
Bogu Pocii, IToasmri, @PH, Ilisgennoi Kopei, Kurazo.

JJ1s BUroToBJIeHHA e(DEKTUBHMUX Ta 3 MiHIiMaJIbHUMU BTpPaTaMM X0JIO-
CTOT'0 X0y TPaHC(POPMATOPIB €JIEeKTPOTEeXHIUHIN ITPOMICJIOBOCTIL IIOTPi-
OHi cTaJIi BUCOKOI IKOCTH, AKi JO3BOJIAIOTEL 3a0e3IeunTn Il MiHiMaapHi
BTPATH XO0JIOCTOro Xoay. OAHi€I0 3 OCHOBHUX BUMOT, IO BUCYBAIOTHCS
IO BJIACTHUBOCTEN €JIEKTPOTEXHIUHOI cTaJi, € MiHiMaJbHA BeJnUYnHA CY-
MU BTpAaT, BifHeceHa 10 OAWHUIIL Macu ejJeKTpoTexHiunoi craii. ITi
BTpaTH BUMipioioTh y BT/Kr i iX HaszuBawTh MUTOMUMHU a00 BaTHUMU
BTpaTaMu. BUToToBJIeHHS MarHeToIpoBOAiB (cepaeuHnKiB) 3 padinona-
HUX CTaJIeHd 3 UiTKO TEKCTYPOBAHOIO CTPYKTYPOIO Ta YCYHEHHSA HAKJICITY
micJada cKJIaJaJbHUX POOiT J03BOJsAE 3HAUHO 3MEHIIIUTH rabapuTH Ta Ma-
cy TpaHc(hopMaTOpiB, a TAKOMK 3MEHIIIUTH BTPATH Ta IIiABUINUTH Koedi-
Ii€HT KOPUCHOI mii.

IIpu omep:xkani TpaHchopMaTopHOI cTaji Oyab-AKuUM ciocoboM (B
eJeKTpoIlleuax, MapTeHiBCbKUX IIeUax, U KMUCHEBUX KOHBEPTOPaAX) Mae
OyTu 3a0esleueHnii XeMiUHMUN CKJIAJ CTai, AKa IIOBMHHA MiCTHUTH Mi-



BILJIMB TEXHOJIOT'TI ITPOKATYBAHHS HA BJIACTUBOCTI 473

HiMaJbHY KilbKicThb momimniok. Kopucuaum eaemeHToM TpaHCchoOpMATOP-
HoOI cTtaui € TinmpKm Cuiriniii, BMicT SKOro 3HaXOIUTHCA B Mexkax 2,9—
3,3%.

BamxauBuMyu YMHHMKAMM TeXHOJIOTII IIIABJEHHS CTaJi € BUKOPIC-
TaHHA IMTUXTOBUX MaTepidaiB 3 HUBbKUM BMicToM Xpomy, Hikaro, Ky1-
pyMy, oAep:kaHHS MeTany 3 Hu3bKuM BMicTom KapbOomy (MeHImme
0,035% ), Hitporeny, ®ochopy, Mauramy Ta iHIINX eJeMeHTiB, a Ta-
KOJK peTeJsibHe PO3KUCIeHH cTai. B roroBomMy JaucTi TpaHchopMaTop-
HOI crtaji BmicT gomimrok mimimansawmii: 0,003-0,010% Kap6ony (C),
menre 0,12 (0,05-0,10)% Manurauny (Mn), menmre 0,003-0,005% Cy-
aedypy (S), meurre 0,010% DPochopy (P), menire 0,04% Xpomy (Cr),
mesIre 0,001-0,002% Hirporeny (N), menmre 0,002—0,003% Oxcure-
my (O) [1].

IcHyoTH pi3Hi BapigaHTH TeXHOJIOTiI BUPOOHUIITBA TPaHCHOPMaTOPHOL
cTaji, aje He3aJIeXKHO BiJl BAPIAHTY CIIPUSATINBO BIJNBAIOTH HA €JEKT-
poMarHeTHi BJIACTMBOCTI Taki (paKTOpH: BUCOKA YMCTOTa I'OTOBOTO Me-
TaJy BiJ MIKiIJIWBUX AOMIIIIOK i HeMeTaJeBUX BKJIIOUEHb, BICOKa TEeM-
mmepaTtypa HarpiBaHHs 3JuTKiB i casa6iB (1300—-1350°C) npu TpuBaaomy
HarpiBaHHi 3—4 roauHu i ToMJIeHHA 6iabIie 1 roguHY.

TomaeHHA cIIpUsie rOMOTeHi3aIil MeTaay Ta IIOKPAaIIeHHI0 MOoro BJIac-
TuBocTel B JucTi. Ilig yac romoreHisyrmodoro Bigmajay KOHIIEHTpAIlid
Cuuiniro (nikBarisa axoro moxke caratu 250% ) B IpoKaTi BUPiBHIOETHCA
HIBUAIIE HixK B auTiit crami. Ilicaa Taxoi oOpoOKM IHUTOMI BTpaTH 3Me-
HINTYIOTBCA, a IHAYKIig 30iabmnyeThes. I'omMoreHisaria BigOyBaeThbes
IIBUINIE IIPY BHCOKWX TeMIlepaTypax HarpiBanHa ciasbiB (1280-—
1300°C i Buire), ToMy 30iJBINTEHHS TPUBAJIOCTHA BUTPUMKMU Ta IIiJBHU-
IeHHA TeMOepaTypu IIiJl Yac TOMJIEHHS ITPYW HarpiBamHi caa0iB copuse
MMOKPAIeHHIO eJIEKTPOMATHETHUX BJIACTHUBOCTEA.

IlixBunieHa TemIiepaTypa CTPiuKM IpU OpoKaTyBaHHI 3 TeMIleparty-
poro 3sMoTyBaHHSA PYJaoHIB 0iaa 600°C, BMCOKUI CTYIIiHb 3HEBYTJIEITIO-
BaHHA B IIPOXiHUX Medyax B aTMocdepi 3BojsoxkeHoro I'igporeny uu 3Bo-
JOXKeHol aszoTHo-BogHeBoi cywmimri mpum 800—900°C Tako:x CHPUSIIOTH
MoK pAaIleHHIo 10T0 BiIacTuBocCTel [ 2, 3].

Oco61uBy yBary moTpiOHO MPUALIATH OTPUMAHHIO JOCKOHAJIOI ped-
posBoi Tekctypu (110) [001], 1110 BasIe:KUTH Bifl JOCTATHLOTO CTYIIEHS Je-
dopmariii opu mepiromy Ta apyromy mpoxarysamHi (50—-70%), Tpusa-
JIOI0 BUTPUMKOIO pu nepBuHHi# (450—550°C) i BropuHHIil peKpucTai-
garii (900-1000°C).[In1a omepskaHHA TOCKOHAJIOI pedpoBOi CTPYKTYpPHU
MOTPiOHO 3a0e3meUnT B CTAJNI mepel BUCOKOTEMIIEPATYPHUM BiamasioMm
BmicT Kap6ony He 6iabine 0,010%, a Bmict Kap6oHy B roTroBOMY JIMCTI
mae 0yTu 61u3sk0 0,005% .

BucoxoremnepaTypHuii Bigmaa mOTpiOHO IIPOBOAUTU B KOBIIAKOBUX
eJeKTPUYHUX IIeUaX B UMCTOMY cyxomy limporeni 3 Toukoio pocu 50—
60°C uu B r1n6OKOMY BAKYYMi (Pzax = 1072 MM pT. CT.) Ipu TeMIepaTypax
Ta TPUBAJIOCTH, AKi 3a0€3IeUyIoTh JOCTATHLO MOBHE BuAaleHHA HiTpo-
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reny, Cyapdypy Ta iHIINX eJeMeHTiB. 3 MeTO IIPHUCKOPEHHSA Harpi-
BaHHSA CTPiUKM Ta IIPOIECiB, AKi BimOyBaOTHCA IIiJ Yac BUCOKOTEMIIepa-
TYPHOTO Biiaay, JOIMiJTbHO BUKOPHCTOBYBATH PO3ITYIIEHI PYJIOHH!.

Ilepen BigmasoM i HaHeCeHHAM IIOKPHUTTSA Ha CTPIiUKy 00OOB’A3KOBO
MOTPiOHO IPOBOAUTHI OUMCTKY IMOBEPXHI Bil OKMCIiB, OKAJIMHU, KUPIB,
Oopyny, a mepen gocharyBaHHAM — Big HagiauinkiB okucy Marmiro. Ile-
pejiueHi peKoMeHAAaIil JO3BOJIATE O4ePKAaTH CTAJb 3 BUCOKUMU €JIeKT-
poMarHeTHMMH BJIACTUBOCTAMU [ 3].

Bucoki ereKTpuuHi XapaKTePUCTUKY CTAJIb Ma€, AKIIT0 JUCT TeKCTY-
poBammii i Mmae opieHTaIito kpucraairis B manpamry (100) [001]. Taka
TeKCTypa YTBOPIOETHCS i Yac MepBUHHOI 1 BTOPMHHOI peKpucTaisamii
Ta BU3HAYAETHCA BUXIAHOIO CTPYKTYpolo Merany. Taki UMHHUKM AK
CKJIAJ CTaJi, CTYHiHb HedopMaIlii JucTa Ipyu X0JOJHOMY IIPOKATYBaHHI,
a TaKOK BILJIMB AOMIIIIOK CYTTEBO BILIMBAIOTH Ha KPUTUUHY TEMIEPATY-
Py pekpucraiizamii. K cBiguaTh JOCHiIMKEeHHS OJISI YTBOPEHHS JOCKO-
HaJol pedpPoBOi TEKCTYpPU B IIPOIlECi BTOPMHHOI peKpucTariszallii Heoo-
XiTHUM € HasgBHICTL OUCIEPCHUX BKJIIOYEHb APyroi pasu. Posib BKJIIO-
YeHb IIPOABJISAETHCS B TiM, II[0 BOHU IEPEIIKOAMKAIOTh ITiJ] Yac BTOPUHHOI
pekpucraaisalii HopMaJlbHOMY POCTY 3€pPeH BUXiTHOI CTPYKTypH, 3a
PaxyHOK AKOI poCcTyTh OKpeMi 3epHa 3 opieurarieto (100) [001], 1o yT-
BOPIOIOTHCA ITiJ] Yac IIePBUHHOL peKpucTasisamii.

OcHoBHe MpU3HAUYECHHS BHUCOKOTeMIepaTrypHoro Biamaay (mpu 1100—
1150°C) — oxmep:kaHHS JOCKOHAJIOI peOpoBOi TeKCcTypu Ta painyBaHHA
craii Big mxigauBux momimoxk (Kapb6omy, Hirporemy, Okcureny, Cy-
JAbQYPY TOIIO0).

Bracaizox gedopmallii cTpiuKM IIicJIsg APyroro XOJIOMHOIO IIPOKATY-
BamHs (popmyeTbcs Texctypa (111) <112>, 3 AKol micas mepBUHHOI
(5600-600°C) i Bropuunuoi (900—-950°C) pexpucramisarmii Ta BUTpUMKHI
MeTaJly IIpH OiJBIIT BUCOKUX TEMIepaTypax OAep:KYIOTh PeOpPOBY TEKC-
Typy (110)[001].

Ha wmeranyprifinux saBogax TpaHCHOPMATOPHY CTallb OJEPKYIOTH
ImepeBaskHO METOI0I0 IBOPA30BOT0 UM TPUPA3OBOTO IpoKaTyBauud. s
CIIPOITIEHHA TeXHOJIOTil Ta 3MeHIIIeHHA BUTPAT Oflep:KaHHA CTali MOKHA
BUKOPUCTOBYBATHU OAHOPAa30Be MpoKaTyBaHHsa. OJHAK TEXHOJIOTis IPo-
BeIeHHsS TaKOTOo IIPOIleCy BUMATAaE eKCIepPHUMEHTAJNLHUX TOCJiIKeHb,
SIKi HemoCTaTHBO ommcaHi B JiTepaTypi. B miTeparypi He o0r'pyuTOBaHI
MIPUYMHN IIOTiPINIEHHS MOCKOHAJOCTH TEeKCTYPH IIPH OTHOPA30BOMY
OpPOKaTyBaHHi, aBTOPH He JAalOTh BiANOBiAi Ha MUTAHHA, IO € IIPUYU-
HOIO IILOT'0: CTYIIiHb JedopMaliii, U1 momepesHi Ta HACTYIIHI HMicJIs mpo-
KaTyBaHHs TEeXHOJIOTIUHiI omeparii, AKUM IIigmaoTh mMeray. MoKJImuBO
MIOTiPINTeHHA JOCKOHAJIOCTH TEKCTYpPH IIiCJIg OZHOPA30BOIO IIPOKATY-
BaHHA COPUYMHEHEe He CAMUM IITPOIleCOM IPOKATYBaHHS, a 3aJIEXKUTh BiJ
morepeqHbOI 00POoOK Y, AKil migmaBaau merad [4, 5].

3HauHAa KiJIbKiCcTh eKCIIepUMEHTIB MoKasaja, IIo JoCKOoHaJa pedbpoBa
TeKCTypa B TPaHC(HOPMATOPHIN cTajli yTBOPIOETHLCA B THUX BUIIAIKaX,
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KOJIU TicJs MepBUHHOI peKpucTaaisaiii MeTaa Ma€ ApPiOHO3epHUCTY Of-
HOPiZHY CTPYKTYpPYy. OT:Ke, CTPYKTypa MepBUHHOI peKpucTasisaIii Bu-
3HAYaE eJeKTPOMAarHeTHi BJIaCTUBOCTI IOTOBOTO JHCTa TPpaHCHOPMATOP-
HOI cTaJi.

@dopMyBaHHIO OTHOPIAHOI APi6HO3ePHUCTOI CTPYKTYPU CIIPUIE BUCO-
KoTeMIlepaTypHe TOMJIEHHA cJaA0iB i aMeHITenuna sBmicty Kapbony B ju-
TOMY MapTeHiBcbKOMY MeTaJi [6].

Ha ocHOBi BUKIageHoro BUHNKJIA IIOTPeda JOCTaifuTH BILIUB cTabiri-
3aIrii MaTpUIli Ticasa OJHOPA30BOIO IPOKATYBAaHHSA CIAA0IB 3 MomepeHIM
TOMJIEHHAM Ha (DOPMYBaHHS PeOPOBOi TEKCTYPU.

2. EKCIIEPUMEHTAJIBHA YACTHHA

JJis BUSHAUEHHS TEeKCTYpPU peKpucTraiisaliii TpanchopmaTopHoi crai
ImicJia pisHMUX BapiAHTIB mpoKaTyBaHHS OyJaM MOCTiIKeHi 3pasKu JBOX
IJaBOK — MAapPTEHiBCLKOI Ta eJIEKTPOILIABKN 3 BUXiJTHOI TOBIIMHOIO
MeTanay 2,5 MM. 3pasKi B JJa00OPATOPHUX YMOBAX HiTaBaINA XOJOTHOMY
MIPOKATYBAHHIO OJHOPA30BOMY, TBOPA30BOMY Ta TPUPA30BOMY IJISI Ofe-
pexamaa ToBiiuHU crtadi 0,35 mm. Bigmas miciia mpokaTyBaHHSA ITPOBO-
munu npu temnepatypi 820-860°C B jabopaTopHili BaKyyMHIil meui.
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Puc. 1. TexkcrypHi Kpusi, 3HATi 3 3paskiB MeTaay, BUILJIABJIEHOrO B MapTeHiB-
CBbKill meui.

Fig. 1. Texture curves are taken from samples of metal smelted in an open-
hearth furnace.
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g metanorpadgiuHUX AOCTiAKeHb IoTyBaJid IOBEPXHIO miaida, AKa
MePIeHANKYISIPHA 0 ILJIOIINHY i HAaIPAMKY ITPOKATyBaHHA.

Amnaiiza MiKpOCTPYKTYpPH X0JI0AHOAe(OPMOBAHUX 3Pa3KiB micisa Imme-
PBUHHOI peKpucTasisallii, sKi monepegHbo mifgaBajii TOMOTeHi3y0uo-
My Bigmamy Ta 6e3 BigmaJyy, mokKasaja, II0 MeTAJ IIicJid Bigmaay mae
OiJIBIN OMHOPIAHY CTPYKTYPY, Hisk 0e3 Bignmany. 3pasku, AKi migmaBaam
OTHOPa30BOMY MPOKATYBAHHIO, MAIOTh IIiCJA IIEPBUHHOI peKpucTaisa-
il cepeqHill po3Mip 3epeH MEHINNH HiK ITicjd JBOPa30BOTO i Tpupaso-
Boro npokarysauus. Cjig sayBaKuTH, 1110 PO3Mip 3epeH B IOBEPXHEBO-
MYy H1api MeHINUM, Hi’K B cepeuHi aucTa.

JocaimxeHHsa posMipy 3epHa IIicjisi OJHOPasoBOTO, ABOPA30OBOTO Ta
TPUPA30BOTO MIPOKATYBAHHA CBiIUUTS, IO APYyre IPOKATyBaHH IIPOBe-
IeHe 3 MAJUMHU CTYIEeHAMN CyMapHOro obruckaHHA (Menime 22%)
cupuse popmyBanHio api6aoro sepaa — 0,3-0,5 MM i BeTUKOMY KYTYy
poacioBanHA TexkcTypu (12,6—13°), BHACTIZOK YOTO CTaJdbh Ma€ HUI3bKIi
eqexTpoMaruerHi BiactuBocTi (Pi15=2,02 Br/xr, Bs=1,65Tc) [3].
Cryuinp 00THCKAHHS IIiJ] 4ac Apyroro NpoKaTyBaHHA B Mexax 36—59%
3abesmeuye KpymHe 3epHO 6—11 MM Ta HaMEHIINHA KYT PO3CiloBaHmHsA
TeKkcTypHu (5—6°). CTasb 3 TAKOIO0 CTPYKTYPOIO Ma€ AysKe BHUCOKi eJleKT-
pomaruerHi xapakrepuctuku (P15 =1,39 Br/kr, Bss=1,92 I'c). Pisaura
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Puc. 2. TexcTypHi KpuBi, 3HATI 3 3pas3KiB MeTany, BUILJIABIECHOTO €JIeKTPOILIAa-
BKOIO.

Fig. 2. Texture curves are taken from samples of metal smelted by electric
melting.
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cepeqHbOT0 PO3MipY 3€epeH IO TOBIIHWHI JIMCTA MAa€ 3HAYHUU BIJINB Ha
IPOIlECU TEKCTYPOYTBOPEHHA.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

[ BUBUEHHS TEKCTYpPHU MEePBUHHOI peKpucTasisalii Oyiu 3HATI 3 X0-
JomHOme(OPMOBAHUX 3pas3KiB TeKCcTypHiI KpuBi iHTepdepenii (100),
(200) y BunipominenHi FeK, Ha peHTTeHiBcbKOMY audpakTomerpi YPC-
50 IM 3 BUKopuCTaHHAM TeKcTypHOI mpuctaBku I'T1-2.

TexcTypHi KpuBi 3HATI 3 3pa3KiB MeTaJly BUILJIaBJIE€HOT'O B MapTEHiB-
CBbKiil meui Ta B iHAYKIIWHIN eJeKTpUUHINA mmeui. 3MiHa iHTeHCUBHOCTH
IndpaxIififiHoro BigfOMBAHHA Bif 3paskiB TpaHcHOPMATOPHOI cTai IO
TOBIIUHI JICTa MicJIsA Pi3BHMX BUIIB IIPOKATYBAaHHA — OJHOPAa30BOIO,
JIBOPAa30BOT0 Ta TPHUPA30BOTO IpeACTaBIeHa Ha puc. 1, 2.

3iioMKa IMUX caM1X 3pasKiB Ha MpocBiuyBanHA Ha yeTanosii [[POH-1
y BunpominenHi MoK, yMo:KInBUIa MOOyAyBaTH IIOBHI ITOJIOCHI ir-

Eramnon
(100)
e (200)
s AMAANIA AL sttt

[Prrr—

P e

|- OnHopasoBe BAJBIIOBAHHSA
Il - [IBopasoBe BaJbIIOBAHHSA
Il - TpupasoBe BaIbIIOBAHHS

a

Puc. 3. TexcrypHi Kpusi inTepdepenrii xomogaonedopMoBaHNX 3pa3KiB mpu
BigmouBauHi Bix naomiuH (100) Ta (200) aia auctis, 110 DiggaBaIrch TOMJIEHHIO
(a) Ta 6e3 TomiieHHS (0).

Fig. 3. Texture interference curves of cold-deformed samples when reflected
from planes (100) and (200) for sheets subjected to languor (a) and without
languor (6).
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Eranon

ARAAAAAALRASDY

|- OgHOpasoBe BaJBIIOBAHHSA
Il - IBopa3oBe BaJIBI[IOBAHHS
Il - TprpasoBe BAJbIIOBAHHA

0

IIpomoB:xenus puc. 3.

Continuation of Fig. 3.

ypu (puc. 4).

Hudpakromerpuuni Kpusi inTepdepenrrii (200) ta (110) pexkpucrai-
30BaHUX 3pasKiB 3HATO mmicasa 1-pazoBoro, 2-pasoBoro Ta 3-pas3oBOT0
NpoKaTyBaHHA 3 BUKOpHCTaHHAM (OKycyBaHHA 3a Bperrom—BpenTano
B BunpominenHi MoK, (puc. 3). [locrigkeHHa 3MiHU TEKCTYpHU II0 IIepe-
pisy JucTa TpaHC(hOPMATOPHOI CTaJIi TPOBOANIN 3 TU(PPAKTOMETPUUHUX
KpuBux intepdepenrrii (200), (211), (321), (111), (130), (110) pexpuc-
TaJII30BAaHUX 3Pa3KiB IIiCJIsI OJHOPA30BOT'0, IBOPA30BOT0 Ta TPUPA30BOT0
MIPOKAaTyBaHHI.

Ha pucyuky 3 mokasaHo pe3yJbTaTH IIOIIIaPOBOTr0 JOCTiIKeHHd Bif-
HOIIIEHHS iHTerpaJbHOl iHTEHCHMBHOCTH BiZOMTKIB BiJ JOCTim:KyBaHUX
IJIOIIUH 3Pa3KiB peKpucTai3oBaHOl CTaJi 10 iIHTeHCUBHOCTHY BiAMIOBiz-
HUX JiHi# BigmajeHoOTo MOPOIIKY KapOoHiIbLHOTO 3ajiza (6e3CTpyKTyp-
HOT'O €TaJIOHY).

3a yMoBaMM eKCIePHUMeHTY 3pasku crpasaioBanau mo 0,02 mm i mo
0,03 MM 3 ogHOTO OOKY 1O cepenmum. [Jia 3amobiraHHs TPaBJIeHHS 3BO-
POTHOI CTOPOHY 3pa3KM MOKPUBAJU CIEIiAJNbHUM JaKkoM. [Jia 1aBiaeH-
HA 3pasKiB BUKOPMCTOBYBAJIM PO3YMH TAaKOT0 CKJamy: mepexuc I'igpo-
reny — 4,0 4., mrasukoBa xkucJjgora — 1,0 4., soga — 5,0 u.

CmiBcTaBiieHHA iHTeHCUBHOCTU WX JIIHiN 3 iHTEeHCUBHICTIO BiZIIOBiA-
HUX JiHi#I 6e3CTPYKTYPHOTO €TaJOHY I03BOJISIE BUSIBUTH PO3IIOAIJ IIO
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TOBIIUHI JINCTA KPUCTAJIIB, y axux miaomuau (100), (112), (110), (310),
(111), (321) opieHTOBaHi MapaJeIbHO MJIOMINHI TPOKATyBaHHS.

KinpKicTh KpucTamiTiB, opieHTOBaHUX miaomuHoo (321) mapaieabHO
IMOBEPXHi JimcTa, 3MiHIOETLCA 10 Hmepepidy Jjgucta Bix 120% Ha moBepxHi
aucta 10 40% B cepenHii Horo yacTuHi.

g kpucranaiB, opieHTOBaHUX momiuHo0 (111) mapanenbHO IOBeEp-
XHi JIMcTa BUSABJIEHA TaKa 3aJIe’KHICTh: Ha IIOBEPXHI KiJIbKiCTh KpuCTa-
JiB 3 TakuM opienryBaunuam caArae 40% , ma sigcraui 0,04 mm Bix mmose-
pxui aucra — 300% , B cepenuui gucta — 250% .

KinpKicTs Kpucramitis, opierToBanux miomunHoo (130) sMminioeTsCs
110 IIepepisy Jucra He Tak cyTTeBo (Big 100% Ha moBepxHi JucTa Ta 10
50% nmo cepenuum).

Amajiza MOBHMX HOJIOCHUX (Piryp, moOymoBaHUX OJA 3PasKiB, IO
miggaBajJruch OJHOPA30BOMY, TBOPA30BOMY Ta TPUPA30OBOMY IIPOKATY-
BaHHIO, II0OKAa3aB, IO IIiCJa IBOPA30BOT0 IPOKATYBAHHSI MAKCUMYM IIO-
03y HANTPAMKY IPOKATYBaHHS PO3IIEILTIOETLCA HaIBOE, HAaOJIMIKATO-
yuch 10 moJtociB (111) [112]. KommomenT Texctypu (111) [112] mposas-

VYMoBHI mosHavYeHHA

| OpHOpa3oBe BAJLIIOBAHHSA
I JIBOopasoBe BaJIbIIOBAHHS
Il Tpupasose BaJbI[IOBAHHSA
+  (111)[2i1]

A (111)[211]

] (112) [110]

X (112)[110]

e (112)[110]

A (111)[110]

o (001)[110]

HII HanpaAM BaJbIIOBAHHA

Puc. 4. IIpami mosrocHi Qirypu mjis 3paskiB, oepKaHUX OJHOPA30BUM, ABOPA-
30BUM Ta TPUPA30BUM IIPOKATYBAHHSIM.

Fig. 4. Straight pole shapes for samples obtained by single, double, and triple
rolling.
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JISIEThCS CUJIBbHIIIIE, OTiKe KiJIbKiCTh 3epeH 3 opieHTaIlieio, 0JIn3bKO0I0 IO
pebpoBoi Ginbia (puc. 4).

Ha moatocHUX (pirypax BUIHO, IO HiCJIS BOPA30BOI0 MPOKATYBaHHS
TeKCTYPHUN MaKCHUMyM HOO0JIN3y HAIPAMKY IPOKATYBaHHA PO3IIEILIIO-
€ThCS HAIBOE, HabMMKaounch 1o nostociB (110) opienrarnii (111) (211),
a micJsAa OAHOPa30BOTr0O IPOKATYBAHHSA BiH PO3MIiIeHNI MOOIM3Y HAIIPS-
MKY OPOKATyBaHHH.

4. BUCHOBKH

1. Harmri pesyabTaTu IIOKas3au, 1110 CTPYKTYpa IePBUHHOI peKpucTai-
3aIrii € Bu3Ha4YaJIbHOIO B (DOPMYBaHHI BUCOKUX €JIEKTPOMATrHETHUX BJIa-
CTUBOCTEN I'OTOBOIO JINCTA TPaHC(HOPMAaTOPHOI CTaJTi.

2. 3rigHo mpoBegeHUX AOCJAIMKEeHb MOKHA PEKOMEHAYBAaTH OJHOPAa30Be
MIPOKATYBaHHA [AJA OJep:KaHHA T'OTOBOTO JHCTa TpamHchopMaTOPHOI
cranmi. B mpboMy BuUmagKy Takosk (GOpPMYEThCS HJOCKOHAJa TEKCTypa Tak
AK KiJIbKicTh 3epeH 3 OpieHTYBaHHAM OJU3LKUM O PeOpPOBOTO € 3HAU-
Ho0. HeoOximmoio yMoBOIO popMyBaHHS 3aJaHOI CTPYKTYPH € IIPOBe-
JIeHHs IOMOTeHi3yI0uoro Bigmasy.

3. 'omorenisyrounii Bigmaja 3abesmneuye BUAITEeHHS OLIbII AMCIEPCHUX
HeMeTaJIeBUX BKJIIOUEHDb 3 TBepAoro posunny. Ile cupuse 3sMeHITIEHHIO
CepeqHbOTO PO3Mipy 3€peH B CTPYKTYpPi IEePBMHHOI PeKpHCTaJIisarii,
Kpaillfiii crabiiisamii MaTpuIli HeMeTaJleBUMHI BKJIIOUEHHAMU i popMy-
BaHHIO OiJIBIIT JOCKOHAJIOI peOPOBOi TEKCTYPH.
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Velocity and Absorption of Longitudinal Ultrasound
in an Extruded Mg—5% Sc Alloy

0. S. Bulatov], V. S. Klochko, A. V. Korniyets, V. I. Spitsyna,

I. I. Papirov, A. I. Pikalov, and A. V. Shokurov

National Scientific Center

‘Kharkov Institute of Physics and Technology’, N.A.S. of Ukraine,
1 Academic Str.,

UA-61108 Kharkiv, Ukraine

The behaviour of the velocity and the change in the absorption of longitudi-
nal ultrasound in the process of structural relaxation is investigated at a fre-
quency of 50 MHz using ultrasonic spectroscopy in the temperature range
77-300 K in the Mg—5% Sc alloy deformed by equal-channel angular extru-
sion. Peaks of acoustic absorption with localization temperatures of ~232 and
190 K are found. An estimate of the activation energy (~0.5 and ~0.16 eV)
indicates that these relaxation processes are due to dislocation relaxation
resonance. The influence of the kinetics of the processes of structural relaxa-
tion in the extruded alloy on the investigated acoustic characteristics is
shown. As found, that the evolution of the temperature spectrum of acoustic
absorption in the Mg—5% Sc alloy is caused by the return of the structure af-
ter severe plastic deformation.

Key words: longitudinal ultrasound, acoustic absorption, severe plastic de-
formation, non-equilibrium grain boundary, dislocations, relaxation.

Ha gacrori y 50 MI't; MeT0o010 YJIBTPA3ByKOBOI CIIEKTPOCKOIII B 00J1aCTi TeMIIe-
patyp 77-300 K y medhopmMoBaHOMY IILISIXOM PiBHOKAHAJIBLHOI KYTOBOI €KCTPY3ii
cromri Mg—5% Sc mocitig:keHo MOBeAiHKY IITBUAKOCTH Ta 3MiHU IIOTJIMHAHHS I10-
3I0BXKHBOTO VJIBTPA3BYKY B IIPOIIECi CTPYKTYPHOI pejakcarllii. BusaBieno miku
aKyCTUYHOrO IIOTJIMHAHHS 3 TeMIIepaTypoio Jokaaizalii ~232 ra 190 K. Ominka
eneprii aktuarii (~0,5 Ta ~0,16 eB) BKasye ma Te, 1110 I1i mpoIecy peJsakKcalrii
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3YMOBJIEHI JUCJIOKAIiMHUM pejakcalliiHuM pes3oHaHcoM. IloKazaHo BIJIUB Ki-
HEeTUKHU CTPYKTYPHOI peJsiakcaiiii B eKCTPYAZOBAaHOMY CTOIIi HA MOCJiIKyBaHi
AKyCTUYHI XapaKTEePUCTHUKH. BCTAHOBJIEHO, IO €BOJIIOIlig TeMIIepaTypPHOro
CHEKTPY aKyCTHUYHOTO HMOTJIMHAHHA y cTomi Mg—5% Sc BUKJIMKaHa IMOBEPHEH-
HAM CTPYKTYPH ITiCJIA iHTEHCUBHO] ILJIACTUYHOI AedhopMmarrii.

KuarouoBi ciroBa: mo3goBKHIN yABTPa3BYK, aKyCTUUHE IOTJIMHAHHSA, iHTeHCH-
BHA IJacTUYHA AedopMallisg, HepiBHOBaKHI I'paHUIll 3epeH, MMCJIOKAaIlii, pe-
JaKcalis.

(Received October 2, 2021; in final version, January 18, 2022)

1.INTRODUCTION

Magnesium and its alloys are of great interest both for engineering ap-
plications in many industries and for theoretical issues of fundamental
research due to the unique combination of properties they have low
specific density (lightness) and good strength [1].

Among many magnesium alloys, Sc-containing alloys are of particu-
lar interest, since they have structural stability and improved high-
temperature properties [2—5], which expands their functionality in
many industries, including medicine, e.g., for the manufacturing of
coronary stents. At the same time, it is relatively difficult to use them
to create products due to the limited alloy plasticity caused by the low
symmetry of the h.c.p. structure. One of the possible solutions of the
problem is to use the equal channel angular extrusion (ECAE) method
[6], where the plastic deformation is close to simple shear and the
smaller number of slip systems is involved in comparison with other
deformation methods. At the same time, in the process of severe plas-
tic deformation (SPD) by means of such extrusion, a homogeneous mi-
crocrystalline granular structure is formed in the material that addi-
tionally increases its strength and plasticity. In addition, the grains
have some structural features. Their grain-boundary atomic structure
is substantially non-equilibrium and has a high density of grain-
boundary dislocations (GBD). In fact, the GBD system is a non-
equilibrium combination of chaotic dislocations, while the grains con-
tain few or almost no dislocations. It should be noted that the volume
fraction of the intergranular space is quite high and can reach up to ten
percent or more. The non-equilibrium of grain boundaries is clearly
manifested in the effect of accelerated diffusion during annealing of
SPD materials. For example, the energy of grain-boundary diffusion
value can be half of the equilibrium energy and in some cases, it is even
close to the value of diffusion activation in the melt [7].

In this regard, it is of particular interest to study relaxation processes
in SPD materials in the early period of exposure at room temperature
(~300 K) immediately after the completion of plastic deformation. This
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phenomenon has not been sufficiently studied. In this work, this issue is
considered using severe plastic deformed promising magnesium and 5%
(weight) scandium (hereinafter Mg—Sc—5) alloy by ultrasonic spectros-
copy. Low-temperature (77-300 K) measurements of the V; velocity and
the change in the absorption Aa; of longitudinal ultrasound at 50 MHz
frequency makes it possible to trace the relaxation processes develop-
ment during a holding time at ~300 K temperature.

2. MATERIALS AND RESEARCH METHODS

Binary Mg—Sc—5 alloy is produced by fusion of magnesium with
99.999% purity and scandium—99.95% in a pure argon atmosphere.
It is a solid solution with h.c.p. lattice parameters a =0.3212 + 0.0002,
¢=0.5205+0.0007 nm which has 1.5 mm average grain size.

The SPD of the alloy was carried out in two technological stages. The
first stage includes a shrinkage at 633 K temperature to preliminary
grind the grain, at the second stage the ECAE is implemented at 573 K
temperature for eight cycles along the B4 route (with an alternative
rotation of +90 and —90) using a mold which has 90° angle between
equal on cross section by cylindrical channels. The extrusion speed re-
mained constant at 1 mm/s.

A sample @ 7 x 6.85 mm size and 3.5 um average grain was investi-
gated. X-ray studies observed axial texture [10.0] along the cylinder
axis with a crystallographic grains fraction of this orientation about
18% . The axial texture of deformation [10.0] is retained in the alloy
for the entire time of acoustic measurements. The study of the sub-
structural characteristics (D is the size of the coherent scattering re-
gions and ¢ is the level of microstrains) of the alloy samples was carried
out by the Williams—Hall method using the integral half-width of
{10.0} diffraction reflections. Silicon powder with ~30 um particle size
was taken as a standard to take into account the instrumental broaden-
ing. High-frequency technology using a bridge measuring circuit was
used to determine the values of the velocity V; and absorption or of a
longitudinal ultrasonic wave at 50 MHz frequency in one experiment
at a given temperature. The relative measurement error of V; and o is
107% and 1073, respectively. Excitation and detection of sound was car-
ried out by broadband (+2 MHz) piezoelectric transducers made of a
lithium niobate single crystal, and the acoustic contact was carried out
with silicone oil. Excitation by a high-frequency pulse generator with
constant amplitude (~1.5V) realized the mode of amplitude-
independent ultrasonic attenuation. The measurements were carried
out with AT = 1-2 K temperature interval in the samples warming up
mode at a rate of 0.5 K/min. The temperature stabilization of the sam-
ple was kept at alevel of £0.05 K.
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3. RESULTS AND DISCUSSION

Figure 1 shows the dependence of the longitudinal sound velocity on
temperature for the Mg—Sc—5 alloy in the deformed (V' (T) ) and origi-
nal (V) (T)) states. A regular decrease in the sound speed in the de-
formed sample is observed, it is due to the structure distortion as a re-
sult of SPD. The texture effect is negligible due to the low velocity ani-
sotropy (the axial ratio ¢/a ~1.621, which is close to the uniform pack-
ing density of the h.c.p. lattice (¢/a ~ 1.633)). In addition, in the tem-
perature range from 210 to 235 K the V(T) dependence exhibits a
singularity of the stretched step type. In the alloy holding time at 300
K temperature, it smoothes out and after 150 hours it is not detected.
At the same time, an essential overall result is the invariability of both
the characteristic form of the series of dependences and the absolute
values of the sound velocities of the deformed alloy during the holding
time. A specific example of the sound speeds stability V(T) (at 77 K)
and V(T) (at 300 K) for the extruded Mg—Sc—5 alloy after a holding
period at 300 K temperature is shown in Table 1. The measurement er-
ror is £25 m/s. This fact indicates that the absolute values difference
remains constant, which corresponds to the stability of the dislocation
density in the SPD alloy throughout the entire time of the alloy re-
search. In this regard, attention is drawn to researches [8—10], where
elastic ultrasonic waves are considered in the approximation of a ho-
mogeneous isotropic three-dimensional elastic medium with a disloca-
tion density A where, in fact, the Granato—Lukke model is considered
with account of the vector nature of multiple scattering. As a result, a
relationship is proposed between the change in the vector sound speed,

5800
~ extruded sample
5700+ original sample
j\/‘\'(f_ﬁ_f;}ﬂ )
@ 5600- gy,
= iy
= ’2\3«?@9})
5 iy 1
B 55004 U,
%’("\3‘&‘»&\
. -Im"&"\fr
54004 OO MHz Ry, 2
,,é*;r«;%};?%
22 ‘,,5)2;,\3%“ )
5300 o
100 150 200 250 300
T,K

Fig. 1. Temperature dependence of the longitudinal ultrasound velocity at 50
MHz frequency in the Mg—Sc—5 alloy. I —the original state, 2—after ECAE.
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TABLE 1. Values of the longitudinal ultrasound velocity at the reference
points 77 and 300 K depending on the holding time <.

Vi,M/c

T, h
TTK 300 K
25 5659.6 5304.7
168 5666.6 5311.9
195 5668.9 5297.3
360 5686.5 5342.2
432 5661.9 5249.8
846 5657.3 5259.5
1440 5657.5 5244.5

scalar dislocation density A and the dislocation segment length L. For
our case of alongitudinal sound wave the ratio is

AV, 2
—&-=0.034 21 AL , (6]
145 (y2 -1) 61n10

where y = %, V. is the speed of the shear sound wave. If A =1.7 is for a
t
pure Mg metal [11], the effective length of the dislocation segment L is
about 50 nm and the AVOL
L

estimate gives the value of the dislocation density in the SPD alloy at
the level of 102 em™. Since the density of grain-boundary dislocations
in SPD materials is much higher than in intragranular ones, their pre-
dominant contribution to dislocation absorption of sound is also noted.
It is the losses due to internal friction when dislocation segments vi-
brate in the field of propagating elastic waves. Pinning elements can be
impurity atoms, point defects (and their complexes) and the intersec-
tion of mobile dislocations formatting a dislocation network.

Figure 2 shows the dependence of the change in the absorption of
longitudinal sound at 50 MHz frequency on temperature for the SPD
Mg—Sc—5 alloy after a period of exposure t at room temperature. Fig.
2, a, b presents the dependence of original Aa)(T) and deformed
Aaf(T) alloy after holding for 25 hours, respectively. The absorption
spectrum of the deformed alloy is characterized by the presence of
peaks P; and P, respectively, at 232 K and 190 K. The P; absorption
peak at 232 K temperature and a characteristic ‘step’ in the depend-
ence (Fig. 3) in the vicinity of this extreme determine the Hasiguti

=4-10"2 research data, then the numerical
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type relaxation resonance. An estimate of the activation energy from
the width of the peak at half its height, determined according to the
equation [12]:

E, = 2.63R_1%2 (2)

2 41

where R is the molar gas constant, T; and T» are the temperatures of
the peak at half height, is ~0.5 eV. The activation energy of the P; peak
is ~0.16 eV, which is characteristic of a relaxation resonance of the
Bordoni type, which is also observed in the original sample (Fig. 2, a).
The complex shape of the absorption spectrum indicates that the re-
vealed relaxation processes are characterized by more than one relaxa-
tion time. SPD materials are known to have an extended, deformation-
modified non-equilibrium (metastable) grain-boundary region contain-

28 -

26 |- 2

221 a

Aa,, dB/em

Fig. 2. Temperature dependence of the change in the absorption of longitudi-
nal ultrasound at 50 MHz frequency in the Mg—Sc—5 alloy. a—the original
state, b—in the deformed state, after holding at 300 K for 25 hours; c—in de-
formed state, after holding at 300 K 1440 hours (c, curve 1) and 0.5 years (c,
curve 2).
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ing an excess density of oriented misfit dislocations and products of
their delocalization [13—15]. Such defects have a significant effect on
the boundaries properties, changing their free volume, energy, and
diffusion permeability. In addition, being distributed along the grain
boundaries, they create short-range and long-range fields of internal
stresses, which affect the kinetics of the evolution of the structure
when the temperature is maintained. The measure of the boundaries
disequilibrium is the free volume value. After further exposure at
room (~0.3T, Tn—melting temperature) temperature, the Ao’ (T) de-
pendence undergoes a disordered transformation and, after 2 months,
gains characteristic, Fig. 2, ¢, curve 1, view.

This behaviour is caused by a noticeable decrease in the relaxants
density, which may be associated with the manifestation of the onset of
boundaries migration with grain growth and a decrease in the internal
stresses level. Non-equilibrium dislocation systems of boundaries are
known to be characterized by the presence of long-range fields of elas-
tic stresses and excess elastic energy, that is, the interaction forces be-
tween dislocations are not balanced. Stressed ensembles of boundary
dislocations are metastable and upon exposure to temperature relax
through annihilation (which happened in the first hours after ECAE)
and the formation of equilibrium structures. This process goes in the
direction of decreasing energy, lowering the level of stress. In addi-
tion, the contribution of a decrease in the intragranular relaxants den-
sity due to the completion of polygonization and migration of unstable
point defects (their complexes) interacting with dislocations to sinks is
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Fig. 3. Temperature dependence of the velocity V. and the change in absorp-
tion Aoy of longitudinal ultrasound at 50 MHz frequency in the vicinity of the
relaxation peak of acoustic absorption.
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not excluded. The study of the substructural characteristics of the al-
loy showed that a structure with a coherent scattering region D ~ 213
nm and a level of microstrains ¢ ~ 3.4-10® was formed in a freshly de-
formed sample. After a 2 month exposure at room temperature, an in-
crease in D to 415 nm and a decrease in ¢ to <7-10™* are found. At the
same time, there was a return and a corresponding decrease in the free
volume value, and hence the level of non-equilibrium of the bounda-
ries. The high rate of return processes—the removal of non-
equilibrium, is mainly due to the small length of the accommodative
diffuse mass transfer. After 6 months of exposure the initial level of
non-equilibrium is completely lost and takes on a stable (see Fig. 2, c,
curve 2) S-shaped dependence, characteristic of anharmonic phonon—
phonon interaction.

4. CONCLUSIONS

As a result of low-temperature (77-300 K) studies of the behaviour of
the velocity and changes in the absorption of longitudinal ultrasound
at 50 MHz frequency in the Mg—5% Sc alloy deformed by equal-
channel angular extrusion, the following was established.

1. The decrease in the value of the longitudinal sound velocity in the
extruded sample is due to the distortion of the structure. The effect of
texture is insignificant due to the low degree of anisotropy of the
sound speed in the alloy (the axial ratio of the h.c.p. lattice ¢/a ~
~1.621).

2. The peaks of acoustic absorption at 232 and 190 K temperatures in
the extruded alloy are caused by the development of relaxation pro-
cesses of the Hasiguti (E,~ 0.5 eV) and Bordoni (E,~0.16 eV) type.

3. Exposure of the extruded alloy at room temperature (~0.3T,) leads
to disordered transformation of the peaks and, after 0.5 years, to dis-
appearance due to a decrease in the density of relaxants in the process
of return after SPD.
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MATERIALS IN EXTREMAL CONDITIONS
PACS numbers: 46.15.-x, 46.55.+d, 68.35.bd, 81.15.Pq, 81.40.Pq, 82.45.Bb

Effect of Incomplete Replacement of Cr for Cu in the Deposited
Alloy of Fe—C—Cr—B—Ti Alloying System with a Medium
Boron Content (0.5% wt.) on its Corrosion Resistance
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In this research, the corrosion behaviour of the Fe—C—Cr—B-Ti alloying system
deposited alloys applied by flux-cored arc welding are studied. Samples of de-
posited alloy with a high content of chromium (13% by weight of Cr) received
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with self-shielded flux-cored wire electrode without exothermic additions are
investigated. For comparison, the deposited alloy received from self-shielded
flux-cored wire with exothermal addition (CuO—-Al) introduced to the core
filler is also analyzed. It provides a low content of chromium (4% wt.) and a
high content of copper (7% wt. Cu). The corrosion resistance of the deposited
alloys layers is measured based on the results of potentiostatic polarization
testing. After comparison of the corrosion current density I..,r and the corro-
sion electrode potential value E..,, measured for the 140Cr13Sil1MnBTi and
110Cr4Cu7TiVBAI deposited alloys layers as found, these values varied from
1.525 mA /cm?t0 0.166 mA /cm? and from 0.359 mV to 0.631 mV depending on
the alloyed layers composition. Results of the studies are shown that the intro-
duction of exothermic addition (CuO—Al) to the core filler of the flux-cored
wire provides the highest resistance of the deposited alloy to corrosion due to
additional alloying by copper. Thus, the proposed partial replacement of chro-
mium with an equivalent amount of copper has a positive effect on the corrosion
resistance increasing of Fe—C—Cr—B-Ti alloying system deposited alloy.

Key words: hardfacing, Fe—C—Cr—B-Ti alloys, self-shielded flux-cored arc
welding, copper, exothermic addition, CuO—-Al, SEM, corrosion resistance,
potentiodynamic polarization.

Y pob6orTi mpeacTaBIeHO Pe3yAbTATH eKCIIePUMEHTAIbHUX JOCIiIKeHb KOPO3iii-
HOI ITOBEIiHKM HATOILIEHUX CTOIiB cucTteMu Jerysanusa Fe—C—Cr—B-Ti, naue-
CeHUX i3 BUKOPHMCTAHHAM CaMO3aXMCHOTO MOPOIIKOBOTO APOTy. Jociimxerno
3pa3KM HATOILJIIEHOr'O CTOIY 3 BUCOKUM BMicToM Xpomy (183% wmacu Cr), ozep-
*KaHOT0 i3 caM03aXMCHOT'O IIOPOIIKOBOTO APOTYy 6e3 eK30TepMiuHOTO JOJATKY.
J 7151 TOPiBHAHHA TaKOMK JOCJIiIKYBaJIN HATOILJIEHUH CTOII, OJEePIKAHM 13 caMo-
3aXMCHOTO MOPOIIIKOBOTO APOTY 3 BMicTOM eK3orepmiunoro gomzatky (CuO—Al)
0 HATIOBHIOBAYa, 1110 3abe3meunio Hu3bKuii BMicT Xpomy (4% Macu) Ta BUCO-
kuii Bmict Kynpymy (7% macu Cu). Kopositiny cTitikicTh Ier'oBaHUX ITapiB Ha-
TOIIJIEHOTO CTONY OI[iHIOBAJIM 34 Pe3yJIbTaTaMHU IOJAPU3aIiiHUX BUMipIOBaHb.
ITopiBHIOIOUY T'YCTHUHY CTPYMY KOPO3ii I¢orr T BEIMUNHY €JI€KTPOIHOTO IIOTEH-
misgsmy Kopodii E.yr, BUMIPAHUX [Js I[IapiB  HATOILJIEHUX CTOMIB
140Cr13Si1MnBTi ta 110Cr4Cu7TiVBAI BcTanoBuIn, 110 I1i MTOKA3HUKY 3Mi-
HIOBaJIMCA Bigmosigmo Bix 1,525 MA /em? mo 0,166 mA /cm? ta Bix 0,359 MB 1o
0,631 MB 3ane:XHO Biy KOMIOOHEHTHOTO CKJIaMy JeToBaHUX InapiB. Pe3yabraTu
IOCJiIKeHb IOKAa3aJu, 110 BBeJeHH eKk30TepMiunoro gogatky (CuO—Al) no ma-
IIOBHIOBAaYa IIOPOIIKOBOTO APOTY 3a0e3Ieuye BUINY KOPO3ifHY CTiliKiCTh HATOM-
JIEHOTO CTONY 3a PaXyHOK JMOJATKOBOTO ioro jJerysauua Kynpymom. Takum un-
HOM, 3aIIPOIIOHOBAaHA YaCTKOBA 3aMiHa XpoMy Ha eKBiBajleHTHY KinbKicTs Ky-
NIpyMy YMHUTH NO3UTUBHUI BILJIMB Ha IIiABUIIEHHA KOPO3ifiHOI CcTiiKOCTH HA-
TOIIJIeHOTOo cTony cuctemu JeryBanusa Fe—C—Cr—B-Ti.

Karouosi caoBa: HaTomroBaHHs, cron Fe—B—C—Cr—Ti, camo3axucHUIH TOPOIII-
KoBuii apit, Kynpywm, ekzorepmiunumii fogarox, CuO—Al, CEM, noreHiiognua-
MiuHa IoJApu3allisai, KoposiiHa CTilKicTh.

(Received February 24, 2022)
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1.INTRODUCTION

Critical components of machines used in the mining and mineral pro-
cessing industries are subject to intensive wear in corrosive environ-
ments during operation in extreme conditions. Energy loss due to wear
in mining comprises 43% of friction. Wear-related energy loss include
energy used to produce new parts for the worn-out parts and spare worn
equipment replacement [1]. The cost of worn parts in mining is approx-
imately the same as the cost of maintenance. In addition, wearing of
some equipment in mining industry can lead to catastrophic failures
and emergency stops, which can have a bad influence to equipment effi-
ciency and therefore to the cost. It even can cause non-fulfilment of cus-
tomer’s obligations.

There are many types of wearing, such as abrasive, impact, friction
of metal with metal, corrosion, erosion, etc. Abrasive, corrosive, and
abrasive-corrosive wear is a particularly important problem in the min-
ing industry. In these conditions machines and machine parts are heav-
ily scratched by the abrasives such as minerals and earth [2, 3]. Metal
loss due to abrasive wear can be significantly increased in the presence
of aggressively corrosive environment. Corrosive environment in the
mining industry is defined by technological purposes due to the use of
water or aqueous solutions, as well as due to high humidity of extracted,
processed raw materials, or corrosive activity of raw materials.

The parts abrasion resistance can be increased due to the right se-
lected materials. However, the parts of a wear-resistant alloy in the
most cases are unreasonable because of two reasons. The first is its high
cost. The second is the further machining process complication. Moreo-
ver, the working surface of the part is only partially destroyed. As the
replacement of worn parts causes high operating costs, the service life
can be extended by means of the process of the part working surface
coating. In this case, it is more economically sufficient and technologi-
cally easier to use the wear-resistant coating locally. The use of surfac-
ing technologies allows to combine rationally the properties of coating
materials and bases [4—6], providing the necessary accuracy of the parts
manufacture [7]. Coating materials are used to increase the wear re-
sistance, corrosion resistance and crack resistance of products [8—10].

Different technologies are used for coatings application. Reinforce-
ment of the parts working surfaces is carried out by friction [11]and ul-
trasonic impact treatment [12—14]. Chemical-thermal methods of hard-
ening became widely used: sulfidation [15], boriding [16], ionic deposi-
tion [17-20], cementation [21] and eutectic coatings receiving [22].
Functional single-layer oxide coatings [23], double-layer [24—26], and
multilayer oxide coatings[27], nanocomposite coatings with metal bond
and diamond content [28], with non-metallic bond and diamond content
[29], and nanooxides [30, 31], as well as discrete coatings are used [32].
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Nowadays by means of electrospark deposition (ESD) [33—36], elec-
trochemical chromium plating [37], thermal spraying [38—40], includ-
ing the use of alloyed powders [41, 42], laser hardfacing [43], SHS-
process [44, 45], vacuum-arc hardfacing [46, 47], and electric-arc pulse
hardfacing [48, 49] form coatings on the working surfaces of machine
parts and equipment made of different metals and alloys.

The strategy of coatings development includes not only the choice of
component composition and methods of application, but also the evalua-
tion of the discrete atomic structure of the crystal lattice of materials[50,
51], corrosion and electrochemical properties [52—54] and stress-strain
state to predict the bearing capacity. Methods for the layered coatings be-
haviour are subject to development under an influence of local loads [55—
57] and non-stationary thermopower factors [568—60]. Engineering ap-
proaches for coatings and patches influence on the boundary balance of
cracked plates [61—-63] and shells [64—66] are worth of attention.

The use of hardfacing, which provides the formation of multilayer coat-
ings with a thickness of 10—15 mm, is considered to be a progressive direc-
tion for the machine parts hardening. Prediction of the high entropy alloys
phase composition perspective for wide application as a material for hard-
facing coatings was performed in theoretical studies [67, 68]. Results of
computer modelling of thermodynamic and mechanical properties of rein-
forcing phases in the deposited metals are provided in works [69—70].

It should be noted that hardfacing is a key technology because it is
more economically sufficient. Moreover, it allows to obtain surface lay-
ers of greater thickness compared to other methods of coatings for-
mation. One of the most common among many hardfacing methods to in-
crease wear resistance is the use of hardfacing with a self-shiealded flux-
cored wire (FCAW-S) [71-74]. FCAW-S are characterized by simplicity
of welding equipment, high hardfacing productivity, ability to achieve a
high degree of alloying of the weld metal, the arc visibility [74].

However, the selected of deposited metal alloying system plays a sig-
nificant role. Cast iron with a high content of chromium was used as the
most widely used wear-resistant material, provided with a high content
of hard carbides for a long time. However, despite its wide use in these
alloys, there are some disadvantages, such as high cost, low ductility,
and susceptibility to cracking of the weld metal [75]. In recent years, the
innovation of Fe—B alloys is considered a break through due to their ex-
cellent wear resistance and good corrosion resistance with moderate im-
pact strength, higher chemical and mechanical stability compared to al-
loy with high chromium content Cr[76]. However, the addition of boron
instead of expensive alloying elements reduces the filler material cost
[77]. Not with standing, it is unavoidable that boron-containing Fe—B
alloys will be increasingly susceptible to localized corrosion due to the
existence of numerous boride precipitates. Therefore, there is a great
need in the alloy development to achieve high abrasion resistance and
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corrosion resistance. Moreover, the corrosion resistance of Fe—B alloys
will enlarge the further applications in various fields, increasing the re-
sistance to abrasion and corrosion wear, hydroabrasive wear, corrosion
wear and erosion wear.

In this case, this system alloying with elements improving its plastic
properties and corrosion resistance is very interesting. Modern re-
searchers mostly focused on alloying boron-containing alloys with a
chromium [78], titanium [79-81], aluminium [76], vanadium and mo-
lybdenum [82—-84]. However, the formation of chromium-rich borides,
such as (Fe, Cr):B, reduces the content of corrosion-resistant alloying
elements in the matrix, and therefore reduces corrosion resistance [85].
In this case, it will be interesting to add to the alloy of the Fe—C—Cr—B-
Ti alloying system the alloying elements increasing the corrosion re-
sistance and almost insoluble in borides, such as copper. Cu is a well-
known alloying element used to increase the overall corrosion resistance
[86—90]. It is known the copper does not form compounds with boron (B)
and remains mostly in the matrix [91], dissolving mostly in austenite
[78]. Studies of alloys of the alloying system with a high boron content
of 3.5% wt. [92] proved the efficiency of the copper introduction as an
alloying element. However, today the use of alloys with lower boron con-
tent (up to 1% wt.)is more interesting. Yoo et al.[93] showed that steels
with relatively low boron content (less than 0.6% ) have better wear re-
sistance. This is due to the formation of a brittle phase of FeB and a
small amount of residual austenite [93].

Provision of required content of alloying elements in the weld metal is
possible by introducing them into the alloy metal wire sheath or in powder
form as the core filler. As known, during welding and hardfacing, as well
as FCAW in general and FCAW-S particularly, thereis irregular melting
of the metal wire sheath and core filler. During the melting of flux-cored
wires, due to the lag of the melting of the core filler from the metal wire
sheath, a protrusion of the core filler is formed at the end of the flux-
cored wire electrode [94]. These lags can be broken if they are formed in
the form of large particles. If they fall into the molten welding pool, they
can cause contamination of the weld metal with exogenous inclusions
[94]. One of the ways to improve the uniformity of melting is to increase
the contact tip work distance. This preheating enables the electrode to
burn off faster and increases deposition rate. However, the excessive in-
crease in contact tip to work distance (CTWD) is limited, due to the spin
of the electrode resulting from the wire spooling [95].

The consequences are the unstable arc behaviour, increased spatter-
ing, or weld seam irregularities such as lack of fusion [96]. In this case,
the introduction of an exothermic addition of CuO—Al system to the core
filler of flux-cored wire electrode is more advantageous. According to
our previous studies results [90, 97], the introduction of CuO—Al exo-
thermic addition to the core filler provides the weld metal alloying with
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copper. In addition, the exothermic additions CuO—-Al, caused grain
fragmentation and an increase in the volume of ferrite in matrix of the
deposited metal, increasing such mechanical properties as the elasticity
modulus and microhardness [97]. Therefore, the wear resistance and
corrosion resistance increasing at the stage of new parts manufacturing
and during the worn parts restoration is an actual problem.

However, today the use of alloys with lower boron content (up to
0.6% wt.)is more interesting [93] due to the better wear resistance. The
latter is explained by formation of FeB brittle phase and a small amount
of residual austenite [93]. In this case, it is very interesting to study the
effect of copper introduction in the boron-containing alloy Fe—C—Cr—

TABLE 1. Composition of core filler FCAW-S (diameter 4 mm) (% wt.).

Content of the components in core
filler of FCAW-S (% wt.)

FCAW-S FCAW-S
140Cr13Si1MnBTi110Cr4Cu7TiVBAl

The name of the component

Fluorite concentrate 'OCT

4421-73 11 11
?g:;li?lg " Rutile concentrate TOCT 7 7
g 22938-78
components
Calcium carbonate I'OCT 4 4
8252-79
Ferromanganese ®MH- 6 5
88ATOCT 4755-91
Ferrosilicon @C-92 I'OCT 9 4
1415-78
Ferrovanadium ®Bz-40 _ 9
Alloying T'OCT 27130-94
and deoxi- Metal Chrome X99 I'OCT 40 10.4
dizers 5905-79 ’
Titanium powder IITM-3 9 5
TV 14-22-57-92
Graphite is silver 8 5.3
Boron carbide I'OCT 5744- 5 6.9
85
Oxide of copper powder B 2
Exothermic T'OCT 16539-79
addition  Aluminium powder TTA1 3 7

T'OCT 6058-73
Iron powder PZWR-1 T'OCT 9849-86 15 7
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B-Ti alloying system.

The purpose and objective of the research. The purpose of this work is to
perform comparative testing of corrosion behaviour of boron-containing
alloy Fe—C—Cr—B-Ti with high chromium content (Cr 13% wt.), and an al-
loy with equivalent substitution of chromium for copper (Cu 7% wt.). At
that the required level of copper alloying, was received by recovery from
the exothermic addition CuO—Al, which was introduced to the core filler.

2. EXPERIMENTAL PROCEDURE

Fe—C—Cr—B-Ti deposited alloys with a high chromium content (13%
wt.) and a low chromium content (4% wt.) and a high copper content
(7% wt.) were obtained in order to conduct comparative tests for corro-
sion behaviour in an industrial solution, flux-cored wire arc welding
was used. The electrodes were coated with different compositions of the
powder mixtures. A marble-fluorspar-rutile was used as the slag basis,
the gas slag-forming component. For hardfacing, flux-cored wires elec-
trode manufacturing of 08km metal tape were used, the composition of
the core filler was given in Table 1. The percent fill (or filling factor) of
the flux-cored wire electrode is 0.35—0.36. Hardfacing was carried out
with reverse polarity by A-874 automatic machine from a power source
with rigid external characteristics. In Table 2 is shows the modes of
hardfacing with self-shielding flux-cored wires electrode. At the same
time, the process of hardfacing on metal plates from S235J2G2
EN10025-2 (ct3mc) with dimensions 10 x100 x200 mm was carried out
in a flat position. After deposition, the welding samples were slow
cooled in the drying box to 200°C and then cooled in the air.

In order to have the sufficient thickness of the layer and consider the

TABLE 2. Hardfacing modes used in hardfacing process.

Filler materials

Parameters FCAW-S FCAW-S
140Cr13Si1MnBTi| 110Cr4Cu7TiVBAI

Average welding current, A 410 340
Arcvoltage U,, V 32 28

Travel speed, m/min 0.3
Contact tip to work distance CTWD, 50 40

mm
Polarity DCRP
Preheating T}, °C 200

Inter-pass temperature Ty, °C 350
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TABLE 3. Chemical composition of substrate and hardfacing metals in 3* lay-
ers tested.

Metal Content of alloying element in deposited metal, % wt.
eta
c|B|cr|cu|Vv | Ti|Mn|si]| s | P
S235JRG2 EN
Sodhae N 017 - - = - = 1.550.55 0.045 0.045
1400“51”,13111"1“]3 1.42 0.22 12.72 0.15 0.13 0.43 1.39 1.8, 0.037 0.016
HOCr‘ﬁ‘WWB 1.08 0.45 3.51 7.2 0.26 1.49 1.18 1.23 0.031 0.017

results shown previously, the samples were welded into two layers and
have been used for testing. The chemical composition of both hardfac-
ing layers and the substrate is presented in Table 3.

The potentiodynamic polarization tests were carried out at a scan-
ning rate of 1mV/s in a solution from —-1.500 mV to +2.500 mV via
standard calomel reference electrode (SCE) and graphite as the counter
electrode. We used a solution corresponding to the chemical composi-
tion of technical water, used at the Central GOK (Kryvyi Rih) during
iron ore grinding (in mg/1: 252 Ca, 281 Mg, 0.34 Fe, 672 Cl, 2366 SO,
13.5 nitrates, 225 bicarbonates, 4823 dry residue, total hardness—
36 mg-eq/1, pH="7.7) to test the corrosion wear. The tests were carried
out at atmospheric conditions (25°C) and humidity level of 31% . To op-
timizing the results each corrosion tests was repeated three times using
the constant conditions such as solution weight, was performed at room
temperature T=(19 = 2)°C, and the solution pH = 6. The values of the
corrosion current (I..r) and the corrosion potential (E...) were deter-
mined by extrapolating the anodic and cathodic Tafel regions to the re-
sults of potentiodynamic studies.

The characteristics of corrosion processes were investigated in the
potentiodynamic mode, using the voltammetric system CBA-1B-M. The
reference electrode is 9BJI-1M1 type silver chloride.

3. RESULTS
3.1. Open Circuit Potential Curves

The change in open circuit potential (OCP) can indicate the corrosion be-
haviour of the samples surface. EOCP measured in an ionic solution is
an equilibrium potential of anodic and cathodic reactions. The meas-
ured OCP of a deposited metal in a corrosive solution can be regarded as
its corrosion potential. The more negative the potential, the lower the
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Fig. 1. Open circuit potential versus time plots deposited metal hardfacing:
FCAW-S140Cr15Si1TiMnB (a), FCAW-S 110Cr4Cu7Til1VB (b).

corrosion resistance of the surface.

Open circuit potential potentiodynamic polarization measurements
were made in solution corresponding to the chemical composition of
technical water, to compare the corrosion performances of the test spec-
imens (Fig. 1).

When the open-circuit potentials of the samples were compared, it is
seen that the open circuit potentials of the samples deposited metal by
FCAW-S110Cr4Cu7TiVBAI are positioned (—0.62 V) at more stable val-
ues compared to deposited metal by FCAW-S 140Cr15Si1MnBTi at
around -0.375V (Fig. 1).

Sample deposited metal with high content chrome (12% wt.), which
does not fit the general trend, displays a stable value during the first
1000 s, while the average value of the corrosion potential is —-404 mV.
However, in the time period of 1000—1500 s there is an increase in initial
in open circuit potential from —0.404 to —0.355V, followed by a steady
increase to wards —0.377 V. The increasing OCP after some exposure af-
ter immersion is due to the growth of the corrosion film. At the same
time, the subsequent increase in the potential indicates the formation of
a less stable oxide film on the surface of the sample with a low content of
chromium (4% wt.) and a high content of copper (7% wt.), which is de-
stroyed, exposing the underfilm surfaces of the alloy. This tendency to
change the corrosion potential persists with continued testing.

According to Figure 1, an alloy with a low content of chromium (4%
wt.) and a high content of copper (7% wt.) has a very stable curve of cor-
rosion potential change. The curve has a gradual curve of potential
change with a slight angle of inclination, which indicates the pas-
sivation of the surface of the samples and the slowing down of corrosion
processes. Thus, the relatively stable value of OCP is a consequence of
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Fig. 2. Polarization curves of deposited metal hardfacing by FCAW-S
140Cr13SilTiMnB.

the dynamic balance between the advance of corrosion and the deposit
of corrosion products.

In addition, the comparative values of the potentials of the samples
can be concluded about a much higher OCP (-0.625 V) of the alloy with
partially substituted chromium for copper (110Cr4Cu7TiVBAI), com-
pared with the OCP (-0.35V) of alloy with high content chrome
(140Cr15Si1TiMnB).

3.2. Potentiodynamic Polarization Test

But to determine the corrosion resistance is not enough to consider the
potential of the open circuit mainly after a short time of immersion in
the solution. Therefore, in the second stage of the study, anode-cathode
potentiodynamic curves were recorded. Analysis of polarization curves
obtained in potentiodynamic tests allows assessing the material's corro-
sion behaviour. Figures 2 and 3 shows the Tafel plots derived from the
potentiodynamic polarization curves of deposited metals.

The curve is nonlinear at low currents as the current flowing consists
of both anodic and cathodic components, but it starts to behave linearly
at high currents on a semi-logarithmic plot. This is due to the predomi-
nation of cathodic current (or anodic current) to the other one at high
current density and the corresponding hydrogen evolution. This linear
region is referred to as the Tafel region [98]. Tafel region, characterized
by a slope, which contains mechanistic information about the corrosion
reaction.

Detailed analysis of anode—cathode potentiodynamic curves allowed
the determination of the electrochemical parameters, which are
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Fig.3. Polarization curves of deposited metal hardfacing by FCAW-S
110Cr4Cub5TilVB.

summarized in Table 4.

Analysis of the sample surface with a high content of chromium
140Cr13SilMnBTishowed the areain which a sudden change in the slope
of the cathodic polarization curve occurs with a plateau in the cathodic
current, this may be attributed to the growth of the film previously
formed [99]. This behaviour of the Tefal curve may be indicative of the
possibility of the separation of the protective layer from the surface.

Analysis of the received polarization curves showed that the alloy
with a low content of chromium (4% wt.) and a high content of copper
(7% wt.) has the equally changing curves (Fiig. 3). This type of the curve
shows the stable growth of the oxide film, which gradually increases its
thickness and reduces the corrosion rate. This means that the oxide film
on the sample surface during corrosion testing is dense.

The stable potential (E..:) reflects the thermodynamic properties of
the material and the surface state of the electrode. According to the
principle of thermodynamics, the lower E..r indicates the greater corro-
sion tendency, while the higher E.... indicates the lower corrosion ten-
dency. According to the calculated values, the corrosion potential (Ecorr)
of deposited metal with a high content of chromium (183% wt. Cr) is

TABLE 4. Average electrochemical parameters obtained from the linear polar-
ization curves for each of the coatings: current corrosion (Z¢.:), corrosion po-
tential (E.orr), and the anodic (B.) and cathodic (.) Tafel slopes.

Type of filler materials | Ecorr, mV | jx> LA /cm? | be, mV ‘ b., mV
FCAW-S140Cr13SilMnBTi -359 0.524807 -358 119
FCAW-S110Cr4Cu7TiVBAl -631 0.165959 -146 120
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Fig. 4. SEM image of the deposited metal following the corrosion test hadfac-
ing by: FCAW-S 140Cr15Si1MnBTi (a), FCAW-S 110Cr4Cu7TiVBALI (b).

—-359 mV whilst, a nobler E.. of —631 mV determined for the alloy with
a low content of chromium (4% wt.) and a high content of copper (7%
wt. Cu).

3.3. Macroscopic and Microscopic SEM Examination of the Surface
after Electrochemical Corrosion Tests

Figure 4 presents the SEM image of the surface morphologies after po-
tentiostatic tests at the applied potential of —1.5 and 0.5 V SCE of the
deposited metal sample of hardfacing by FCAW-S 140Cr13Si1TiMnB
and the experimental FCAW-S 110Cr4Cub5TiVBAI with the introduc-
tion of exothermic addition (CuO—Al) in the core filler.

Microscopic examination of the surface of samples conducted after
electro-chemical tests showed that initiated corrosion leads to local
changes (Fig. 4). Some residues have appeared on the surfaces of Fig. 4.
This can be explained that the fluctuations in the anodic parts of the
Tafel curves occur due to the separation of the protective layer from the
surface.

3.4. Examination of Corroded Surfaces

After corrosion tests, the corrosion surfaces of 140Cr15Sil1MnBTi al-
loys with high chromium content (13% wt. Cr) and experimental alloy
110Cr4CubTiVBAI with low chromium content and high copper content
were subjected to SEM and EDS analyses, the results of which are pre-
sented in Figs. 5 and 6.

Analysis of the chemical composition of FCAW-S 140Cr15Si1MnBTi
deposited metal surface after corrosion testing (Fig. 5) proved that this
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surface is not uniform. We can determine three specific areas on the
surface.

The first areas (Fig. 5, Spectrum 1) corresponded to Fe:B borides. It
should be noted that these areas were additionally doped with chro-
mium, including their chemical formula corresponding to (Fe, Cr):B.
The area (Fig. 5, Spectrum 2) corresponded to the eutectic of chromium
carbides with a corroded matrix (CrzCs + Fe20s3). Areas with pits formed
as a result of corrosion and flat areas were revealed at the surface. The
barrier compound chemical composition of which is similar to the mag-
netite (oxidation of Fe(OH): to Fe3;0.) enriched with chromium
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Fig. 5. SEM image and EDS analysis of the sample hardfacing by FCAW-S
140Cr15Si1MnBTi following the corrosion test.
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compounds, is formed at higher potentials (E > 0.7 V). It is notable that
on the surface of the sample applied with FCAW-S 140Cr13Si1MnBTi
flux-cored wire electrode, enrichment of the end surface oxide by Cr was
not observed. We suppose that the Cr:0; layer does not increase the cor-
rosion resistance of these alloys, the concentration of Cr in the matrix
reached 13% wt.

Addition of big enough quantity of Cu to the Fe—C—B—Cr—Ti system
alloy significantly changed the corrosion film properties. The rate and
homogenization of corrosion film formation, consisting of iron oxides
and chromium oxides, was increased by introduction of copper. This in-
creasing can be explained by copper oxides appearance.

100 um SEM images 2
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Fig. 6. SEM image and EDS analysis of the sample hardfacing by FCAW-S
110Cr4Cu7TiVBALI following the corrosion test.
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4. DISCUSION

The oxidation reaction is an anodic reaction in which metal lost occur and
the renewal reaction is a cathodic reaction take place. Both of these reac-
tions are electrochemical in nature and are necessary for corrosion [100].
The aqueous environment in the corrosion process is an electrolyte,
therefore the electrons move from the anode to the cathode. The corro-
sion process involves metal electrons removal (oxidation). The part with
negative potential serves as an anode to initiate reaction of the metal so-
lution. Part with a positive potential serve as a cathode for cathodic re-
actions, such as renewal of water or hydrogen and renewal of oxygen.

In process solutions, the cathodic process is mainly the depolariza-
tion process of oxygen [101]:

0.+ 2H,0 + 4¢- — 40H-, 1)
2H,0 + 2¢~ — H, + 20H-. 2)

The main electrochemical reaction that is expected in the matrix
structure is the oxidation reaction, and the corrosion reactions of iron-
based alloys at pH containing dissolved oxygen, almost neutral, can be
written as:

Fe — Fe?" + 2¢". (3)

In process solutions, Fe?" continues to react with OH and O in the soil
to form insoluble hydroxides:

Fe? + 20H — Fe(OH)s, 4)
4Fe(OH); + 2H,0 + 05 —> 4Fe(OH)s. (5)

The following anodic reaction expected for the high chromium alloy:
Cr —» Cr¥ + 3e". (6)

In case of low-chromium alloy with high content of copper (7% wt.)
on anode the following reaction (7) will take place:

Cu—>Cur+e. (7

In the case of an alloy with a high copper content the main anodic re-
actions are as follows:

2Cu* + 20H — 2Cu(OH) — Cu:z0 + H;O. (8)
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Itis possible that CusO further reacts with Oz and HxO, in the environ-
ment:

2Cu20 + 02 — 4CuO, 9)
H>0 + Oz + Cu20 — Cu(OH)s. (10)

Notably, the enrichment of Cr in the outermost surface oxide was not
observed on the surface of the sample deposited with flux-cored wire
electrode FCAW-S 140Cr13Si1MnBTi. This indicates that the Cr:0;
layer does not contribute to the corrosion resistance of these alloys, alt-
hough the Cr concentration of the matrix was as high as 13% mass (Ta-
ble 1). The latter can be explained by the fact that greater part of the
chromium forms own carbides and replaces Fe in borides (Fe, Cr):B. In
corrosion film, it’s not enough for the chromium oxides Cr:0; for-
mation, which increase the corrosion resistance. In addition, the places
of the alloy matrix around the carbides are even more exhausted by Cr
and serve as the local corrosion places. Such microscopic separation, ac-
cording to Chaker [102] promotes the formation of anodes and cathodes
between the exhausted matrix and hardening particles. Therefore,
causing the corrosion inside the grains plays a dominant role in corro-
sion of the alloys subject to study [103]. Thus, the corrosive wear will be
described according to the microcorrosion cell mechanism.

Corrosion rate decrease with increasing Cu concentration may be con-
nected with precipitation of renewed Cu on the steel surface, which
forms a protective barrier against further steel oxidation. Oxidation-
reduction reaction with a presence of Cu?* on the steel surface was pro-
posed by Mobin and Shabnam [104]:

Cu? + Fe —» Cu + Fe?'. (11)

The amount of Cu in the matrix is increased [91] with the addition of
Cu, as an anodes substance during corrosion, because the standard po-
tential for the redox couple Cu?*/Cu is positive. Cu alloy elements are
separated on the sample surface and formed a compact Cu-rich passive
film [105] in the atomic scale. This effect is connected with the presence
of cathode element Cu dispersed in the ferrite matrix, stimulating the
anodic polarization of the ferrite, and increasing the passivation pro-
cess. Probably some atoms of Cu are also oxidized to Cu?*, while the most
part of dissolved Cu?' is precipitated on outer surface, forming a com-
pact layer of Cu[106]. The latter will help to increase the corrosion re-
sistance of deposited alloy. Rapid formation, increased by a higher con-
tent of copper 110Cr4Cu7TiVBALI, led to formation of more homogene-
ous crystalline layer of the corrosion product (except iron oxides and
chromium oxides) enriched additionally by copper oxides CuO. Thus,
the partial replacement of Cr with copper (Cu) contributes to the
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increase of the copper content in the oxide film on the alloy surface after
corrosion tests, which can be explained by the formation of a more con-
tinuous oxide film CuO. This film effectively protects alloy surface and
reduces the corrosion rate.

5. CONCLUSIONS

The main purpose of this work was to explore the effect of partial re-
placement of Cr on Cuduring FCAW-S process on corrosion behaviour of
deposited metal of the boron-containing alloy Fe—C—Cr—B-Ti alloying
system. The following conclusions were drawn from this investigation:
1. The results of our experiments showed that, despite the high content
of Cr (13% wt.), boron-containing high-carbon alloy without Cu have a
marked tendency to corrosion in industrial solution. However, on the
surface of the sample of the deposited metal FCAW-S
140Cr13Si1MnBTi typical Cr:0; film, which usually implements pas-
sivity in these alloys, often do not work effectively.

2. Potentiodynamic polarization curves revealed lower I..r values for
140Cr15Si1MnBTi alloy having a high content of chromium (Cr 13%
wt.) compared to 110Cr4Cu7TiVBALI alloy with a low content of chro-
mium (4% by weight) and a high content of copper (7% by weight of Cu).
3.In addition, a small increase in the copper amount in solid solution in
the remelted layer can also play a moderate but useful role, forming
more corrosion-resistant protective films.
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Hocaigsxero MmopdhoJioTito MoBepXHi Ta 0COBJIUBOCTI MiKPOCTPYKTYPH IIOBEPX-
HEeBOTO IIapy aJoMiHiiioBoro cromy 6111, ompoMiHeHOT0 iMITyJIBCHUM ITYYKOM
PeNATHUBICTCHKUX €JeKTPOHiB. IHTeHCUBHUN TENJIOBUU HATrPiB, CTBOPIOBAHUM
MMyYKOM eJIEKTPOHIB, IPU3BOAUTH MO OTOIJIEHHSA MOBEPXHEBOTO IITapy CTOIIY.
BHacmizok HagIIBUAKOrO 3aCTHUTAHHS PO3TONY YTBOPIOETHCA HTOBEPXHEBUM
map 3 MoAn(piKOBaHOI CYOMiKPOKPHCTATIUHOO 3€PEHHOI0 MiKPOCTPYKTYPOIO.
Broue iMnyabCcHOTO ITyYKa eJIeKTPOHIB CYIPOBOIKYETHCS (DOPMYyBAHHAM PO3-
BUHYTOTO IIOBEPXHEBOTO pebe(dy 3 Mikporpimuuamu i kparepamu. IIpodias
MIOBEePXHi Ma€ XBUJIACTUI THUI 3 HaOiBC()epUUHUMM BHUCTyIaMU. 3a HAHUMU
IPO MiKPOTBEPAiCTh BU3HAYUEHO MOKA3HUKM MIiITHOCTH Ta IJIACTUYHOCTU MO-
I1(iKOoBAHOIO IMIYJIBCHIM IIYYKOM €JIEKTPOHIB IIOBEPXHEBOTO IIIAPY.

KuarouoBi caoBa: iMIyJabCHUI IYUYOK PEJSTHUBICTCHKUX €JEeKTPOHIB, alroMiHi-
MOBUI CTOII, MiKPOTPiIIUHY, KPaTePHU.

The surface morphology and properties of the microstructure of the surface
layer of aluminium alloy 6111 irradiated by a pulsed beam of relativistic elec-
trons are studied. Intense thermal heating, which is created by the electron
beam, melts the surface layer of the alloy. A surface layer with a modified
sub-microcrystalline grain microstructure is formed as a result of the ultra-
fast melt solidification. The effect of the pulsed electron beam is accompa-
nied by the formation of a developed surface relief with micro-cracks and cra-
ters. The surface profile has a wavelike type with hemispherical protrusions.
The strength and plasticity of the surface layer modified by the pulsed elec-
tron beam are determined according to the micro-hardness data.

Key words: pulsed beam of relativistic electrons, aluminium alloy, micro-
cracks, craters.

(Ompumano 25 ciunsa 2022 p.)

1. BCTYII

BuacTuBocCTi MOBepXHEBUX IIPOIIAPKiIB MeTAJIiB i CTOIIB Ay Ke 4acTo Bi-
IirpaioTh BUsHAUYaJbHY POJIb 32 YMOBU BUKOPHUCTAHHSA IX AK KOHCTPYK-
mifinux MartepisanaiB. OOpoOJIeHHs K IIOBEPXHi BUPOOIB KOHIIEHTPOBA-
HUMH IIOTOKAMU eHeprii Jae MOMKJIMBICTD IiJiecIIpAMOBAHO MOAUMIKY-
Batu ii BaactuBocTi. Cepen 6ararbox MeTon Moau@ikailii moBepxHi, 1o
BKJIIOUAIOTh OIITHMi3allilo MiKpPOCTPYKTYPH, 3HAUHA yBara NpUIiaaeThb-
cdA OIIPOMiHEHHIO HOHHUMMU, JIa3ePHUMMU Ta eJIeKTPOHHUMU ITyuykamu [1].
OpHak cepel pi3HMX TEeXHOJOTil ITOBEPXHEBOTo 0OPOOJEeHHSA OCTaHHIM
YacoM BUKJIMNKAE Bce OLIBITY 3alliKaBJIEHICTh iMIYJILCHUY €JIeKTPOHHUT
IIYY0K 3 BUCOKUM CTPYMOM, SIKUH MOKe AocAraTy coTeHb KA [2—9]. Ia
MeToAuKa Mae OijibIlle mepeBar mepej MeTOAUKOIO O0pOOJeHHs Jiasep-
HUMU Ta HOHHMMU IIYYKaMU B acIeKTi MpocToTu Ta HaxifimocTu. Bona
TaKOXK MOJKe PO3TJIAJATHCh AK iHCTPYMEHT AMCIIePI'YBaHHSA ITOBEepPXHe-
BOTO IIApy MaTepisy, IO JO3BOJUTH YAOCKOHAJIIOBATA METOHY €JIeKT-
poickposoro jgerypauus [10, 11]. EHeproedexTuBHiCTE 00p06IeHHA iM-
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myJabcHUM eseKTpoHHUM nyukoM (IEIT) € mabaraTo BuIoio, HiXK y J1ase-
pHoro myuka. Taxko:x B pasi ompomimennsa IEIl BiacyTHs mpobiema
BILIUBY MOHHUX AOMINIOK, CIPUYMHEHUX OIPOMiHEHHAM MOHHUM IyY-
koM. ITig uac onpominenns IEII sucoka enepris (108—10° Br/cm?) moske
BUAIIATUCA Y IIOBEPXHEBOMY MHIapi MPOTATOM AY:Ke KOPOTKOTO Yacy
(MeHIIIe TECATKIB MiKPOCEKYH), BUKJINKAIOUN IMBUAKUIN HaArpis, TOII-
JIeHHSI, HaBiThb BUIIaPOBYBAHHSA, a IIOTIM HAMINMBUIKE 3aCTUTAHHA Ta
oxoJsomkeHHA. HagsBnuaiHO HIBUIKI TEPMOIMUKJIN MOMKYTh BUKJINKATH
monpiOHeHHS 3epHa y moBepxHeBoMy Iapi. Kpim Toro, y mogudikosa-
HOMY HIapi MOKYTh YTBOPIOBATHCA PidHI HEPiBHOBaKHI MiKpPOCTPYKTY-
pu, Taki AK AUCJOKAIlil, IBIiMHWKM, BaKaHCii, IepecuueHUl TBepAUN
posunu Toro. Hacrigkom Takux 3MiH Moske OyTH HiZBUINTEHHA MiKpOT-
BEepPIOCTH, KOPOBiMHOI CTIAKOCTH Ta 3HOCOCTiMKOCTH IMOBEPXHI MaTepi-
SAJIIB, 3MEHIIIeHH KoedimieHTa TepTs, IMigBUITeHHA JUHAMIYHOI MiITHO-
ctu BupoOiB. PaKTHUHO, pisHOMaHiITHI MogudiKaIii MiKpOCTPYKTypHU
Ta IIOKpaIlleHi BJIACTUBOCTI MaTePisaIiB, AKi € HEJOCIKHIMU 3a 3BUYAM -
HUX METOJ TepMOMeXaHiuHOTOo OOpOoOJeHHA, MOKYTHL OyTH Ofep:KaHi
nissxom onpominenusa IEIT [2-9].

Crinx sasmaunTu, 1o Mmogudikamia mosepxui IEII cynpoBom:KyeThesa
YTBOPEHHAM TomnorpadiuHoro peibey Ha IOoBepxHi mimnieHi. Briiue Ha
Tomorpadiio peabedy TOBepXHi miciisgs o0poOJeHHS eIeKTPOHHUM IIyU-
KOM 3IiliICHIOE HM3Ka (DAKTOPiB, OCHOBHUMU cepel AKUX € iHTeHCHUBHE
BUIIaPOBYBaHHA, IO CTBOPIOE THCK Bifjadi mapu Ta ropu30oHTAJIbHUMN
NOTiK mapu; BUKUJ MaTepidany MillleHi Ta po3UMHEeHHA BKJIOUEHb Y Ha-
BKOJIMIITHHLOMY MAaTEPisijli pO3TOIy, IO CTBOPIOE HEOTHOPIAHUHA Xemidu-
HUH CKJAaI; TeMIepaTypHi rpafieHTu Ta HOoTiK poadromy. CKaagHa B3ae-
MOJifA 3a3HAUEHUX IIPOIlEeCiB BilIIOBimae 3a mpod)ijab MOBEepPXHi, IO CIIO-
cTepiraeTbca Ha MeTajJeBUX MilmeHAX micas odpobsmennsa IEII. Tomy
BaXKJIMBUM 1 aKTyaJbHUM 3aBJaHHAM € BUBUeHHA Mop(doJiorii moBepx-
Hi, AKa YTBOPIOETLCA IicJisa ail Ha marepisan IEIL. Bennke sHaueHHs Ta-
KOK MalTh 3HaHHA npo BmiuB nmapamerpiB IEII Ha xapakTep Tomorpa-
(GiuyHOTrO MaNIOHKY, AKUHU YTBOPIOETHCA HA TOBEPXHAX MiIllleHel micad ix
00pobsieHHA. Y IIifi PoOOTi JeTaJbHO OXapaKTepHU30BaHO MOP(doJIoTiio
MIOBEPXHI Ta €BOJIIOI[iI0 MiKPOCTPYKTYpPH MOAN(PIKOBAHOIO IIAPy AJIIO-
minifioBoro cromy 6111 micaa onmpominennsa IEIL.

2. METOOUKA ITPOBEJEHHS EKCIIEPUMEHTIB

IIJia ompoMiHEeHHS BUTOTOBJIAIN ILIACTUHY 3 po3mipamu 100x100 mm? 3
JucTiB amominitoBoro crouny 6111, ToBiunom 1,1 mm. Ilepen ompomi-
HEeHHSIM ITOBePXHEBUH ITIap IJIaKipoBKY IJIacTUHU OyB BimmurioBanmii,
a ITOBepXH IJTaCTUHU OyJia BigmosipoBama. OmpoMiHeHHA ITiATOTOBJIE-
HUX TaKUM YMHOM ImacTuH npooauaocd IEII va npuckopioBaui TEMP-
A B HHII «X®PTI» HAH Vkpaiunu [2, 3, 9]. 'ycTuHa moTOKy eHeprii Ha
mimeni W cramoBuna mnpubiamzao 10°Br/cm? (emepris myuKa
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E ~0,35MeB, ctpym I ~2000 A, tpuBaiicts iMmmnyascy t~5-10°¢, mxi-
amerp nyuka D ~ 3 cm). OupomineHHA 34iMCHIOBAJIOCA OTHUM iMITYJIb-
com y Bakyywmi mpu 1,3-103 I1a.

JocaimxeHHsa MiKpPOCTPYKTYPH i hppakTorpamu 3jiaMiB OIpoMiHEHUX
3pasKiB IPOBEIeHi 3a JOIIOMOT'0I0 CKAHYBaJIbHOTO €JIEKTPOHHOI'O MiKpO-
crony Tescan VEGA 3 LMH. EneprogucmepciiiHa peHTI'eHiBCbKa MiK-
poamasiza JJOKaJIbHUX MiKP0O00O’€MiB OITPOMiHEHUMX IIapiB CTOIY IIPOBO-
VIV 32 JOIIOMOTOI0 CKaHYBAaJIbHOTO €JIeKTPOHHOT0 MiKkpocKkomna Tescan
VEGA 3 LMH 3 npucTaBKOIO IJId PEHTIeHiBChbKOI eHeprogucIepciiiiol
mixkpoananisu cucremu «Bruker XFlash 5010». Posmozmin jerymoumx
eJIEMeHTiB Ha ILJIOIUHI ITyTiha BU3HAUAIU B PeXKUMi KapTyBaHHA Ha pa-
cTpoBOMYy eneKTpoHHOMY Mikpockomi Tescan VEGA 3 LMH meromoro
eHeprojiucuepciiiHol peHTT'eHiBChKOI aHajisu.

MikpoTBepicTs BUMipIOBaiv IPpU KiMHATHIN TeMIlepaTypi Ha MOBiT-
pi 3 BuKkopucranuaaMm MikporBepaomipa IIMT-3M sa meTomoro Bikkepca
(HV) upu naBaunTa:xenui 50 r.

3. MATEPIAJI

MarepiaaoM, SOCHIMKEHNM Y I[ifi poOOTi, OYB KOMEpIiiHMI aJIOMiHi-
toBuii crom 6111-T4 3 xemiuHuM cKIamoM, HaBegeHUM y Tabdma. 1. Caixg
3a3HAUNTH, ITI0 OKPiM OCHOBHUX JieTr'yloumnx ejaeMeHTiB (Si i Mg), 1o 3a-
0e3IIeuyIoTh TBEPAOPO3UMHHE i JucHepciiime 3MiIlHEeHHA, CTOOM cepil
6xXXX TOTATKOBO JeIr'yioTh KympymMoMm (3 MeTOI0 IIOAAJBIITOr0 HigBUIIEeH-
HSI MeXaHiuHMWX BJIACTUBOCTElH), XpomMoM (3 MeTO0 KoMMeHcalii He-
cupuAaTInBoro BBy KympyMy Ha KOpO3iliHiI BIacTMBOCTi), a TaKOK
MapraHIleM, AKNU CHiJIBHO 3 XPOMOM IIEPEINKOAKae cerperarii Kpem-
Hifo Ha Me:Kax 3epeH [12].

AurominifioBuii cron 6111 6yB pospobJsenuii Kommamieio Alcan B
1983 porri [13]. Biu 3acTocoByeThCcs B aBTOMOGiI€0y IyBaHHi, OCKiIbKI
OEAHYE B COOi XOPOIITYy 3JaTHICTh 40 (DOPMOBKM i BUCOKMU IMOTEHILiAI
nmo aminmuenud [13]. daa Toro, o6 30iAbIIINTH MIiITHICTh JUTUX HaMiB-
dabpurarip amoMiHitioBoro cromy 6111 3acTOCOBYIOTH CTaHIAPTHE Te-
pMmiuHe 06pobsmenns T4 (rapryBamusa Ta mpupoaHe crapinusa). Ilomanb-
I1e OMigBUINEeHHA MimfHocTH cTtomry 6111 gocaraeThecs 3a paXyHOK BUTi-
JgerHsa Gasu Mg.Si mig yac IMITYyYHOTO CTAPiHHA B IIOETHAHHI 3 BBEIEH-
HAM JIedAKO0l ZOJaTKOBOI I'YyCTHHM JHCJOKAIlIN 3a PaXyHOK HEe3Ha4YHOI

TABJINIIA 1. Xemiunwnii ckiaan (% mac.) amrominiioBoro cromy 6111.
TABLE 1. Chemical composition (% wt.) of AA6111 aluminium alloy.

Mg | si Cu | Mn | Fe Cr Al
0,5-0,9 0,7-1,1 0,5-0,7 0,1-0,4 0,1-0,4 0,1  Ocmosa
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morepeqHbOI gedopmartii [13, 14].

Cepenniii poamip 3epua cromy 6111, gocaimskyBamoro y i po0ori,
oyso BusHaueHo Ak 40 mxMm. MexaHiuni BunpoOyBaHHA Opu KiMHaATHIN
TeMIIepaTypi JO3BOJIMIN BUSHAUNTH, 1[0 MEXKA MIiI[HOCTH CTOIIY CKJIagae
340 MIla, a mexa nauuHoctu — 152 MIla. MakcumaibHe BUTOBMKEHHA
0 3pYMHYBaHHSA IPU KiMHATHUX TeMIeparypax ckiaazae 21% . Ilpu Bu-
COKHMX I'OMOJIOTIUHIX TeMIIepaTypax, He3BayKaour HA JOCUTh KPYIIHUA
po3Mip 3epeH, CTOI AEeMOHCTPYE HaAILIacTHUUHy moBedinky [15]. Ilpu
remmeparypi T=793K i mBuakocti ictuHHOI medopmarrii
£=5,2-10" ¢! BumoB:KEeHHS 3pasKiB LBHOTO CTOIY IO SPYHHYBAHHS
criagae 180% .

4. PE3YJIBTATH TA IX OBTOBOPEHHSA

BuBueHHs MOBepPXHEBOTO peabedy, IO YTBOPIOEThHCA HA MillleHi miciia
nii ga Hel IEII, mae ny:ke BeJnKe 3HAYEHHA AK 3 HAYKOBOI TOUYKHU 30PY,
OCKiJIBbKH ITe Ja€ HOBi 3HAHHSA PO HUBKY (pismuHMX IIpoliecis, 110 Big0y-
BatoThed 1mifg uac Aii IEIL, Tak i 3 mpakTHYHOI TOUKM 30PY AJIA POSYMiHHA
MOKJIMBOCTH 3aCTOCYBAaHHA Ha IIPAKTUIIL TAKOro0 BHAY OIIPOMiHEHHS
I 00po0JIeHHSA MMOBEPXOHD AeTajell i HaniBdpadbpukariB. OckinbKu Ma-

Puc. 1. 3aranpHuii B OIPOMiHEeHOI IJIACTUHU 3 aJIloMiHifioBoro cromy 6111
(a) Ta Buau OinAHOK ompoMiHeHOi moBepxHi cromy 6111 3a pisHoi BearmumHMN
36iybmenss (0, 8, 2).

Fig. 1. General view of the irradiated plate of aluminium alloy 6111 (a) and
types of areas of the irradiated surface of the alloy 6111 at different ranges of
magnification (0, s, 2).
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KcuMasibHe moramHauHHA eHeprii IEII moBoguThcd Ha MigIOBEPXHEBY
00J1acTh, BiOyBaeThCcA MiKPOBMOYX IOBEPXHi, IO CYIPOBOIKYETHCS
yIapHO-IIJIACTUYHOIO XBUJIEIO B HAIIPAMKY MiIlleHi Ta BUKUI0OM MaTepi-
sy B cTOopoRy mii myuka [2—9]. Posromnenuii map marepisany mimieni
KPUCTANi3yeThCA BHACTIIOK TEILIOOOMiHY 3 HEPO3TOILIEHOI0 UACTUHOIO
mimmeni. Ha pucyuky 1, ¢ mokasaHo 3arajJbHUI BUTJIAL IIOBEPXHI ILIac-
TUHU, BUTOTOBJIEHOI 3i cTomry 6111, aka O0ysa onpominena IEIL. Hocmin-
HUH 3pasoK Ha IIbOMY PHCYHKY € He muIioBammMu i 30epirae sapuuaii-
HUH TOBEPXHEBUII peabed), B AKOMY 3allMcaHa icTopis Kpucrajisarmii
rioro poaromaenoi IEII moBepxHi. BugHo, 1110 iHTeHCUBHUI TENJIOBUMA
HarpiB MJIaCTUHU, CTBOPIOBAHUM IIyYKOM €JeKTPOHIB, IPU3BiB 10 OTOM-
JeHHd i moBepxHeBOro mapy. YacTuHa IPOAYKTiB abadaIii, e;kekToBa-
Ha y BUIVIALL pPigkoi (asu, CKOHAEeHCYyBaJacsa HEOTHOPIZHNM KpameJib-
HUM IIOKPOBOM Ha IIoBepxHi Mmimteni. Ha pucynkax 1, 6—2 maBegeHo 30i-
JBIIeHUN BUJ PALy GparMeHTiB moBepxHi maactunu crony 6111 micas
onpominenHd IEIL. Hia IEIIl cipuuuamnaa (popMyBaHHA Ha MillleHi poa-
BUHYTOTO peabedy IMMOBEPXHi, /e IPUCYTHI MIiKpOTpimuHU i KpaTepu
(puc. 1, 6, 8). 3a TOIOMOT'0I0 PACTPOBOI €JIEKTPOHHOI MiKPOCKOIMil MOXK-
Ha CIOCTepiraTtu 4iTKy PiBHOBICHY 3e€pPeHHY CTPYKTYPY 3 pPo3Mipom 3e-
per npubausuo 0,7 MKM (puc. 1, 2), AKa, OUEBUIHO, YTBOPIOETHCA BHA-
CIiIOK HAAIIBUAKOIO 3aCTUTaHHA poaTomy 3i mBuakicTio 10™-10°K/c.
SAK BUIHO 3 IILOTO PUCYHKY, Hicisa oopobiennsa IEII na moBepxHi Mmitreni
YiTKiCTh MEJK 3epeH € JOCUTh OUeBUIHOIO HaBiThL 0e3 miaBieHHs. To6To
micasa onpoMiHeHHA eJeKTPOHHUM ITYYKOM MeXKi 3epeH BUHUKAJIU Ha
IMOBEePXHi 0e3 IaBJeHHsd, IIPO TOAi0He IBUIIE IIOBITOMJISIOCSA paHilie B
[16]. IloaBy Me:K 3epeH IOB’A3YIOTH 3 HAAIIBUAKUM HarpiBaHHAM Ta
OXOJIOMKEeHHAM HPH ONPOMiHEHHi eJeKTpoHHUM IyukoMm. IIpo Te, mio
MiKpPOCTPYKTYPY OOpOOJIEHNX eJIeKTPOHHUM IPOMEHeM 3pasKiB MOMKHA
crocTepiratu 6e3mocepenHLo 0e3 IIPOoIlecy XeMiuHOTO IaBJeHHSA, 0yJI0
BKasaHo 1mie B [17]. Ileit BuCHOBOK OYB ITiATBEPIKeHU 1 B IIbOMY JOCJTIi-
mxendi. TakuM YMHOM, BCTAHOBJEHO, ITTO Ge3locepelHbO B IIOBEpPXHE-
BuXx mporapkax crony 6111 o6pobaenns IEII ciipusie mucmepryBaHHIO
3ePEeHHOI CTPYKTYpPHU, IPH I[LOMY PO3Mip 3epeH y IOPiBHAHHI 3 BUXil-
HUM CTaHOM 3MEHIITYE€ThCA Malike Ha IBa IOPAIKMN.

Cain sasHaumTH, IO IPHU BidyasabHill aHai3i MOMiTHe CyTTEBE ITOTe-
MHIiHHSA IIOBEepXHi ompoMinenoi miaactuau (puc. 1, a). Ile Mmoske mmosAcHIO-
BaTHCA OKMCHEHHAM noBepxHi mogudikosanoro IEII mapy mix uac Baa-
eMozii 3 3aJMUITKOM aTMOc(hepHUX rasiB y BakyyMHi# kamepi. Ompomi-
HEHHA 3IiMCHIOETHCSA YCepeanHi BaKyyMHOI KaMepH IPUCKOPIOBadya Ipu
tucky 1,3-1073 ITa. 3a TaKOro THCKY IPOIleCH OKHCHEHHS Bce e Binoy-
BATUMYTBLCSA uepes HaaBHICTH OKCUT'eHY B 3aJUIITKOBOMY BAaKYYMHOMY
cepenoBuillli. Pe3ysibTaTn KiJbKiCHOI eHEeproancIlepciiHol aHaisdm mi-
JSHKY Ha IOBEePXHi OTOILJIeHOTO I1apy (puc. 2, a), aKi mpuBemeHi B Ta0-
JUIi 2, TTIOKa3yTh, 1110, OKPiM OCHOBHUX JIeTYBaJbHUX €JIeMEeHTiB, Ha
moBepxHi € mpucyTHiM OKcuren. Ha pucyHkax 2, 6, 8 HaBeIeHO Pe3yJib-
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TaTHU OOCIiJKeHHA posnoainy aromiB Mg i Al Ha moBepxHi Tiel & minsa-
HKM IIepPeTOILJIEHOTO MIapy, IPOBeIeHNX Y pPerKMi KapTyBaHHA. Maraii
Ha IOBEPXHi Ma€ OCTPiBIIeBUII PO3MOIija, TOAI AK aToMMu AJTIOMiHiI0 Ma-
I0TH OinbIN omHOpigHMIT posmoaia. Ik Bigmomo [18], okucuenua Marsuiro
y TOOBiTpAHiN aTmocgepi e 3HAUHO eHepriliHinIe, HiXK OKUCHEHHA
Anominiro. Oxkcun Marsio yreBoproeTbesa mBuamie, Hixk AlxOs, uepes
BUIIY peakIiiiny 3gaTHicTh Marwmiro, Hisk y Aadiominio. 3a OKMCHeHHS
poaTony aJroMiHifioBOTO cTOITY, 110 MicTuTh Maruiii, crmouaTky yTBOpPIO-
etbea MgO [18, 19]. Ilix yac momaabIIoro OKMCHEHHA MOXKe YTBOPIOBa-
tuch okcun Al:MgOs a BiKe MOTIM yTBOPIOETHCS CYILJIBHUI TOHKUI
nporrapok 3 AlxOs, AKUI pOOUTE HEMOMKINBUM IIOAAJBIIE IPOHNKHEH-
Hsa OKCHUI'eHY B CTOII i OKMCHEeHHS MPUINHIETHCS.

BpaxoByloun xapakTepHe CIIiBBimHOIIIeHHA MacoBuX yacTok Oxcure-
Hy i Marwuiro (Tabs. 2) MO:KHA TOBOPUTH, IO Ha MOBEPXHi IepeTOoILIeHO-
ro IIapy icHye HeOJHOPiJlHa OCTpiBIleBa OKCHUAHA ILJIiBKa, IO CKJaja-
erhea 3 MgO. Ilemno Buira Ha MmoauG)iKoBaHill TOBepXHi y MOPiBHAHHI 3
cepeqHiM 3HaUeHHSIM Y CKJIAAi cTomy KoHIleHTparia Marxito (quB. TabJr.
1, 2), imoBipHO, OOyMOBJIEHA TUM, IO ¥ POPMYBaHHSI €HEePreTUuYHOTO
CIIEKTPY IIPW IPOBEIEeHHI eHeproaucIiepCiiHOol MiKpoaHAaJi3W II0OBEepPX-
HEB1 OKCHUIHI IPOIIapKH Jal0Th 3aBUINeHNI TNTOMUI BHECOK.

Ha pucyHKy 3 mpuBeIeHO0 BUIM IIOIEPEUHOr0 Iepepis3y OTOILIeHo]l Io-
BepXHi, IUBJIAYNCH HA AKI MOKHaA OoxXapaKTepu3yBaTU HEOAHOPiAHOCTI
IIOBEPXHEBOI0 peJabed)y i IMepCTKICTh IMOBEPXHi cTOoIy, MOoAmn(pikoBaHOI
niero IEII. IloBepxHA Mae XBUJAACTUN THUI 3 JOKAJbHUMHU BUCTyNaMM,
Bucora AKuXx carae mouan 100 mxm (puc. 3, a). HaaBHicTs TaKMUX HAITiB-
ceprYHNX BUCTYIIiB 3yMOBJIeHA PO30PU3KYBAHHIM PO3TOITY 3 OCepel-
Ky MaKCHUMAaJbHOTO €HEeProBUAiIeHHA Ta HAAIIBUAKUM 3arapTyBaHHSI
poaTony mmicias ompomimeHHaA. Cioim 3asHAUMTH, IO JIOKAJbHA IIEPCT-
KicTb moBepxHi He mepeBulye 1,7 MM (puc. 3, 6).

Puc. 2. MikpocTpyKTypa moBepxHi onpomineHol miacturu crouny 6111: subpa-
Ha OiISHKA IJA IPOBEIeHHS eHeproAuciiepciiiHol aHaisu (a), pos3momig xemi-
YHUX €JIEMEHTIB B peKuMi KapTyBauus (0, 8).

Fig. 2. The microstructure of the surface of the irradiated plate of the 6111
alloy: selected area for carrying-out EDS analysis (a), distribution of chemical
elements in the mapping mode (6, 8).
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TABJINIIA 2. PesyabraTu eHeprojuciepciiinoi anamxisu BuAiIeHOI HiISHKN
Ha puc. 2, a.

TABLE 2. EDS analysis results of zone 1 in Fig. 2, a.

No minmsis- Bwmict enemenTiB, % mac.
Ku o | Mg | Al | si | Mo | Fe | cCu
1 3,41 1,77 94,14 0,35 0,04 0,06 0,22

Ax 6yJs10 BUAHO 3 pPUCYHKIB 1, 0, 8 TOBepXHEBA CTPYKTYpPa HPOIIAPKY,
M0 3aKPUCTAJIi3yBaBCs IIiCJIA OIPOMiHEeHHs, po3CciueHa TpimumHaMU Ha
KOHIJIOMEPATH, CepelHill posMip AKuX ckiaazae 6ausnrko 200 Mmxm. Ce-
penHa BigcTaHb MisK KpasgMU TPIllTUH cKJamae mpubausuo 2 MmkMm. Has-
BHICTh TaKUX TPIIIMH € XapaKTEepPHOIO i IJd iHIUX aJloMiHifloOBUX CTO-
miB, onpomimenux IEII 3 Takumu K mapamerpamu [2, 3, 5, 9]. Ha pucy-
HKY 4 TmoKasaHo 30ijblIeHMi (parMeHT Takoi Tpimmuau. PosTpicky-
BaHHSA MOBEPXHEBOIO ITIapy CBiIUMTh IPO HASABHICTh 3HAUYHUX BHYTPIIII-
HiX HaAIpyXeHb, 10 BUHUKAIOTh B OTOILJIEHOMY IlIapi B MOMEHT HOoT0 3a-
TBepainua. Kk BugHO 3 puc. 3, a, TPillMH MaIOTh 3UT3aronoaioHi mimsa-
HKM. 3UTr3aromnofioHe ImMOIMUPeHHa TPillluH, IMOBipHO, OB’ A3aHe 3 JIO-
KaJbHOI HEOTHOPiAHICTIO XapaKTePUCTUK MIITHOCTH Ta IIJIACTUYHOCTH
IIePeTOoIJIeHOTO IIapy B PisHUX Moro Mikpoo6’eMax i, 30Kpema, 3 JIOKa-
JBHOIO HEOTHOPiTHICTIO PO3IIOAiIY Jer'yBaJbHIX €JIEeMEHTIiB B MaTepisai
IIOBEPXHEBOTI0 IIapy mif uac oro 3aTBepainusa. OueBUIHO, peslaKkcaIisa
BHYTPIITHIX HaNpyKeHb, 10 BUHUKJM B Pe3yJbTaTi BILJIMBY OIIPOMi-
HeHHs Ha MOBEPXHIO IJIACTUHH 3i cromy 6111, OyJjia He TOBHOIO Mipoio
3rificHeHa B X0/l KpHUcTaJi3allii OTOIJIeHOT0 TOBEPXHEBOTO I1apy, TOMY
BHYTPIllTHI HaANpPY:KeHHA, IO BaJUIIUINCI, CTAJN IPUUYNHOIO YTBO-
peHHs TpimuH. AHajisa BUAY BHYTPIiNIHBOI moBepxHi TpimuH (puc. 4,

Puc. 3. Tonmorpadia gimanox moBepxHi cromy 6111, 1o yrBopmiaca mmim dac
ounpominenus [EIT.

Fig. 3. Topography of the surface areas of the 6111 alloy that are formed dur-
ing the pulsed electron beam irradiation.
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0) mae mimcTaBu TOBOPUTH IIPO Te, ITTO YTBOPEHHS TPIIIMHU B MOBEPXHE-
BOMY Moau(piKoBaHOMY IIapi BimbyBasocs mo Mmesxax 3epeH.

BBakaeTrncs, 1110 OZHUM 3 OCHOBHUX HEeraTUBHUX e(heKTiB, BUKJINKA-
HUX OOpOOJEeHHAM iMITyJIbCHUM €HEePreTHUYHUM IIYUYKOM, € YTBOPEHHS
KpaTepiB Ha HOBEPXHi, sSKe 3a3BUYAM POIIMIHIOETHCA AK IIOTiPIIEeHHS
moBepxHi [20, 21]. 3asHauaeTbcs, IO HaCTAiIKaMU YTBOPEHHS KpaTepis
€ 301JIBITIeHHS MIIePCTKOCTY IOBEPXHi Ta YTBOPEHHS B IIPUIIOBEPXHEBOMY
mrapi JoKaJbHUX obJacTel i3 CUJIbHO HepiBHOMipHUMHU HedopMalliifHoO-
Hampy:KeuuMu ctaHamu. OgHaK 3a HAJEXKHUX YMOB 00pOOJeHHS yTBO-
PeHHs KpaTepiB MOKHA BUKOPUCTATHU IJIS BUAAJEHHA TOMIIIIOK Y IIOBe-
PXHEeBOMY IIIapi 3a [IOIIOMOTOI0 TaK 3BaHOTO e(EKTy «CeJeKTUBHOTO
OuUuIlieHH» [22], 110 MOKe IMOKPAIUTH KOpo3iliHy crifikicTh. Taxum
YMHOM, BUBUEHHSA I[HOT0 SIBUINA € HAA3BUUYANHO BAMKJIUBUM JJISI OTPHU-
MaHHA MaKCHUMAaJIbHOTO MOTEHIiANy Big BuKopuctanHa TexHiku IEII.
Ha pucyHKy 5 mpuBeaeHO BUJA THUIOBOTO KpaTepy Ha ompomineniit IEIT
moBepxHi amominitoBoro cromy 6111. Kparep mae BOPOHKOMOAiIOHY Ki-
JbIeBY (hopMy 3 FHOM mapabosiunoi dopmu. [ismerp mpuBegeHOro HaA
puc. 5 KpaTepa mpubIM3HO cKJaagac Beauunny 60 mrm. Cirig 3asHaum-
T, 110 AiAMeTpu KpaTepiB Ha moaudirosaniit IEIl moBepxHi cromy
6111 € pisaumMu, aje ix Aigma3oH JeXKUTh B iHTepBaJi mpubausuo Big 10
mo 100 mxMm. Hapasi cepen mocaigHMKIB OCHOBHOIO TillOTE30I0 YTBO-
peuusa KpaTtepis 3a 06podaerHa IEII € HeomgHOpigHe JOoKaIbHE TOIJISHHS
B IIPUIIOBEPXHEBUX IIPOITapKax MaTepidy MiIlleHi mig yac orpoMiHeH-
HS Ta HACTYIIHE 3a HUM BHUBEP)XKEHHS PO3TOIJIEHOTO MATepisany uepes
TBEpAY 30BHIiIIHIO ToBepxHIO [20]. € i iHIII AYMKHM BiTHOCHO MeXaHiZMy
yTBOopeHHsa KparepiB [23]. dna 6insbmn riamOOKOTO PO3YMIiHHSA ITHOTO
ABUIA TOTPiOHI HOBi OiIBII JeTalIbHI JOCTiAKeHHA.

XeMiYHUY CKJIAT € OJHIM 3 OCHOBHUX IIOKA3HUKIB CTPYKTYPU METaTy
micasa oopobJenusa oro moBepxHi IEIL. Posmogin xeMiuHNX eJleMeHTiB
(Al, Si, Mg, Mn) B pe:xkuMi KapTyBaHHSA B CTPYKTYPHUX CKJIAJIOBUX IIO-
IIepevHoro mepepisy ompominenoi mimeHi 3 cromy 6111 moxasaHo Ha

Puc. 4. Tpimuia Ha TOBePXHi mepeToIaeHoro mapy cromy 6111.

Fig. 4. Crack on the surface of the remolten layer of the 6111 alloy.
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puc. 6. na BuaBmenHa BIauBy ompomineHHs IEIl ma KoHmeHTpaliio
Jer'yioumx ejJIeMeHTiB y TBEPAOMY PO3UYMHiI Ha OCHOBIi ayifoMiHii0O cTOITy
6111 6ys0 mpoBeIeHO KiTbKiCHY eHepTroAuCIepPCciiiny analisy BuUOpaHux
IiJAHOK Ha IIOIIEPeYHOMY IIepepisdi OTOoIJIeHOl 30HH i 1A MOPiBHAHHA B
30Hi, AKxa He OyJja meperornieHa gieio IEIL.

Ha pucyury 6, a mokasani 1i ginaaku. K IJd OCHOBHOTO MeTaly,
Tak i IJIs IepeToIIeHOr0 eJIEKTPOHHUM HYYKOM IIOBEPXHEBOTO IIapy,
OiIAHKY IJIs TPOBEIEHHSA eHepProguclepciiinol aHaisum BuOuMpaamncs
BUIIQJKOBMM UMHOM. XEeMiuHi CKJIagu 3asHAUYEeHUX Ha puc. 6, a mias-
HOK, HaBegeHi B Ta0a. 3. KokHe 3HAUeHH:A, IIpeAcTaBjeHe B Ta0I. 2, €
cepenHiM 3HAUEHHSAM AJIS BUNAJKOBO BUOPAHUX MiIAHOK. AHAIi3youn i
TMOPiBHIOIOUM JaHi 3 Tabja. 3, MOKHA 3pOOUTH PAJL BUCHOBKIB IIPO IIepe-
PO3MOoIia JieTyBaJbHUX eJ1eMeHTIB B TBEPAOMY PO3UMHI HA OCHOBI aJjio-
MiHiio B pesyabrarti aii IEIL. B mepimy uepry sBeprae yBary Ha cebe paxT
3MEHINIeHHS B OIPOMiHeHOMY Itapi KinbKocTu aromiB Mg. MabyTs, 1e
cTajocsd 3 Tiel MPUUYMHU, 10 TOBEPXHA HArpiToro B BaKyyMi po3TOIy B
IIpoIieci BUIIapoByBaHHA 301 HIOETHCA HAHMOIIBII JETIOUNMY KOMITOHEH-
TaMu, J0 AKUX, B MEPIIy 4epry, Hale:KuTb Mg. B o0paHux mimaHKax
obpobaenoro IEII mapy xigekicts aTromiB Si, Cu, Fe i Mn, HaBmakwm,
nmerro 3pocrae. Ile, MmabyTh, 00YMOBJIEHO YaCTKOBUM a00 IOBHUM DPO3YUH-
HeHHSIM a00 OTOILJIEHHAM, a MOTiM IepeMillyBaHHAM B PO3TOMI IIPUCYT-
HiX B MOYATKOBOMY CTaHi CTOIly YaCTMHOK iHTepmeranimHux (as. Ta-
KHUM YMHOM, I1icjsa o6pobaerns [EII B mepeTomieHoMy I1api yTBOPIOETh-
csI HOBUM TBEPAUM PO3UMH Ha OCHOBI ayIfoMiHil0. 3BepTae Ha cebe yBary
daKT 3HAUHOTO 30iIbINTEHHA B HOBOMY TBepAOMY po3umHi aTomiB Si. Ox-
Hi€lo 3 MPUYMH TAKOTr0 30iIbITTeHHA MOsKe OyTH TOIJIEHHS BeJINKUX Yac-
THHOK Kpemuiio 3a obpobimenusa IEIl. Ak BumgHo 3 pucyuky 6, 6, muad
CTPYKTYpHOro cTany crony 6111 xapakTepHUM € HASBHICTh KPYIHUX
yacTuHOK Si. [lisMeTp yacTHHOK KpeMHiio mocsarae 30 MKM, a poaTarry-

Puc. 5. Kparep Ha moBepxHi mepeTroiieHoro mapy cromy 6111.

Fig. 5. SEM image of crater on the surface of the remolten layer of the 6111
alloy.
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Puc. 6. MikpocTpyKTypa IIOIEePeuHoro Iepepisy onpoMiHeHOl ILJIaCTUHN CTOIY
6111: minAaukwy AJIA TPOBeIEHHA eHeproguclIepciiinol aHamisu (a), PO3MOmia
XeMiUYHUX eJIeMeHTiB B pesKuMi KapTyBaHHs (0, 6, 2).

Fig. 6. Microstructure of the cross section of the irradiated plate of the 6111
alloy: selected area for carrying-out energy-dispersive analysis (a), distribu-
tion of chemical elements in the mapping mode (6, 8, 2).

BaHHSA IIUX YAaCTUHOK Ha ILIOIII ILTiha € HeomHOpimzuuM. B meperornie-
Hifl 30HI Taki YacTHHKU BiKe He cIrocTepirarorbed i Cuiiliit Mmae Bike of-
HOPiZHUH PO3IOALI.

Bceranosieno, 1o BHacaigox Bmauy IEII Big6yBaeThesa s3MillHEHHS
IIOBEPXHEBOTO Iapy anioMiHifioBoro cromy 6111, mo xapakTepusyeTh-
cs 30iJIBIIIEHHAM MiKPOTBEPIOCTH I[HOT0o miapy 0inbin Hixk Ha 30% . Tak
MiKpoTBepaicTh miaacTuH crorry 6111 y mouaTKOBOMY CTaHiI CTaHOBUTH
Beauuuny T0HVy 5. MikporsepaicTs neperomaeroro IEII moBepxueBo-
ro miapy 36iabiryerbed i ckiaagae seauuuny 101HV, 5. 3Ha0UN MiKpo-
TBEPAIiCTEL CTOITY, MOXKHA POOMTH BMCHOBKH i IIpo iHIIi fioro Mmexamiumi
BJIACTUBOCTi. ICHYIOTh cII0cO0M HAOJIMIKEHOTrO BUSHAUEHHA MerKi IJINH-
HOCTH MaTepisfly Ta BeJIUUYNHU HOTO0 IJIACTUYHOCTH 3a JaHUMHU PO MiK-
porBepaicTh. IloegHaHHS TBEPAOCTH, MIITHOCTH Ta IJIACTUYHOCTH IIOB-
Hillle XxapaKkTepusye MeXaHiuHy IIOBeIiHKY MaTepisany, HisK TiTbKU TBe-
paicte. Tak cTocoBHO cTomiB cucteMu Al-Mg—Si, 10 AKMX HAJNEXKUTD i
IocaimsxeHuit B poboTi crom 6111, mepeTBOpeHHA 3 MeKi IIJIMHHOCTU Gy
(y MIIa) mo mikporsepmoctu HV (y VPN) mo:xxe 6yTu 3mificHeHo 3a I0-
momoroxo opmyau [24]:

HV = 0,330, +16,0. (1)
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TABJINIIA 3. PesysbraTu eHeproauciepciiinol aHamisu BUOpaHUX TiISTHOK
(puc. 6, a).

TABLE 3. EDS analysis results of the zones selected in Fig. 6, a.

Bwicr eremenris, % mac.

Ne minauakn

Mg Al Si Mn Fe Cu
1 0,57 98,56 0,40 0,07 0,13 0,31
0,61 98,53 0,37 0,07 0,11 0,31
3 0,85 98,71 0,13 0,03 0,07 0,21

Bigmosigao mo (1) mikpoTrBepzicTs momudiroBanoro mapy 101HV 50
MOBUMHHA BiAmoOBiZaTM B3HAUEHHI0O MeXXKi IINIMHHOCTH HPHUOJIM3HO
257 MIla. fIx OGynao BKasaHO BUINle, MeKa IJIMHHOCTH 3pPas3KiB IILOTO
CTOITYy y mouaTKoBoMY cTaHi OyJsa 152 MIlIa.

B pob6ori [24] 6ysu po3BUHEHI YABJIEHHS Ta METOAZUKM BU3HAUECHHS
XapaKTEePUCTUKU IIJIACTUYHOCTU IIPW BUMIipIOBaHHI MiKpOTBEPAOCTH.
ILracTuuHicTh POBIIAAAETHCA SAK YacTHHA ILJIACTHUYHOI medopmaririi y
3araJibHill HNPYKHO-IJIACTUYHIN medopmarrii. Boua BigmoBimae (ismu-
HOMY BUBHAUEHHIO IIJIACTUYHOCTH AK 3JaTHOCTHA MaTEPiAay 0 MJIACTU-
yHOi Jedopmariii. BusHaunTI TaKy XapaKTepUCTHUKA Y BUTJIAIL 0e3po3-
MipHOro mapaMerpa Om MOKHA ILISIXOM IIPOBEJEeHHSA PO3PaxXyHKIiB 3a
dopmy.ioro [25]

8, =1-14,31-v-2v*)HV / E, (2)

Ie v — xoegimient Ilyaccona, E — moxyas FOHra.

BennunHa BKasaHOI XapaKTEePUCTUKA IIACTUUYHOCTY Oy 3MiHIOETHCS BiJ
0 mpu cyTo mpy:kHi# gedopmarrii 7o 1 15 MOBHICTIO ILIaCTUYHOI Aedop-
martii. 3rigmo (2) maactuuHicTs cTory 6111 y mouaTKoBOMY CTaHi CKJazae
penuunny 0,92. Ilicia ompomimenusa IEII mnacTuyHicTh MOBEPXHEBOTO
Moam(iKoBaHOrO ITapy 3MiHIOEThCA i cKitagae Beanunny 0,89. TobTo mia-
CTUUHIiCTE epeTormieHoro IEIl moBepxHEBOro 11apy 3MEHITYETLCA. STiTHO
[25], HEOOXimHOI0 YMOBOIO AJIA BUSABJIEHHS IIJIACTUYHOCTH PisHUX MaTepia-
JiB € 3HaueHHs Oy~ 0,9 abo Oiybire 3a 1m0 BeauunHy. [Ipym MeHIIIX 3Ha-
YeHHAX Oy MaTepias B:ke Oyme KpuxkuM. Tobro sHauenHs ou~ 0,9 Bigmo-
Biflae B’ ABKOKPUXKOMY II€PEXOAY MJs OLIbITocT MaTepisriB. Tomy, 3riz-
HO IIUX pesyJabTaTiB, meperorieruii IEII map 6yme Bike KPUXKUM, Ha Bil-
MiHy Bij #ioro cTaHy 10 OIIPOMiHEHHS.

Ha pucyury 7 npuBeneno ¢pparmMeHTH (ppakTorpamMm 3JaMy OIPOMi-
HeHoOro 3paska cromy 6111. IlopiBHIOIOUM BuA (pparMeHTiB 3jaMiB He-
ONPOMiHEHOI 1 OIIPOMiHEHOI YacTHMHHU 3pa3Ka, MOKHA 3a3HAYUTH, IO
LI OIPOMiHEHOT0 ITOBEPXHEBOTO IIIapy XapakTep 3JIaMy € KPUXKUM, a Y
HEOIIPOMiHEeHOI YaCTHHU 3pasKy JOMiHYBaJbHUM MeXaHidaMOM DPYUHY-
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Puc. 7. ®pakrorpamu 3mamy crory 6111, mogudikoBamoro miero IEIL: mepero-
IIJIEHWH IIPOIIapokK (a), HellepeToIlJieHa YaCTHHA OIIPOMiHeHOo] mracTuHu (6).

Fig. 7. Fracture patterns of cross-sectional view of the 6111 alloy, which was
modified under the influence of pulsed electron beam: remolten intercalated
layer (a), non-melted part of the irradiated plate (6).

BaHHA € B A3Ke pyiiHyBaHHA. 1{i cmocTepe:keHHA 100pe Y3roa:KyIOThCA 3
JTaHUMU Ipo 6e3po3MipHIIi mapaMeTp ILIACTUYHOCTH Oy. TaKUM UMHOM,
ompoMiHeHUII MMOBepxXHeBUH Imap cromy 6111 crae 3HauHO MiITHiIITMM
aJjie IJACTUYHICTh OT0 3MEHIITYEThCS.

5. BUCHOBEKH

B it pobori 6yau BuBUeHi ocobamBoCTi MOPQOJIOrii MOBEPXHEBOT0 pe-
abedy amomiriiioBoro cromy 6111 micaa mogudikarii iioro miero iMmIry-
JIbCHOTO IIyYKa eJIeKTPOoHiB. OCHOBHI BUCHOBKU MOKHA cHOPMYIIOBATH
TaK.

Hia iMoysabCcHOTO MyYKa eJeKTPOHIB Ha miacTuHy cromy 6111 npus-
BOAUTH A0 OTOILJIEHHSA I10r0 IOBEPXHEBOTO MPOIIAPKY i 3MiHM Tomorpa-
(iuHOrO MaNIOHKY MOBepXHi. HOoBOyTBOpEeHAa IMOBEPXHSA Ma€ XBUJIACTUN
TUI 3 HamiBchepUYHMMHU BUCTYIaMHU, BHUCOTA SAKUX CArae IOHA[
100 mgM. JlokaybHA IIePCTKiCTL MOBepXHi He mepeBuInye 1,7 mkMm. Ha
TMIOBEePXHI IIePeTOILIEHOTO IIPOIIapKy (hOopMYy€eEThCA peabed i3 ciTKO0 Mi-
KpoTpimuH i Kpatepamu. TpiluHaM OiaATh IOBEPXHIO HA KOHTJIOMEpa-
TH, CepenHiii posaMip aKkux ckjaamae 0auspko 200 mxMm. Cepenus Bigc-
TaHb Mi’K BHYTPIIIHIMM KpasMu TPIlIUH CKJamae MPpuOJIN3HO 2 MKM.
KpaTepu MaioTh BOPOHKOIOAIOHY KiJbIleBYy (hOPMY 3 ZHOM HapaboriuHOoI
dopmu. [ianazoH gisMeTpiB KpaTepiB 3HaXOAUTHCA B iHTepBaJi Big 10
1o 100 MmxmMm.

B pesyabrarti aii IEII B mepeTonjaeHOMY IPOIIaPKy CIIOCTEPiraeTbecs
3MeHIIIeHHA KilbKocTu aTomiB Mg, a KinbKicThk aTomiB Si, Cu, Fe i Mn,
HaBOaKu, Aerio 3poctae. Takmil mepepos3mois JIer'yIoUnX eJeMeHTiB
CIPUUYNHEHNI BUIIaPOBYBAHHAM B BaKYyMi HAHOiIBII JIETIOUNX KOMIIO-
HEHTiB Ta PO3YMHEHHSIM i mepeMilllyBaHHAM B PO3TOIIi YACTUHOK iHTEp-
MeTraJdigHux das.
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3a maHMMM OPO MiKPOTBEPAiCTh BH3HAUEHI MerKa ILIMHHOCTU Ta Be-
JUYUHA IJIacTUYHOCTU MoaudikoBanoro aiero IEII moBepxHeBOTO MIapy
crony 6111. BecTaHOBIeHO, II[0 OIPOMiHEHHUH IIIap CTAE 3HAUHO MiITHi-
IIUM, aJie MJIaCTUYHICTh MOr0 3MEHIITYEThCA.

PoboTy BUKOHAHO 3a MiATPUMKHU Aep:KO0m:KeTHOI mporpamu «Iligr-
PUMKa PO3BUTKY NPIOPUTETHUX HANPAMIB HAYKOBUX MdOCTiIKEHBb»
(KIIKBK 6541230).
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Tpuoboa0TiuHi BJIACTHBOCTI KOMIIO3UI[iHHOTO MTOKPHUTTS
Ni—Cr—B—Si—06opoBmicHi qucnepcHi (pa3u, omepsKaHOrO
IYTOBUM HATOILTIOBAHHAM, 32 a0pa3uBHOI il Ta TePTA KOB3aHHSA

C. 0. JIysaHn, B. A. BaaTrkoscepruii’, A. C. JIyzar”

HauioHaavHuil mexniuHuil ynigepcumem
«XapkiecvKkuil noaimexHivHull incmumym»,

sys. Kupnuuosa, 2,

61002 Xapxis, Ykpaina

“Xapriscbkuil HAUIOHAALHUL MeXHIYHUL YHI8epcumem
cinbevio020 zocnodapecmea imeni Ilempa Bacunenka,
8ya. Anvescvkux, 44,
61002 Xapris, Ykpaina

IIpoBeneno MOPiBHANBLHY aHAJIZY CTPYKTYpPHO-(Ga30BOT0 CTaHY, MiKpPOTBEpP/I0-
CTH, 3HOCOCTIAKOCTH Ta MeXaHi3MiB 3HOIIYBAHHA IIPH BUIPOOYBAHHSIX IIO 3a-
KpimmeHoMy abpasuBy i HEKOPCTKO 3aKpilieHnX abpasuBHUX YAaCTKAaX, a Ta-
KOXK B yMOBaX TepTd KOB3aHHS, HATOIJIEHUX AYTOBUM CIOCOOOM TOKPUTTIB
KomnosuiiiinuM martepisaom (KM) Ha ocHOBi ITOPOIIIKOBOTO MaTepPisiiy cucTe-
mu Ni—Cr—B-Si, mogudikoBanoro marepisiaom, 1o mictuts 6opusu Turanmy,
Xpomy, i olep:KaHOro 3 3aCTOCYBaHHAM IIPOIECY CAMOIIOIINPIOBAHOTO BUCOKO-
TeMIIepPaTypPHOTO CUHTEe3y. BcTaHOBIEHO, 110 B YMOBAX 3HOIITYBAaHHS IO 3aKpi-
IIeHnX abpasmBHUX yacTKax 3HococTiiikicte KM (10% wmomudikyBamibLHOTO
Kommosuiitinoro marepigny (MKM)+90% IIT-10H-01) B 1,5 pasu, a KM
(20% MEKM +80% IIT-10H-01) B 1,7 pagiB mepeBuIilye MOKa3HUK B IIOPiB-
HaHHi i3 cronoMm IIT-10H-01. ITe o6ymoBieno BBegenaam MKM, akuii cipusie
YTBOPEHHIO HOBUX IIEHTPIiB KPUCTAJisallil Ipy HaATOILIIOBAaHHI i B pesyJbTari
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MIPU3BOAUTH A0 MOAPiOHEHHS cTpyKTypu. [lmacTuuna maTpuia Ha ocHOBI Hik-
g IIT-10H-01 nepeposnofinise Hanpyru, 3a0e3neuyoyn YMOBHU, B AKUX TBEP-
Ii CKJIaIOBi 3aliMalOTh CIIPUATJINBE IIOJIOMKEHHS. 3aBAAKHU IIbOMY yCYyBaEThCA
JIOKaJIbHE MiABUIIIEHHA KOHTAKTHOTO TUCKY i BHUIKYETHCA NMOBIpHIiCTD Bigpu-
BY TBepAMX 3HOCOCTiHKMX YaCTHMHOK. BcTaHoBJIeHO, IO IIPU TEPTi B yMOBax
BILIMBY HEXKOPCTKO 3aKPileHUX aO0pasMBHUX UYACTUHOK MIiABUINEHA 3HOCO-
crifiricts (B 1,2 pasu npu Bmicti 10% MKM ta B 1,4 pasu upu 20% MKM 6i-
Japlre B mopiBHAHHI 3i cromom IIT-10H-01) o6ymoBiieHa GiJIbIIT BUCOKOIO 3/1aT-
HicTro KM umHHTH OIip mpollecaM MiKpopisaHHS 3a paxyHOK ()OpMyBaHHS
CTPYKTYPH Ha OCHOBi HiKJ€BOI MaTpuIli, B AKill MicTATHCA PIBHOMipHO PO3IIO-
IineHi TBepAi BKJIOUeHHS y BUraAni gubopuny Turamy (TiBg), 6opunis Hikiio
(NisB) i Xpomy (CrB), okcuznis Turamy (TiO) ta ®@epymy (FesO4). Ha ocuoBi
OJlepPsKaHUX eKCIIEPMMEHTAJILHUX Pe3yJabTaTiB 3p00J€HO BUCHOBOK, II[O HAAB-
HicThb B HaTomjeHoMYy MOKpuTTi aumbopuzay Twuramy (TiB:), 6opuzmiz Xpomy
(CrB) i Hikaro (NisB), okcunis Turany (TiO) Ta @epymy (FesO4) mpusBoguTh
IO BHMKEHHSA iHTeHCUBHOCTY 3HOIITYBAaHHA B Pi3HUX YMOBaXxX TePTA.

KuarouoBi caoBa: KoMmosuiliinuii marepisna, 6opun, CBC-mpoiec, HATOILIIO-
BaHHS, 3HOCOCTIAKICTE.

A comparative analysis of the structural-phase state, microhardness, wear
resistance and wear mechanisms is carried out during tests on fixed abrasive
and non-rigid fixed abrasive particles, as well as in sliding friction condi-
tions, arc-deposited coatings with a composite material (CM) based on the
powder material of the Ni-Cr—B-Si system, modified with a material con-
taining titanium and chromium borides and obtained using the self-
propagating high temperature synthesis. It is found that under wear condi-
tions for fixed abrasive particles, the wear resistance of CM (10% modifying
composite material (MCM) +90% IIT-10H-01) is 1.5 times higher, and CM
(20% microns +80% IIT'-10H-01) is 1.7 times higher than that of the IIT-
10H-01 alloy. This is due to the introduction of MCM, which contributes to
the formation of new crystallization centres during surfacing and as a result
leads to grinding of the structure. The IIT'-10H-01 nickel-based plastic ma-
trix redistributes stresses, providing conditions in which solid components
occupy a favourable position. This eliminates the local increase in contact
pressure and reduces the probability of separation of solid wear-resistant
particles. It is found that under friction under the influence of non-rigid
abrasive particles, the increased wear resistance (1.2 times at a content of
10% MCM and 1.4 times at 20% MCM more compared to the IIT'-10H-01 al-
loy) is due to the higher ability of CM to resist micro-cutting processes due to
the formation of a structure based on a nickel matrix, which contains evenly
distributed solid inclusions in the form of titanium diboride (TiB:), nickel
borides (NizB) and chromium (CrB), titanium (TiO) and iron (Fes0,) oxides.
Based on the obtained experimental results, it is concluded that the presence
of titanium diboride (TiB2), chromium borides (CrB) and nickel (NisB), tita-
nium oxides (TiO) and iron (Fes0,4) in the deposited coating leads to a decrease
in the intensity of wear under various friction conditions.

Key words: composite material, boride, SHS-process, overlaying welding,
wear resistance.
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(Ompumano 10 cepnusa 2021 p.; ocmamouH. eapisnm — 19 epyous 2021 p.)

1. BCTYII

IligBuIneHHA KOHCTPYKIIIMHOI MiITHOCTH, HAAIMHOCTH Ta JOBTOBiYHOCTH
JeTajiell MexXaHi3MiB i MallH, MPOZOBXKEHHS PEeCcypcy eKcILIyaraii, a
TaKOK i1 peHoBaIlid MIJIAXO0M 3aCTOCYBaHHA CyYaCHUX MaTepidaiB i Tex-
HOJIOTI# 1)1 BiZHOBJIEHHSA MPAaIe3gaTHOCTH BY3JIiB 0 PiBHA HOBUX BHU-
po6iB — mpiopuTeTHI HATPAMU PO3BUTKY TexHiKu. [IpuunHa HU3BKOTO
pecypcy meTajieil MalllH OB’ A3aHa IMePeBaKHO 31 3HOCOM 1 KOPO3iHUM
MIOITKOIKEeHHAM iX ITOBepXHEBUX IMapiB. AOpasmBHUII 3HOC ITPEBAJIOE
Hang ycima immumu: 6ausbko 40% mgeraseiil 3aco6iB TPAHCIOPTY i Ciab-
CBLKOTOCIIONAPCHKMX MAIIWH MAalOTh UMCTO a0paswuBHUIL 3HOC i OGiJbIII
50% — abpasuBHUII 3HOC B KOMOiHAIlil 3 iHIIMMY BUAAME 3HOCY i Pyii-
HYBaHb ITIOBEPXHEBOTO IIapy. 3aCTOCYBAaHHS BiJOMUX KOHCTPYKIIIHHMX
MaTepiAIiB Bike He 3abe3neuye HeOOXiTHUN pecypc IIPH IIi ABUIEHH] iH-
TeHcudikamii excmayaramii. Bizomi TpamuiliiiHi MeToam 3MiITHEHHS:
TepMiuHa, XeMiKO-TepMiuHa, IIOBepXHEeBa ILIaCTHUYHA Aedopmalris ta-
KOJXK He 3aBXKJIH1, AK CBiIUUTH OCBim excmayararlii meraJieii, 3abesme-
YyIOTh BUMOTH, IO IIpel ABJSIOTHCA A0 HUX, i, KPiM TOro, BiACcyTHS
MOJKJIUBICTD IX PEMOHTY IITUMMU 3K METOJAMMU.

Cepen MeTo[ HATOILJIEHHS 3HOCOCTIHMKOIO IIapy HAMOiJIbLIIIEe 3aCTOCY-
BaHHJA OJlep:Kkayii pyuHe nyroBe 3BapioBanHsa (MMAW) i nyrose 3Bapio-
BaHHA caMo3axucHUM mopormKoBuM aporom (FCAW-S) [1]. IIpu nromy
BioMo, 1110 B HaTomIeHoMy MeTtati cmocobamu MMAW i FCAW-S icaye
npobjeMa HepiBHOMIpHOTO PO3MOAiay MiKPOTBEPAOCTH IO TOBIIMHI Ha-
ToILIeHoro Mmerany. OIHOIO 3 MeTO[ IMiABUINeHHA OJHOPiAHOCTH HATOI-
JIEHOTO METaJy € BBeJleHHA eK3oTepMiunoi nobaBku [1, 2]. IIpoTe HE0O-
XiTHICTh BBeIeHHS BiTHOCHO BEeJIMKOI KiJIbKOCTH €K30TEePMiUHOI CcyMiIri
(mo 40% ) saMeHIIIye Mipy Jer'yBaHHS HATOILJIEHOrO METaly, 1 pOOUTh Ma-
JOIPUIATHUM JJIA OJIePKaHHA KOMIO3UIIIMHUX CTOIIIB 3 BUCOKUM BMicC-
TOM TBEPAUX BKJIIOUEHbD.

Opniero 3 eeKTUBHUX METOJ PillleHHA ITiel mpobJieMu € HaTOILIIOo-
BaHHA B3HOCOCTIMKMX KOMIIOBUIINHUX IOKpUTTiB. 1A ojep:kaHHdA
KOMIIO3UIIIAHNX MATEPisjiB B JaHUU Yac JOCUTh aKTHBHO BUKOPUCTO-
BYETBHCA METOMa OlepP:KaHHA MOPOITKOBUX MATEPiANiB ILIAXOM caMo-
MIOITUPIOBAHOT0 BUCOKoTeMIepaTypHoro cuuTesy (CBC) 3 momepeaHboio0
MeXaHOAKTHUBYBAJIbHUM OOpPOOJEeHHAM CKJIAZOBUX KoMmoHeHTiB. Taxa
MexaHiyYHa aKTHBAaIlisd TOPOIMTKOBUX pearyBajJbHUX cyMilnel € eheKTu-
BHUM CIIOCOOOM YIPaBJiHHA PeakxIli€l0 TBepPHOIIOJyM’ SHOTO TOPiHHS
IJId CUHTEe3y HeopraHiuHuX MaTepidaaiB. I1a TexHoMOTiA ofepkasa pos-
BUTOK B IlepedoBux 3apyOiskHmx kpaimax: CIIA, fAnmomii, Kwurai,
ITonbmii, Pocii, Binopyci ra iu. [3].
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2. AHAJII3A ITIYBJIKAIIN

B manwmit uac omep:;KaB PO3BUTOK HOBUM HAIIPAM — 3aCTOCYBAHHS JIs
BiTHOBJIEHHSA JleTaJiel HATOILJIEHNX IIOKPUTTIB, MOAN(PIKOBAHNX KOMIIO-
BUIMINHNMHI MAaTepifjaMu, 3 METOIO IIiABUINEHHS iX 3HOCOCTiHKOCTH.
IIpore, mopaAxL 3 IMUPOKUMU AOCIiIKEHHAMHN IPOIECIiB TepPTs i 3HOIITY-
BaHHSA MaTePifAIiB 3 TOMOTeHHOIO i MiKporeTeporeHHOI0 CTPYKTYpOIo [3,
4], sHomyBaHHA KOMIO3UIiHHUX MaTepianiB (KM), mo micTaTs Kapbin
Turany Ta iHIITi 3HOCOCTIMKI MaTepifAan TOCaiaKeHi HeJoCTaTHRO.

PesynbTaTy 3HaUHOI KiJIBKOCTH €KCIIepUMEHTAJNLHNX POOiT cBigzuaTh
PO IEePCIeKTUBHICTL CUHTE3Y 3MiIlHI0I0UO0]I (hasu 6e3mocepeaHbo B IPHU-
cytHocTi Mmetainy [5]. Ilpu mpoBememHi peakiiii B MerajeBiii MaTpuiri
BIAETHCSA OTPUMATH APiOHOAMCIIEPCHI YaCTUHKY HPOAYKTY i 3a0e3meun-
TH 1X PIBHOMipHUM PO3IOAiJ B MATPUIIi.

Pospobieno 6araroxkapbigai CBC-MexaHOKOMIIOBUTH, IO HIPEACTAB-
JISTIOTH CO0O0I0 HOBi KOMITO3UITIMHI MaTepifaan 31 CTPYKTYPOIO THUIY «3Mi-
mHIoIYa (Qasa—Marpuilda». 3actocyBanHa cKiaanxiB «TiC+ (Ni—Cr)»,
«TiC+SiC+ (Ni-Cr)», «TiC+WC+ (Ni—Cr)», «TiC+SiC+ WC+ (Ni—
Cr)» m03BoJIsIE 3a MTOIOMOIOI0 IIOPOIIKOBOTO €JeKTPoxy chopMyBaTH
3HOCOCTiliKe MOKPUTTA Ha JeTaasax ManruH [6].

Bigomo, 110 cionyku MmeTtasriB 3 Bopom (6opuan) MaioTh BUCOKY TBEP-
IicThb 3 IJIACTUYHUMU BJACTHUBOCTAMM i BUCOKY XEMiUHY iHEpPTHICTB,
BOHU € OOHUM 3 HAHOIIBII e)eKTUBHUX 1 eKOHOMIUHIX MiKPOJIer'yBaJb-
HUX eJIEMEeHTiB cTaJi. ¥ OiJbIIocTi BUOAAKiB MiHiMalbHA KOHIIEHTpPA-
1nia Bopy B MeTtaJi 14 ogep:kaHHA MMO3UTUBHOTO PE3YJIbTAaTy CTAHOBUTH
0JIM3HKO OfHiel THCAYHOI MacOBOI UACTKM BifjcOTKa. Y HiKalbHicTh Bopy
IOJIATAE B TOMY, IIIO IPKU TAKOMY MAaJIOMYy BMICTi B cTaJIi, BiH 3maTHUHA
HaJZaBaTH Ha ii BJIAaCTHBOCTI BILINB, eKBiBAJeHTHUN Aii 3HaUHO OiIbIITOL
KiTbKOCTH TaKMX JIETyBAJbLHUX eJIeMeHTiB, Ak Cr, Mo, Ni ra iu. [7].

B po6ori [8] omep:xkyBanum 60poBMicHI KOMIIOSHIIIIIHI IOKPUTTSI Ha
Jer'oBaHil ByrJIeneBiy craui 6517, AKa 3aCTOCOBYETHCS AJISI BUTOTOBJICH-
HS I'PYHTOOOPOOHUX OpraHiB mMamuH. IK 60pyBaJibHI KOMIIOHEHTH 3a-
cTocoByBaJu TexHiuHMHi Kapoig Bopy B4C i peakTuBHMT amopdHMit 60p.
BopyBasibpHY CyMilT y BUTJIAI TaCTH HAHOCUJIU Ha 3pasKu, AKi B iIHAYK-
TOPi HarpiBaJMCh CTPyMaMM BUCOKOI YacTOTH M0 TeMmIiepaTrypu 1570—
1620 K mporarom 1-2 xB. Heo0xigHicTh 3acTOCyBaHHA AJA HATPiBY iH-
IYKTOPiB 00MeXy€e HOMEHKJIATYPY 3MiIIHIOBAJIbHUX JeTaJIeH.

OCHOBHOIO ifle€i0 IIPOIIOHOBAHOTO HiAX0Ay € 30iJbIIIeHHs 3HOCOCTIM-
KOCTM HATOILJIEHMX HOKPHUTTIB Ha ocHOBi cromy cucremu Ni—Cr—B-Si
IIIJITXOM BBeIeHHS B MuXTy nubopuny Turany i 6opuny Xpomy, CUHTe-
soBauux i3 sacrocyBamHAM CBC-mporecy. AK MaTepisaa MaTpHIli mIpo-
MOHYETHCA BUKOPHCTOBYBATH IIOPOIIOK HA HiKJIeBil OCHOBI, III0 IPOMU-
CJIOBO BUIOYCKaeThcsa B YKpaimi, mapku IIT-10H-01 TVY 322-19-004-
96, MOKPUTTA 3 AKOTO MicJA HATOILIIOBAHHS MalOTh BUCOKY MiITHiCTSE i
TBEPAiCTh, OZHAK IX 3HOCOCTIMKiCTh B yMOBaX CyXOT'0 TE€PTSA HEIOCTAT-
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HBO BHCOKA i ToMy IOTPiOHI MoAM(piKyBaHHA HATOILJIEHOTO MAaTepiday.
BBegennsa mo ckiany cromy cuctemu Ni—Cr—B-Si smaunoi KimbKocTu
0opHUIiB MOMKe IPUBECTU IO OKPUXUYBAHHA MOKPUTTSA IPU 3HAYHUX KO-
HTaKTHUX HaBaHTaKeHHAX, 30KpeMa IpU cCyXoMy TepTi KoBzauusd. [lpu
a0paswBHOMY BILJIMBi B 3aJIE’KHOCTI BiJl cIiBBiZHOINIEHHS TBEpPAOCTH 0O-
PUIHUX BKJIIOUEHD i a0pasuBHUX YaCTUHOK MOXKHA IPUITYCTUTH, 110 OY-
e oflepKaHUU PiSHUU Pe3yJIbTaT 3 TOUKH 30Py €(heKTHBHOCTH 3aCTOCY-
BaHHA aubopuay TuTtany i 6opuny Xpomy AJaA TigBUIIEHHA 3HOCOCTIli-
KOCTH HOKPUTTA Ha ocHOBi cromy Ni—Cr—B-Si, omep:xamoro nyrosum
HATOILTIOBAHHAM. ToMy HeoOXigHO I 3aIPOIOHOBAHUX CKJIALIB KOM-
HO3SUIIIMHUX MATEePiAJiB HPOBECTH MOCIiI:KEHHS CTPYKTYpPH i 3HOCO-
CTiKOCTH HATOMJIEHNX IIOKPUTTIB B PiBHUX YMOBaX 3HOIITYBaHHA.

3. META DOCJIILIAKREHHA

Meta poboTH moJIATaE B MPOBeAeHHI MOPiBHAILHOI aHAJIi3Y CTPYKTYPHO-
$a30BOTr0 CTAHy, MiKPOTBEPAOCTH, TPHUOOJOTIUHNX BJIACTHUBOCTEHN i Me-
XaHi3MiB 3HOIITYBAaHHSA IPU BUIIPOOYBAHHAX B YMOBaX TePTA KOB3aHHI,
BILIMBY 3aKPiIllJIeHNX 1 HEIKOPCTKO 3aKPillJIeHNX a0pasuBHUX YACTUHOK
HATOIJIEHUX AYTOBUM CIIOCOOOM IIOKPHUTTIB KOMIIO3UI[IMHUM MAaTepis-
aom (KM) Ha ocHoBi mopormrkoBoro marepiany cucremu Ni—Cr—B-Si,
mMoau)iKoOBaHOTO MaTepisgjaoM, 1o MicTurh Gopumau Turamy, Xpomy i
ozep:xamoro 3 3acrocyBanuam CBC-mporiecy.

4. MATEPIAJ I METOAUKA JOCJIIJKEHD

TpaguiiiHuM MaTepisjaoM, BUKOPHCTOBYBAHUM JIJA OOpPHOro Jiery-
BaHHA cTaJIi, € ¢hepodbop. Bararopiuna nmpakTuka sacTocyBaHHA (hpepobo-
Py mokasaJia, IM0 3SIMCHUTH MiKpoJier'yBaHHsA cTaJji Bopom 3 fioro mo-
IIOMOT'OI0 JIOCUTHL CKJanHo. IloB’aA3aH0 1€, B mepITy Yepry, 3 BUCOKOIO
peakmiiiHoO 3maTHicTIO Bopy B cTajieBoMy PO3TOIIi i 10I0 BICOKOIO Xe-
MiuHOI0 cmopigHeHicTio mo BimuommenH0 no Oxcureny i Hirporeny.
Kpim Toro, B OinpImocTi BuUIaAKiB mOTPiOHO 3a0e3meumMTH B MeTati
BKpali MaJly KOHIIEHTPAaIlilo po3unHeHoro bopy.

Tomy Impu OTPUMAaHHI KOMIO3HUIIIMHOTO MaTePifAIy CHHTEe3YBATIMEMO
nubopun Turany is sacrocyBamusam CBC-mporecy (1) [9]:

Ti+2B=TiBs+ 295 g I[3x/M07b. 1)

B pesyabTari Temia, Mo BUAIIAETHCS, TEMIIEpaTypa TBEPAUX i po3To-
IJIEHUX IPOAYKTiB peakIlii mocarae 2500—-3500 K, Tomy peakiiia He 3a-
JEeXKUTDh BiJ 30BHINIHIX [AKepes HArpiBy i MoiKe TOMIMPIOBATHCA AK
XBUJISA TOPiHHA, III0 caMa BUPOOJIs€ eHePrilo AJIs CBOTO MOIIMPEHHS.

Y pamKax gociiKeHb, III0 IPOBOAATHCS, BiAIpPaIbOBYBAJINCA CKJIA-
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1 MOYaTKOBUX IIOPOIITKOBUX CyMillel i pexkmMu ix MexaHOaKTHBaIlil
IJISI OTPUMAHHA KOMIIO3UIIIMHNX MaTEePisIiB IJIsd HATOILJIIOBAHHS.

B akocTi mouaTKOBUX MATEPiAIiB AJId ogepKaHHA MOAu(PiKyBaJIbHO-
ro komnoaumiaoro marepiary (MKM) BukopucTaau nopomiku Turany
mapku BT1-0, Bopy B i Kap6ouy mapku IIM-15. Kpim Toro, aiasa 36iab-
IIeHHs TeiaoBoro edpexty CBC-mpoliecy B MexaHiUHY CYMiIll BBOLUJIN
TepMopearyBaJbHUM mopoInok agiomiHiny Hikmaio IIT-HA-01, axromi-
HitioBy nmyapy (moporror) ITATI-1 T'OCT 5494-95 i okcug @epymy Feq0s.
Dpakittanil cKJIal ycix IMOYaTKOBUX IIOPOITKOBUX KOMIIOHEHTIB 3Ha-
xonuBed B Meskax (63—100) mxm. CoiBBiHOIIIEHHA KOMIIOHEHTIB B CY-
Mimri 6ymo eKBiMoaaApHUM, 1100 B pesdyabrari mogaabinoi CBC-peakirii
BiOyBaBCA CUHTE3 O0OPUAY CTEXiOMETPUUHOTO CKIALY.

O6paHi KOMOOHEHTH 3MiIlTyBajJmcsA i oJep:KaHa IIOPOINKOBA CYMIiIll
miggaBasach MeXaHIiUHIN akTHBAIlil, AKa 3MiHCHIOBAJIacs B IIJIaHeTap-
HUX KyaboBux MmiamHax AI'O-2. ¥V mpoBemeHMX eKcHepUMeHTax 00’eM
f6apabarniB — 160 cm3, miamerp Kyap — 4—5mmM, maca Kyas — 200r.
Yac mporecy MexaHOaKTHUBAIlil BapiloBaBcs B AisgmasoHi Big 2 1o 6 xB.

Opep:xanua KM agificHoBajsiocs B ABa eramu: 1) 3MimmyBaHHsA IIOPO-
mkis Ti, B, C, Fe 03, Al, IIT-HA-01 i ix cuiJibHa MeXaHOAKTUBAI[isA, JO-
ITaBaHHS 3B’ A3yBAJLHOTO — KJeii MapKu «MeTuaaH», GopMyBaHHSA ITH-
JiHapa i cymika, imimiamis CBC-mpoiiecy, B X04i IKOT0 CUHTE3YIOTHCS
yacTku oopuny Turamy, Xpomy Ta iH., 2) 1pobJieHHS, OAePIKAHOTO IPU
CIIiKaHHI MaTepiany, i 3SMiIITyBaHHA OZePIKAHOTO IIOPOIIKY 3 IIPOMUCJIO-
BuM mopomkoM mapku [IT-10H-01 TVY 322-19-004-96, mexaHOAKTH-
Ballisg oepKaHOl MOPOIIKOBOI CyMillli; JozaBaHHA B MeXaHOAKTHBOBA-
HY OpoIKoBY cymim pigkoro ckyia 'OCT 13078-81 mo omepskaHusa Helo
IaCcTOIOAiOHOTO CTaHy.

IIpuroroBany macTy HaHOCHJIM Ha HiJITOTOBJIEHY JJid HaTOILIIOBaHHA
MoBepXHIO cTasieBoi miactuuu (ctanb 20), i micaa mpocymryBanusa 3miti-
CHIOBAJH HATOILIIOBAHHA TIpa@iToBUM eJeKTpomoM aismerpom 10 v,
ctpyM HatommoBanua 80-120 A, monsapHicTs — npama. [[yroese maToi-
JIIOBAHHSA BUKOHYBAJM 3 BUKOPUCTAHHIM iHBEPTOPHOTO AKepesia KUB-
aerHda [Taron B/II-200P DC TIG.

5. EKCIIEPUMEHTAJIbHI PE3YJIBTATH I IX OBTOBOPEHHSA

MikpocTpyKkTypa HaToILieHuX MOKpUTTIiB mopormkom II-10H-01 mae
IeHapuaHuil xapaxkTep (puc. 1, a), KOMIO3UIIITHUM MaTepiAIOM € MaT-
puuHME MaTepiana iz camodatociBaoro cromy III'-10H-01, B akomy piB-
HOMipHO pPO3IOAiJIeHI TBepAi BKJIIOUEHHS, HPUUOMY 3i 30iJIbIIIeHHAM
amicty MKM ix KinbKicTh 36inbiyeThea (puc. 1,611, 8).

Sk mokasayim pe3yJIbTaTH PeHTI'eHO(ha30BOI aHAJII3Y UMM YaCTKaMI
e nubopun Turany (TiB.), 6opux Hikmaro (NisB), okcugu Turany (TiO) ta
Pepymy (Fes0,) gia KM, o micturs 10% MKM (puc. 2, 6), i zubopumy
Turany (TiB:), 6opungy Xpomy (CrB), 6opuny Hikmio (NisB) i okcumy
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Puc. 1. MikpocTpykrypa Haromirenux moxpurris: IIT-10H-01 (a), KM (10%
MEM +90% IIT-10H-01) (6), KM (20% MKM + 80% IIT'-10H-01) (s).

Fig.1. Microstructure of deposited coatings: IIT'-10H-01 (a), CM (10%
MCM + 90% IIT-10H-01) (6), CM (20% MCM + 80% III'-10H-01) (8).

Turany (TiO) gasa KM (20% MKM + 80% IIT'-10H-01) (puc. 2, 8)[3, 4].

¥V BuUKOHaHUX paHime poborax [5, 6], mokasaHO, 1110 OCHOBHOIO CTPY-
KTYPHOIO CKJIaIOBOIO HiKJIeBUX caMO()IIOCIiBHUX CTOIIB € Y-TBepAuii po-
3unH Ha ocHOBi Hikuto (y-Ni), axkuit mae I'lIK-rparHumnio, i eBTeKTHKA,
mo ckiagaersesa 3 y-Ni i pasu 6opuny NisB, o BignoBizae orpumanum
pesyiabTaTam peHTreHo(da30Boi aHarisu (puc. 2, a).

IIpu momaBauui 10, 20% mac. MKM mo ckaany mopoiiry ITI-10H-01
IpU HATOILIIOBaHHI (hopMy€eThCA KOMOO3UIliliHe NOKPUTTsA. Ha pentre-
HiBCBKUX Au@dpaKkTOorpaMax X IIOKPUTTIB BUIHO JOAATKOBI MKy (IuUB.
puc. 2, 61i 8), 110 cBiguaTs Ipo hopMyBaHHA HOBUX (Pa3 B MOPiBHAHHI 3
dasoBum ckaagoMm Ni—Cr—B-Si mokpurtrsa (gus. puc. 2, a). OcobanBo
caig supminutu aumbopun Turany TiB:, axuii Mae BHUCOKY TBepPHiCTb
(34TTla) i Bucoki abpasuBHi BiactuBocTi [7]. Bucoxkuii piBeHb IioT0
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Puc. 2. PentreniBcbra qudparrorpama Harommerux mapis: IIT-10H-01 (a), KM
(10% MEM +90% IIT-10H-01) (6), KM (20% MEKM + 80% IIT-10H-01) (8).

Fig.2. X-ray diffraction pattern of deposited layers: IIT'-10H-01 (a), CM
(10% MCM + 90% IIT'-10H-01) (6), CM (20% MCM + 80% IIT'-10H-01) (8).
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TBEPAOCTH MOSICHIOETHCA OCOOIUBOCTAMU OYIOBH, MILJILHICTIO YIAKOBKHU
i ’KopcTKicTIO KpUcTaTiuHOI I'paTHUIl (TeKcaroHaJbHa CUHTOHiA, CTPY-
Krypuni tuno P6/mmm) [8].

MikpoTBepAicTh HATOIJIEHUX ITOKPUTTIB, 3aMipAHa y HAIPAMKY BiJ
IIOBEPXHi OCHOBU [0 MOBEPXHI ITapy, sMiHOBasach HEPiBHOMipHO (puc.
3). Cepenus mikporeepaicTs moxpurta KM (10% MEKM +90% IIT'-10H-
01) cranoButs 740 HV, mokpurta KM (20% MKM +80% IIT-10H-01)
— 978 HV, 1110 mepeBuUIlye cepeauio MiKpoTBepaicTh mokpuTTts II1T-10H-
01, axa gopiBuioe 520 HV. 3 posmoainy mikporsepmoctu KM BuagHO, 1110
icHye TeHaeHIIid M0 il HiABUIITEeHHA B HAIIPAMKY JI0 IIOBEPXHI HATOILJIEHO-
ro mapy (puc. 3, aiuii 2, 3), 1110 MOACHIOETHCA MiABUIIEHHAM KOHIICHT-
pairii TBepAMX BKJIIOUEHDb B MaTpuuHoMy martepisii IIT-10H-01.

Posmozgin mikporBepmoctu KM, 1o mictute 20% MKM, 6iabin cra-
OibHUI B IOPiBHAHHI 3 HOKPUTTAM, AKe MictuTh 10% MKM. Ile Mmox-
HA MOSACHUTH OiJILINT PiBHOMiIpHMM PO3IOAiJIOM B MAaTPUUYHOMY MaTepi-
ami IIT-10H-01 TBepamx YacTUHOK 31 30iIbINIeHHAM iX KOHIIEHTpAIIii.
MikpoTBepzaicts Hatomiaenoro mrapy IIT'-10H-01 crabirisyeTrheca B Ha-
OPSAMKY BiJl OCHOBH O MOTO IIOBEPXHi, IIIO IIOSCHIOETLCA e()eKTOM ca-
MO(IIOCYBAaHHSA CTOIIY B IIPOIlECi HATOILIIOBAHHA i OiJbIT piBHOMipHOMY
posmoxisi B HiKkJeBiit MaTpuIli TBepaux BKJIOUeHDb NisB [9].

TakuM YmHOM Pe3yJIbTaTH AOCTiIKEeHHA MiKPOTBEPIOCTH IIOKPUTTIB

1100+

1000+ //\/\3.

HV, MIla

0 0306 09 10 1,2 1,5
h, MM

Puc. 3. 3mina mikporsepaoctu HV HaATOIIEHOTO MeTaJy B HAIPAMKY BiJ oBe-
pxHi ocHOBH 10 moBepxHi mrapy: I — IIT-10H-01, 2 — KM (10% MEKM + 90%
IIT-10H-01), 3 — KM (20% MEKM + 80% IIT'-10H-01).

Fig. 3. Change in the microhardness HV of the deposited metal in the direc-
tion from the base surface to the layer surface: 1—IIT'-10H-01, 2—CM (10%
MCM + 90% IIT-10H-01), 3—CM (20% MCM + 80% IIT-10H-01).
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OiITBEePAKYIOTH BUCHOBKHU IIPO T€, IO B JEHIAPUTHIN CTPYKTYpPi HEMO-
nru(ikoBaHOrO HATOILJIEHOTO MIapy 3HAUEHHS MiKpOoTBepaocTH HecTali-
JbHI 1 a0COJIOTHI MOKa3HUKY 3HAXOAATLECA B Meskax 396—578 MIla, o
mpexncraBiaeHo Ha puc. 3 (mimia 1). ITpu marommioBanui KM 3abesmeuy-
eThbcaA (OPMYyBaHHS OOPOHACHUEHOI CTPYKTYPH, IO MAa€ IPHUOJIU3HO B
1,4 noa KM (10% MEKM +90% IIT-10H-01)1i B 1,9 pasis gua KM (20%
MKM + 80% IIT-10H-01) 6inbII BECOKI MOKA3HUKM CEepPeaHbol MiKpPOT-
BepmocTu, puc. 3 (Jimii 2, 3). Tako:x BaKJIMBO Bim3HAUUTH, IITO ITOKA3-
HUKH MiKPOTBEPAOCTH B MOAM(DpIKOBAaHMX MOKPHUTTAX 3 BMmicToMm 20%
MEKM, MaThL MEeHIINI PO3KUI 3HAUeHb IO BCill TOBIMHI HATOILJIEHOTO
miapy, Io € KpurepieM cTabiIbHOCTH IMOKA3HUKIB BUCOKOI aOpasuBHOI
3HOCOCTiMKOCTH.

JocaimkeHHs MiKPOCTPYKTYPU HATOIJIEHUX ITapiB Ha CKaHyBaJb-
HOMY eJIeKTpoHHOMY MiKkpockoIri JSM-6390LV nokasaiu, 1110 BoHa Ma€
TUTIOBY MoOpQoJjorito, dka ¢GopMyeThcAd Ha ITOBEPXHI MeTayly B IIpoleci
KpucTaisallii 3 CipsaMOBaHUM BifBeleHHAM Tela (puc. 4, a, 6) [4].

Xemiuaui ckyaan 1—3 cBiIUYUTh PO MPUCYTHICTH B IIOKPUTTI eJIeMeH-
tiB B, O, Ti, Cr, Ni (puc. 4, 8). Ile miaTBepaxye pe3yabTaTH PEHTI'€HO-
dazoBoi aHagi3u, AKMM OyJI0O BCTAaHOBJEHO HaaABHicTh das, TiB:, CrB,
NisB, TiO (puc. 2, 8).

doTorpadii HATOMJIEHOTO IIOKPUTTA, 3HATL B PEHTI€HiBCbKOMY Xapa-
KTepuctuunomy sunpominenHi Ti, Cr, Ni, C, B, O, Si, Fe, cBiguats m1po

S inlats :

S00m
¥ 9%, ]
a

C
1 17,50 14,70 7,10 0,81 0,24 9,63 8,99 19,43 21,60
2 19,17 15,22 8,38 1,14 0,41 4,50 5,36 19,36 26,46
3 16,13 15,11 5,18 0,72 0,24 5,53 5,00 18,39 33,70
8

Puc. 4. Mikpocrpykrypa (a, 6) i xemiunuii ckaaz (% mac.) (8) HATOILJIEHOrO II0-
kpurtss KM (20% MKM + 80% IIT-10H-01).

Fig. 4. Microstructure (a, 6) and chemical composition (% wt.) (8) deposited
coating CM (20% MCM + 80% IIT'-10H-01).
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5 6 7 8

Puc. 5. Posnogin enrementis B mokpurri: 1 — Ti, 2 — Cr,3 — Ni,4 —C,5 — B,
6 —0,7—Si, 8 — Fe.

Fig. 5. Distribution of elements in coverage: 1—Ti, 2—Cr, 3—Ni, 4—C, 5—B,
6—0, 7—Si, 8—Fe.

JTOCUTH PiBHOMipHUH PO3MOIiJ ITUX eJIeMeHTiB (puc. 5).

TpubosoriuHi BJAaCTUBOCTI KOMIIOSUI[IMHUX IIOKPHUTTIB, OJepP:KaHUX
IYyTOBUM HATOILIIOBAHHAM, TOCIiAMKyBajlucia B yMOBax abpasmBHOTO
3HOIITYBAHHS i TePTA KOB3AHHS.

Ha pucynky 6, a mpeacTaBjieHi pe3yJbTaTu BUOPOOYyBaHb HATOILIE-
HUX IIOKPUTTIB Ha 3HOCOCTiHKiCTh 3a momomoroio marmiuHu Teptsa MI 3a
CXeMOI0 AUCK—KOJIOAKA IIpU nuToMoMy HaBaHTaskeHHi 8 MIla ra mBug-
KocTi KoB3auusa 0,7 M/c B cepeIoBUIIl iHAyCcTpiaabHOI orii.

Tpusanicts Bunpobysans 200-10° mukiis a6o 16,6 rogun, nepes 1mo-
YaTKOM BUIPOOYBaHb 3milicHIOBaJach IXHA HOPUPOOKA B KiJbKOCTI
N =30-10° nukJiB 15 3a0e3eUyeHH KOHTAKTY 110 BCiii HIOBEpXHi TepTs.
Bumipu 3HOCY IJISXOM 3BasKyBaHHSA B3IiHMCHIOBAJNCS Yepe3 KOMKHI
20-10° mukais. SIK mokasaau pesyabTaTy BUIIPOOYBaHb, Y IOPiBHAHHI 31
camoduarocoBanuMm ctormom wMapku IIT-10H-01 3mococrtiiikicte KM
ckaany (10% MKM+90% III-10H-01) as6inbmmaaces B 2,1 pasu
(0,0038:1021 0,008-10°2 mm3/(cm?-¢) BimmoBizHO), a 3HOCOCTIiKicTE KM
ckaany (20% MKM+80% IIT-10H-01) B 2,35 pasu (0,0034-1073 i
0,008-102 mm3/(cm?-¢) BigmosigHo) Bignosiguo (puc. 6).

BunpobyBanHsa Ha abpas3suBHe 3HOIIYBAHHS HOCJIiAKYyBAaHUX MaTepi-
SJIiB B yMOBaX IIPU TEPTI 0 3aKpillieHi abpasuBHI YACTUHKYM OIliHIOBAJIT
Bigmosiguo mo I'OCT 17367. PesyabraT BUIPOOYBaHb Ha TEPTSA O 3a-
KpimigeHi yacTKu mpenacraBiieHi Ha puc. 6, 6. B aKocTi KOHTPOJIBHOTO
Marepisany BukopucroByBaBcesa crom IIT-10H-01, #ioro 3HOCOCTIHKiCTh
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Puc. 6. 3HocoCTifiKicTh, HATOIIEHUX AYTOBUM METOJOM MAaTepisjiB B IIpolieci
HOpPMAaJBHOTO TepTd (a) i yMoBax BIJIMBY 3aKPillJIeHNX YaCTUHOK abpasusy (0):
1 — crou IIT-10H-01, 2 — KM (10% MKM + 90% IIT'-10H-01), 3 — KM (20%
MEKM + 80% IIT'-10H-01).

Fig. 6. Wear resistance of materials deposited by the arc method in the pro-
cess of normal friction (a) and under the influence of fixed abrasive particles
(6): 1—IIT-10H-01, 2—CM (10% MCM +90% IIT-10H-01), 3—CM (20%
MCM +80% IIT-10H-01).

OyJia IpUNHSATA 32 OQUHUITIO.

fAxK cBiguaTs pesysabTaTu BUIPOOYBaHb Ha 3HOCOCTIHKiCTh HATOILIE-
HUX OYTrOBOIO METOAOI0 MaTepisaxis (puc. 6, 6), abpasuBHA 3HOCOCTIili-
kicte KM (10% MEKM+90% III'-10H-01) B 1,5 pasis, a KM (20%
MKM + 80% IIT'-10H-01) B 1,7 pasiB mepeBuUIlye IOKa3HUK IJIA caMod-
atociBuoro cromry IIT-10H-01.
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Puc.7. Bigmocua sHococriiikicts mokputrtiB KM B 3amexuocTti Bim BmicTy
MKM.

Fig. 7. Relative wear resistance of coatings CM depending on the content of
MCM.



542 C.0.JIV3AH, B. A. BAHTKOBCBKU, A. C. JTIV3AH

OTmixe, HAABHICTD B HATOILJIEHOMY HOKpuTTi nubopuny Turany (TiB.),
6opunis Xpomy (CrB) i Hixaro (NisB), okcuznis Turamy (TiO) Ta @epymy
(Fes04) mpu3BOIUTE 0 3HUIKEHHA iHTEHCUBHOCTY 3HOIITYBAHHA.

Ha migcraBi ekcliepuMeHTaIbLHHNX AaHUX OyJia moOymoBaHa 3ajerk-
HiCTH BiTHOCHOI 3HOCOCTIMKOCTH IIPU TEPTi 0 3aKPiIlJIeHi YacTKMU BiJ Ki-
apkicaoro Bmicty MKM B KM (puc. 7).

3rigHo 3 pesyiabTaTaMu BUIIPoOyBaHb, HaBeIeHUMHU Ha rpadiky, 3HO-
COCTiMKiCTh HATOILIEHOTO IMOKPUTTA IIiABUINYETHCA 3i 30iJLITEHHAM
Bmicty MKM B KM. HeobxigHo BigsmaumTH, 1110 B iHTepBaJi BMicTy
MEKM Big 0 1o 15% sHOCOCTiMiKicTs 3pocTae OiNbII iHTEHCUBHO, Hid B
nozansiromy imrepsadi Big 15 70 30% . ¥V Toii ske yac ciig 3a3HauYnATH,
1o nepesulnesssa smicty B KM cunresosanoro MKM 6iabime 20% mori-
pIirye #oro HalJIaBOYHO-TEXHOJIOTiUHI BJIaCTUBOCTI.

Mop@dooris IOBEPXOHEL TEPTA TAKOMK JOOpe Y3TOAKYETLCA 3 Pe3yJib-
TaTaM¥ BUIIPOOYBAHb HA TEPTS O 3aKPilJIeHi YaCTKU HATOILIEHUX IIOK-
purtiB IIT’-10H-01 i KM (puc. 8). IIpu sHomryBamHi B yMOBaxX BILIUBY
3aKpilIeHNX YaCTUHOK a0pasuBy BUSABJIEHI JOCUTh IInOOKi mapaienbHi
KaHaBKU Ha MOoKpuTTi 3i cromry IIT'-10H-01 (puc. 8, a).

Taxosx 3ycTpiuaioThes i OLIBIN IIMOOKI 60OPO3eHKM Big TBepAMX Uac-
THUHOK OOPHUAiB, ITIT0 BigKoJIOMMCA Big HikaeBoi maTpuili. Peabed mosep-
XHi 3HOIITyBaHHA Mae HepiBHOMipHUM xapakTep. Ha moBepxHAX HaATOMN-
JeHunx mokputTiB 3 KM cmocTepiraioThbcs HeryimOoOKi, ApiOwHi i piBHOMIp-
HO PO3TAIllOBaHi MOAPANUHU Bix Teptsa (puc. 8, 6 i 8), mpuuomy 3i 30i-
apmenaaM Bmicty MKM moapanuuu craioTh 61t apiouumu. Ile mo-
sicHIoeThcA BBemeHHAM MKM, AKMi cupuse YTBOPEHHIO HOBUX ITIEHTPIB
KpHCTaJisaIrii mpu HaTOILJIIOBAHHI i B pe3yJIbTaTi IPU3BOAUTE 0 IIOAPi-
OHeHHSA CTPYKTypHu. IlmacTuuna matpunda Ha ocHoBi Hixmro IIT-10H-01

=

Puc. 8. Mop@oJoriss moBepxoHb TEPTA HPHU 3HOIIYBAHHI 0 3aKPillIeHi yacTuH-
Ku abpasuBy HaromaeHux marepisiais: IIT-10H-01 (a), KM (10% MEKM + 90%
IIT-10H-01) (6), KM (20% MEKM + 80% IIT'-10H-01) (8).

Fig. 8. Morphology of friction surfaces during wear on fixed abrasive parti-
cles of deposited materials: IIT-10H-01 (a), CM (10% MCM +90% III'-10H-
01) (6), CM (20% MCM + 80% IIT-10H-01) (8).
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Puc. 9. BrpaTtu Mmacu HATOIJIeHUX IIOKPHUTTIB (a) Ta iX BimTHOCHA 3HOCOCTiMKiCTh
(6) mpu TepTi B yMOBaxX BILJIMBY HEKOPCTKO 3aKPiIllJIeHUX a0paswBHUX YaCTH-
vHOK: 1 — IIT-10H-01, 2 — KM (10% MKM + 90% IIT-10H-01), 3 — KM (20%
MEKM + 80% IIT-10H-01).

Fig. 9. Mass loss of deposited coatings (a) and their relative wear resistance (6)
under friction conditions under the influence of non-rigid abrasive particles:
1-—IIT-10H-01, 2—CM (10% MCM+90% III'-10H-01), 3—CM (20%
MCM + 80% IIT'-10H-01).

IIepeposNoAijaae HAIPyTru, 3a0e3meuyour YMOBY, B SKUX TBePAi CKJa-
ITOBi 3aiMAalOTh CHOPUATINBE IIOJOXKEHHs. 3aBAAKU IILOMY YCYBAETHCS
JOKaJIbHe MiABUINeHHA KOHTAKTHOTO TUCKY 1 BHUIKYEThCA MMOBIpHICTD
BiIpUBY TBePANX 3HOCOCTIMKMX YACTUHOK IIPU BBeAeHHI Moau@ikyBa-
JIBHOTO MaTepisay B KiabkocTi o 20% [10, 11].

JJisa mocniyKeHHs 3HOCOCTiMKOCTU IMMOBEpPXHEBUX INIapiB IpPU TEPTi B
YMOBax BILJIMBY HEKOPCTKO 3aKPillJIeHNX a0paswBHUX YACTUHOK BUKO-
PHUCTOBYBAJM PiUYKOBUI HMiCOK 3 posaMipom uacTuHOK ~ 200 mxMm. Ha pu-
CYHKY 9, a mIpeAcTaBJ/IeHi 3aJIe:KHOCTI BTPAaTU MACH AOCIiMKyBaHUX Ha-
TOILIEHNX HMOKPUTTIB BiJ IIJIAXY TEPTA. 3 aHAIIZU OJePKaHIX 3aJIE€HK-
HOCTeH MOKHa 3poOUTH BUCHOBOK, ITIO0 XapaKTep 3HOIITYBAaHHA MaTpPHUU-
woro IIT-10H-01 i KM (2, 3) ommakoBuii. AGpasuBHa crilikicts y KM
BUINlA, HixK y camoduiociBaHoro cromy III'-10H-01, mpuuomy 3i 36ijb-
mreruaAM Bmicty B KM MKM fioro 3H0COCTiHKiCcTh 30iIbIITyETHCA.

Ha pucynry 9, 6 mpeacraBjieHi pe3yJIbTaTH TOCHiIMKeHHs BigHOCHOL
3HOCOCTIMKOCTH HATOILIEHUX IIapiB B yMOBaX BILINBY HEXOPCTKO 3a-
KpimaeHnX aOpasMBHMX YaCTHHOK 3a METOAMKOIO BiAIIOBiZHO 0
T'OCT 23.208 3a (popmy.i010:

gp N
K, = EPus @)
g.P.N,
ae ge, g — 3HAUYEeHHdA BTpaT Macumu HpI/I BI/IHpO6YBaHH§IX eTaJIOHHUuX 3pa—

3KiB i 3pa3R13 I[OC.TIl,Z[HCYBaHOI‘O MaTeplﬂJIy, I's Pes Py — T'YCTUHU €TaJIOH-
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Puc. 10. IloBepxHi 3HOIyBaHHS MAaTepiANiB micas BuUIpPoOyBaHb B yMOBaxX
BILIMBY HEXKOPCTKO 3aKpimneHux abpasuBHux dacTuHoK: IIT-10H-01 (a), KM
(10% MKM + 90% IIT-10H-01) (6), KM (20% MEKM + 80% III'-10H-01) (8).

Fig. 10. Wear surfaces of materials after testing under the influence of non-
rigid abrasive particles: IIT-10H-01 (a), CM (10% MCM + 90% IIT-10H-01)
(6), CM (20% MCM + 80% IIT-10H-01) (8).

HOT'O Ta JOCJIKyBaHOI0 MaTepisamis, r/cm?, N., N; — KiJbKicTb 06epTiB
poiuKa mpu BUIPOOYBaHHAX €TAJIOHHOTO Ta IOCTiIYKYyBaHOT'O MaTepi-
ANiB. 3 aHAII3KM PUCYHKY 9, 6 BUIHO, 1[0 BilHOCHA 3HOCOCTiMKiCThL HATO-
ILJIEHOTO KOMIIO3UIIiTHOTO MaTepisany, o mictuts 10% MKM B 1,2 pasu,
a20% MKM B 1,4 pasu 6iabImne B nopiBHaHHI 31 crormom ITT-10H-01.

Taxi pesyabTaTin 00yMOBJIeHi O1IbIII BCOKOIO 3gaTHicTI0o KM unHuTI
omip mpoillecaM MiKpopidaHHA 3a paxyHOK (hOpMYyBaHHSA CTPYKTYypPHU Ha
OCHOBi HiKJeBOI MaTpuilli, B AKifl MicTATHCA PiBHOMipHO po3momijieHi
TBepAi BKJIOUEHHA Y BUMIALl nubopuny Turtany (TiB2), 6opuais Hikio
(Ni3B) i Xpomy (CrB), okcuais Turany (TiO) ra @epymy (Fes04).

IloBepxHsa TepTsa B JYHI[I 3HOCY HATOILIEHUX 3paskiB cromom IIT'-
10H-01 xapaKTepusyeTbca HaABHICTIO MINMOOKMX momapanuH (puc. 10,
a), 10 cBigYaTh HPO PO3BUTOK IIPOIECY iHTEHCWBHOTO 3HOIITYBAaHHS.
IToxpuTTio, oTpuMaHOMYy Ipu HaTomaoBauHi crony IIT-10H-01, Bigmo-
Bila€ BHMCOKMII piBeHb IIMOPCTKOCTH MAaTepiaay, AKUH CKJIaJae
R.=1,32 mxMm. IToBepxHi TepTa B JIYHKAX 3HOCY HATOILIEHUX 3PasKiB
KM xapaKTepusyoThCA TAKOMK HAABHICTIO MOAPAIMINH, aje MEHIIINX 3a
posmipom. Tak moperricts KM ckiaany (10% MKM +90% IIT-10H-01)
ickaany (20% MEKM + 80% IIT'-10H-01) ckaanae R,= 0,82 ta 0,38 MM
BigmoBimguo (puc. 10, 6 i 8). BukpuIiryBanusa TBepAUX YacTHHOK (Oopu-
IiB, OKCHUiB) HEe BCTAHOBJIEHO.

IlopiBHAJNBbHA aHAaJi3a CBiIUUTH IIPO Te, 1[0 B YMOBaX BILJINBY HEXKOP-
CTKO 3aKkpimmeHnx adpaswMBHUX YACTUHOK HaToILIeHi mapu KM xapaxk-
TEePU3YIOTHCA OiJIBIIT BICOKOIO CTifKiCTIO.

6. BUICHOBKH

Hatomieni gyroBum cmoco60M IOKPUTTA KOMMIO3UIIMHUMEH MAaTepis-
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gamu craagis 10—-20% MEKM + 90-80% IIT-10H-01, micTATL B CTPYK-
Typi TBepai BKJIOUeHHA y Buraanai audopuny Turamy (TiB:), 6opunmis
Hixkuro (NisB) i Xpomy (CrB), okcuzis Tutany (TiO) ra @epymy (Fes0.),
110 3abe3meuye cepeaHo MiKpoTBepaicTh mokpuTta 740-978 HV i mifg-
BUIIIEHY 3HOCOCTiHKiCTh B YMOBaxX a0pasmMBHOTO CEpPeIOBUINA B ITOPiB-
HAHHI 3 xapakTepuctukamMu 6azoBoro moxkputrtsa III'-10H-01 3 ocHOB-
HOIO 3MimHIOIOUOI (aszoio NisB, 1o mMae cepegHI0O MiKpPOTBEpPIiCTh
520 HV. Hna omep:xanasa MKM is sacrocyBanuam CBC-mporiecy BUKO-
pucranu mopomku Turany mapku BT1-0, Bopy B i Kapbony mapku
IIM-15, nmopormok amomiminy Hikimaro IIT-HA-01, amominifioBy myapy
(mopoirror) ITATI-1 i okcung Pepymy Feq0s.

B ymMoBax 3HOIITYBaHHS IT0 3aKPillJIeHNX abpasuBHUX YACTKaX 3HOCO-
crifivicts KM (10% MKM + 90% IIT'-10H-01) B 1,5 pasis, a KM (20%
MKM + 80% IIT-10H-01) B 1,7 pasiB mepeBuIlye IMOKa3HUK B IIOPiB-
HauHi i3 cromom IIT-10H-01.

ITe o6ymoBneno BBegeHHaM MKM, aAkuil ciipusie yTBOPEeHHIO HOBUX
IeHTPiB KpHcTaisallil mpu HATOIJIEHHI i B pesyabTaTi IPpU3BOAUTH 10
moapioHeHHA cTPYKTypu. Ilnactuuna matpund Ha ocHoBi Hikiro IIT-
10H-01 mepeposmomisise HAIPYyTru, 3a0e3IMeUy0un YMOBH, B IKUX TBEPIi
CKJIAZOBi 3aliMaiOTh CIPUATJINBE IOJIOMKEHHA. 3aBAAKUN I[HOMY yCyBa-
€ThCA JIOKAJbHE MiABUINEHHA KOHTAKTHOTO TUCKY 1 3HUMKYETHCA MMOBI-
PHICTH BilpuBY TBEPAMX 3HOCOCTiMKMUX YaCTUHOK IIPU BBEeIEeHHI MOIN-
dikyBaapHOTrO MaTepisaay B KimbkocTi 10 20% .

ITigBuiniena sHococTiikicTs (8 1,2 pasu upu smicti 10% MKMis 1,4
pasu mpu 20% MEKM 6inbime B mopiBHsHHI 3i cromom IIT'-10H-01) Hato-
MJIEHOTO KOMIIOBUITiAHOTO MAaTepidAay IIpU TepTi B yMOBax BILJIUBY He-
JKOPCTKO 3aKPilllIeHnX abpasuBHUX YaCTUHOK 00yMOBJIeHAa OiJIbIII BHICO-
Komo 3garuicTio KM umHMTH omip mpollecaM MiKpopi3aHHSA 3a paxXyHOK
(opMyBaHHA CTPYKTYPH HA OCHOBI HiKJIEBOI MaTPUIli, B AKill MiCcTATHCSA
PiBHOMipHO PO3IOAiIeH] TBepAi BKIOUEHHS V BUTIAAL aubopuay Tura-
my (TiB,), 6opuzis Hikuto (NisB) i Xpomy (CrB), okcuzis Turany (TiO)
Ta @epymy (Fes0.).

3HocCOCTiHiKicTh HaToILIeHuX AyrosuM metomoM KM, 1o mictars 10 i
20% MEKM, B mporieci HopMaJbHOTO TepTa B 2,11 2,35 pasu nepesurrye
B3HOCOCTiHKicTh camodurtociBrOTO cTory mapku I1T-10H-01.

TaxuM YMHOM, HASIBHICTL B HATOILJIEHOMY IOKPUTTI nubopuny Tura-
uy (TiB3), 6opuznis Xpomy (CrB) i Hikmaro (NisB), okcuznis Turany (TiO)
ra Pepymy (FesO,) mpu3BOAUTL 00 3HUMKEHHS iHTEHCUBHOCTH 3HOIITY-
BaHHJA B Pi3BHUX YMOBaxX TepPTA.
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AND DIAGNOSTICS

PACS numbers: 07.07.Tw, 68.60.-p, 81.07.-b, 81.15.-Aa, 81.15.-z, 89.20.Bb

MopgepHi3alis TeXHOJIOTil BAKYyMHO-TIYTOBOTO HAHECEeHHSA
0araTonapoBMX HAHOCTPYKTYPHHUX MOKPHUTTIB

I. B. Cepaiok, B. O. Cron6oBuii, A. B. [lomomanos, B. M. [lomaNY

HauyionaavHuil HAYKOBUL YeHmp

«Xapkiscvruil pizurxo-mexnivnuil incmumym» HAH Ykpainu,
sys. Akademiuna, 1,

61108 Xapxis, Ykpaina

ITpoBenena momepHisallis TexHoJOTril BAKYYyMHO-IYTOBOTO HaHECEHHS OaraTo-
IIapOBUX IMOKPUTTIB. P0o3pobiieHo JOoCaifHNI 3pa30oK MPUCTPOI0, IPU3HAUEHO-
TO AJA YIPaBJiHHA POOOTOI0 BAaKyYMHO-IYTOBMX BUIIAPHUKIB (IJIa3MOBUX
JI:Kepes) Ta HAITyCKaviB AJiA HAIIYCKY Tra3iB y BaKyyMHY KaMepy B IIporieci Ha-
HECeHHSA MMPOCTUX i CKIAJHUX KOMILIEKCHUX 0araToliapoBUX HAHOCTPYKTYP-
HUX BaKyyMHO-AYroBuxX NOKpuTTiB. Ileil mpucTpiit ABise coboi0 2-X KaHAIb-
HUH IporpaMoBaHuil U(PpPOBUL IPUCTPii, OJMH 3 KAHAJTIB AKOT0 Kepye pobo-
TOI0 BAKYYMHO-AYTOBUX BUNAPHUKIB, a iHIIINHA KaHAaJ — Po0OTOI0 HAlyCKaUiB.
TakuM YMHOM, € MOKJIWBICTH OMHOYACHOI pPOGOTM ABOX BAKYyMHO-IYTOBUX
BUIIAPHUKIB 1 1BOX HamyckauiB rasiB. ToBIMuHY IIapiB BaKyyMHO-IYT'OBOTO
TMOKPUTTA, a TAKOXK MOPAAOK IX HAHECEHHS MOKHA PEeryJoBaTHU PeRKUMaMu i
TPUBAJICTIO POOOTH KaHAJIB IIPUCTPOIO YIIPaBJIiHHS. 3aCTOCYBaHHS TaHOTO
IIPUCTPOIO IO3BOJIMIIO oJlep:KaTu GararoIaposi BaKYyyMHO-IyTOBi
WNDbLN/WNbC noxkpurts 3 mikporsepaictio 27—31 I'TIa.
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The modernization of the vacuum-arc deposition technology of multilayer
coatings is carried out. A prototype of a device designed to control the opera-
tion of cathodes and gas inlets in the process of applying simple and complex
multilayer nanostructured vacuum-arc coatings is developed. This device is a
2-channel programmable digital device, one of the channels of which controls
the operation of the cathodes, and the other channel controls the operation of
the gas inlets. Thus, there is a possibility of simultaneous operation of two
cathodes and two gas inlets. The thickness of the layers of the vacuum-arc
coating, as well as the order of their application, can be regulated by the
modes and duration of the operation of the control device channels. The use
of this device makes it possible to obtain multilayer vacuume-arc
WNDbN/WNDC coatings with a microhardness of 27-31 GPa.

Key words: vacuum-arc deposition, multilayer coatings, cathode, gas inlet,
programmable digital device, nanostructured coatings.

(Ompumano 17 mpasnsa 2021 p.; ocmamoun. apiasnm — 11 aromozo 2022 p.)

1. BCTYII

Cepepn pisHUX MeTOJ Ofep:KaHHA IIOKPUTTIB Ha OCHOBI XeMiUYHUX CIIOJIYK
MeTaJIiB 3 HeMeTaJlaMI OCOOJIMBUI iHTepec IpeacTaBJsaA€ KOHAeHCAIlis
MIOTOKiB IJIa3MH, ITI0 'eHePYEThCSA BAKYYMHO-IYTOBUM PO3PSAIOM B IPU-
CYTHOCTi XeMiuHO aKTUBHUX rasiB. BuBueHHs 3aKoHOMipHOCTeir (op-
MYBaHHA HAHOKPUCTAJIYHUX IIOKPUTTIB, OJEP:KYyBAaHUX METOJ0I0 BaKy-
YMHO-IYTOBOTO OCaKeHHA, IPEACTABIAE BeJIUKUN HAyKOBUH i IIpak-
TUYHUN iHTepec y 3B 3Ky 3 BHCOKUM PiBHeM HOHisallii KOMIIOHEHTiB
ocaJ»KeHuX MoToKiB [1].

IIpu ocamkeHHi IMOKPUTTIB BaKyyMHO-IYIOBOIO METOMIOI0 (hpa3oBUit
CKJIaJ, CTPYKTYPHUI CTaH, a, OT:KE, i BJIACTUBOCTI IMOKPUTTIB 3MiHIO-
IOThCA B IIMUPOKUX MeyKaX B 3aJIE}KHOCTI Bifi THUCKY aKTUBHOIO rasy i
eHeprii foHiB MoTOKY maasmu. MeTacTabiJibHICTh BJIACTHBOCTEN BaKyy-
MHO-IYTOBUX TOKPUTTIB BU3HAUAETHCSA HEPiBHOBAKHUMHU YMOBaAMU
mporiecy GopMyBaHHS iX CTPYKTypH (BUCOKi CTyIeHi Tepeox ool KeHHA
Opu KOHAeHcAIlil, pamigIifHMN BILJINB BHCOKOEHEPTEeTUUHUX UYACTOK
KOHIEHCOBAHOTO MHOTOKY ILJIa3MM, CKJAaAHi 0araTOKOMIOHEHTHi BUIMN
Mi}KaTOMHUX 3B’A3KiB B CHHTE30BAaHMUX CIIOJYKAaX, BIJIUB JOMIIIIOK i
T.11.) [2—-5].

B mamwmii yac Bigoma BesnKa pisHOMaHITHiCTE 6araToIapoBUX BaKy-
YMHO-IYTOBUX ITOKPUTTIB, BUBUEHHIO SKUX IIPUCBAYEHO OaraTo HayKo-
Bux pobit [6—10]. TenmeHmia g0 yCKJIagHEHHS CKJIaOy OJepP:KyBaHUX
MOKPHUTTIB MPOTJIAJAETHCSI IPOTATOM OCTAHHBOTO HecATUIITTS. Homa-
BaHHSA HOBMX METAJIeBUX i ra30BUX KOMIIOHEHTIB B BaKyyMHO-IYTOBe
MMOKPUTTS, & TAKOXK BBEIEHHSA B MMOKPUTTA AOAATKOBUX IITapiB 3 YHiKa-
JbHUMU (PisMKO-MeXaHIiUYHUMU XapaKTePUCTUKAMU IIPUBOAUTH A0 He-
obximHocTi MomepHisarii icHyouoro ob6samgHaHHSA, CTBOPEHHS HOBUX
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IIPOTrPaMOBAHUX IPUCTPOIB, IT0 3a6€3IIeUyIOTh PO3ITUPEHHA HOMeHKIa-
TYPU OJIeP:KYBaHUX IIOKPUTTIB.

Mertoro 11iei poboTH € po3podKa MPUCTPOIO YIPABIiHHSA, IO JO3BOJIE
POBIIUPUTH MOKJINBOCTI OTPUMAaHHA IPOCTUX i CKIAZHUX GaraToIrapo-
BUX BAKYYMHO-IYTOBUX IIOKPUTTIB 38 OAMH TEXHOJOTIUHUH ITUKJ (IIPo-
1mec) ocalKeHHA.

2. METOJOJIOTTA OJEPKAHHA BATATOIIIAPOBUX
BARYYMHO-AYTOBUX IITOKPUTTIB

BararomiapoBi HAaHOCTPYKTYPHI BaKYYMHO-IYTOBi IIOKPUTTA MAaOTh PAL
mepeBar mnepej OJHOIIAPOBUMH IIOKPUTTAMU, 30KpeMa, MalOTh ITiJIBU-
HIeHy TPiNMHOCTIAKiCTh, HAHOPO3MipHICTh, IOJINIIIEHY CTiHKiCcTh 10
OKWCJIEHHA Ta iH.

Mixzepenni Ta MiskKdasHi rpaHUIll KPUCTATIYHOI CTPYKTYpHU 6arato-
IapOBOTO IIOKPUTTA € TPhOXBUMIPHUMU AedeKTaMM ITi€el CTPYKTYpPH.
Came BHCOKa IIMiJIBHICTL T'PAHUIIL IIEPETBOPIOE MiKPOKPUCTANIIUHY
CTPYKTYPY B HAHOCTPYKTYPY. HaHOCTPYKTYPHI IOKPUTTA MOKYTE Oy TH
BU3HAUEHi K MOKPUTTS, IO MAIOTh O1JIBINT BUCOKY IMiJILHICTh I'PAHUID
3epeH ab0 MisK(asHUX MeXK, IIPU IITbOMY PO3MipPHIiCTH CTPYKTYPHUX eJie-
MeHTiB (cepenHii po3mip 3epeH xouya 0 B OJHOMY HAIIPAMKY, TOBIIIMHA
rapiB i T.II.) TOBHMHHA 3HAXOAUTHUCH B HAHOMACIITAOHOMY IiANAa30HI
(menrmre 100 am ) [11].

BararomniapoBi HAaHOCTPYKTYPHI MOKPUTTA CKJIAAAIOThCA 3 NEKITBKOX
COTeHb ITIapiB, 10 YepryooThed (ToBmimHOI A0 100 HM) i3 3’emHAHDL Me-
TaJIiB 3 radaMu, IO MAlOTh Pi3Hi (pisMKO-MexaHiUHi, eJIeKTPUYHI, XeMi-
yHi Ta iHmIi Ba1acTuBOCTi. 3arajbHa TOBIMHA ITIOBTOPIOBAHUX IBOX i Oi-
JbIlle IapiB, IO BiAPi3HAIOTHCA 3a CKJIAJAOM, HAa3WBAETHCA IAKETOM
miapiB, ToOTO Gimrapom Iy ABOX IIapiB abo mepiogoM AJad AeKiJIbKOX
niapiB BigmoBigHo. A mocATHEHHA BUCOKOI TBEPAOCTU TAKOTO ITOK-
PUTTS TOTPiOHI ONTHMMAaNbHI CHiBBiZHOINIEHHS TOBIIMHU OKPEMMUX IIIa-
piB, IO CKJaIalTh 3arajibHy TOBHIMHY IIaKeTa, UiTKa MeyKa MiK IIpu-

map 1 e MeN
map 2 MeC
R MeN )
MeC
|

maker 1 (6imrap)

maker 2 (6imrap)

Puc.1. Cxemaruune 300paXeHHS IIPOCTOTO 0araToIIapoOBOr0 BAKYyMHO-
IYyTOBOTO MOKPUTTH, 110 CKJIagaeThes 3 makeris (0immapis) (MeN/MeC).

Fig. 1. Schematic representation of a simple multilayer vacuum-arc coating
that consists of groups (bilayers) (MeN/MeC).
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JeTJINMM HaHOIlapaMu, a TaKOK BUCOKi 3HaUeHHA TBEPIOCTU OKPEMUX
CKJIQIOBUX IMOKPUTTA miapiB. udysia Mixk mpuieriuMu HaHOIIapaMu
Mae€ qysKe BeJIMKUH BILJINB HA BJIACTUBOCTI 6araToIapoBoro MOKPUTTS.

YMoBHO 6araToIiapoBi BAaKYyMHO-IYTOBi MOKPUTTA MOXKHA PO3LiIM-
TH Ha IPOCTI i CKIagHI KOMILIeKCHI mokpuTTsa. Ha pucyHKy 1 mpencras-
JIeHO cXeMaTHU4YHe 300pasKeHHs ITPOCTOro 6araToIapoBOr0 ITOKPUTTS,
10 CKJIaAAEeTheA 3 k-01 KinbKocTi makeriB (6imrapiB) (MeN/MeC), (B=1,
m) 3 gBox pisaux mapiB (MeN i MeC) B makeTi. A Ha pUCYHKY 2 — cXe-
MaTHUYHe 300pasKeHHs CKJIAJHOTO KOMILIEKCHOTO 0araToirapoBoro moK-
pUTTS, mio  MmictuTh  k-Ty  KimbKocTi  makeriB  (mepioziB)
(MelN/MelC/Me2N/Me2C), (=1, m) 3 4oTUpPLOX piBHUX IIapiB
(MelN, MelC, Me2N ta Me2C).

Hanecenns 6araToapoBuX BaKyyMHO-IYTOBUX IMIOKPUTTIB 3a3BUUail
3IiHICHIOETHCSA B CEePEeJOBUIIL OAHOTO abo HeKiITbKOX peaKI[iMHMX rasiB
mpu o0epTaHHI MigKJIAIUHKY 31 3pa3KkaMu, PO3TAIIIOBAHOI MiXK HeKiib-
KOMa BaAaKYyMHO-IYTOBUMHU BUNApHUKaMU pisuux merauis [12—-13]. Po-
3pobJjieHa HaMHU paHiIlle cucTeMa YIIPaBIiHHA HaHeCEeHHIM HaATBEPIUX
HAHOIIIaAPOBUX BaKYYMHO-IYTOBUX IMOKPUTTIB [14] BUKOpHCTOBYBAaJIACS
IS OTPUMAHHSA IIPOCTUX OaraTomrapoBuUX HOKpuUTTiB [15—17], Takux
AK, TiN/ZrN, MoN/CrN, ZrN/MoN, (TiAlSiY)N/CrN,
(TiZrNbTaHf)N/WN, (TiZrNbTaHf)N /MoN ra imrmri.

HocmimxeHHa omep:KaHNX 6araTormapoBUX MOKPUTTIB IOKAa3aIn, 10
Taki MOKPUTTA MAOTh 3HAYHO OiJbIIT BUCOKI (hismKo-MexaHiuHi Xapak-
TEPUCTUKM, TEPMOCTAOLIbHICTh, MiKPOTBEPAiCTh Ta iHIIII BJIACTUBOCTI,
SIKIIO BOHM OZlepsKaHi y BUTVISAAL 6araToInapoBoi CTPYKTYPHU, IPHU IILOMY
mapu 000B’A3K0BO MOBUHHI MaTu ToBinEy MeHniine 100 HM i BigpisHsa-
THUCS Mi’K CO00I0 XEeMIiUHHM CKJIaJZOM, MiKPOTBEPHAiCTIO, CTPYKTYpPOIO,
mapaMeTPOM KPHUCTAJiYHOI I'PATHUILL, PO3MipoOM 3epHAa i T.1I.

Taki MOKPUTTA MaIOTh IPiOHO3EPHUCTY CTPYKTYPY II0 TOBIIIMHI, a Ta-
KOK T'PaHUIIl MiK HaHOIIapaMH’, AKi 3aBa’KalOTh PyXy OUCJIOKAIIiNA Ta
3MEHIITYIOTh BHYTPIITHI MiKPOHAIIPYTY B HOKPUTTAX IpU 30iJbITEHHI

map 1 [ Me1N
map 2 MelC

mop 5 [ Me2N | naver 1 (mepion

map 4 Me2C
]

Puc. 2. CxemaTnuHe 300paKeHHA CKJATHOTO KOMIIJIEKCHOIO 6araTolrapoBOro
BAaKYyMHO-IYT'OBOTO MOKPUTTSA, IO CKJAZAEThCI 3 MakKeTiB (mepioais)
(MelN/MelC/Me2N/Me2C).

Fig. 2. Schematic representation of a complex multilayer vacuum-arc coating
that consists of groups (periods) (MelN/MelC/Me2N/Me2C).



MOIEPHI3AIIISA TEXHOJOTT BAKYYMHO-IYTOBOT'O HAHECEHHST 551

MiKPOTBEPAOCTH TA 3HOCOCTIMKOCTH. 3MEHIIEeHH TOBIIUHM IIapiB Bifg
100 am g0 20 HM IPU3BOAUTH A0 30iIBLIIEHHS MiKPOTBEPAOCTH, IIOJIill-
HIEeHHIO a/iTe3ifHNX BJIACTUBOCTEM i BHOCOCTINKOCTY IIPU PiBHUX TeMIIe-
parypax. MakcumaJjbHe 3HAUEHHS MIKPOTBEPAOCTH 0OaraToIiapoBUX
KOMIIOBUIIi# CIIOCTEePiraeThesA IPU TOBIUHI 1apiB 6,1u3bK0 20 HM.

3. POSPOBKA IBOKAHAJIBHOI'O IIPUCTPOIO YIIPABJITHHA
«BUITAPHUK-HAIIYCKAY»

PisHoMamiTTA pO3pPOOJIEHNX Ta BUKOPUCTOBYBAHUX B ITPOMUCJIOBOCTI
BAKYYMHO-IYTOBUX IOKPUTTIB IIPU3BEJIO A0 HEOOXimTHOCTH CTBOPEHHS
IIPUCTPOIO, AKHUI He TLIbKU MO3BOJUB OU POBIIUPUTH HOMEHKJIATYPY
TaKUX IIOKPUTTIB, ajie I iCTOTHO 3HU3UTH YaCOBi Ta eHepreTUYHi BUTPAa-
TU Ha 1X ofep:kaHHA. Ile muTanHA B JaHU yac Mae He3allepeuHy aKTya-
JBHICTH Ta IpaKTHUUYHE 3HaueHHsd. /I yIoCKOHAJIeHHS iCHYI0UOoro 00-
JamHaHHA, a TAKOXK ITiABUITIEHHA MOro KOHKYPEHTOCIIPOMOXKHOCTI B 1IO-
piBHAHHI 3 3apybisKHMMU aHAIoraMu O0yJio PO3PO0IeHO IPUCTPill, Ipu-
3HAUEHUH AJIA YIPABIiHHA POOOTOI0 BAKYYMHO-IYTOBIX BUIAPHUKIB Ta

raHag 1 raHag 1

BAKYYMHO-JYTOB] 334 1 ¢l p——oo———y BaKyyMHO-AYTOBi
SHRADHMRM  ——————— (2 | 2> __Prmepmmnm
. . — ol gl f——> . .
HaIlycKaui rasie 22 22 HaIlycKaui rasis
KaHaJI 2 KaHaJI 2

2 3 ) 4

Puc. 3. CTpykTypHa cxemMa IBOKAHAJIBHOTO IPUCTPOIO yIIpaBIiHHA: I — cxema
peneiiHUX IMepeMuKaudiB, 2 — IaHeJb BBeJIeHHA BXimTHUX ImapaMeTpiB poOoTu
MIpUCTPOI0, 3 — OJIOK KepyBaHHA Ha 6a3i Atmega8A, 4 — mamenb iHguKamii
pPo6OTHU MPUCTPOIO, 5 — OJIOK JKUBJIEHHS.

Fig. 3. Block scheme of a two-channel control device: I —relay switch circuit,
2—panel for entering the input parameters of the device, 3—control block
(Atmega8A), 4—device operation indication panel, 5—power supply.
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HAITyCKaUiB MJIsI HAIyCKY rasdiB y BAaKYyMHY KaMepy YCTAHOBKHU B IPO-
Ieci HaHeCEHHS MPOCTUX Ta CKJIAAHUX KOMILIEKCHUX 06araToIliapoBUX
HAHOCTPYKTYPHUX BaKYyMHO-IYTOBUX IIOKPHUTTIB.

3.1. ®dyHKIioOHAJIBHA 0yI0BA IIPUCTPOIO

IIpunanm aBisie co000 ABOKAHAJIbHUI IIPOTPaMOBAHUN ITU(GPOBUIT TPU-
CTpiil, CTPYKTYpHA cxXeMa AKOIo IIpeacTaBieHa Ha puc. 3. Kanan 1 Ke-
pye poboOTOI0 BAaKYYMHO-IYTOBUX BUIIAPHUKIB, a KaHaJd 2 — pPoOOTOIO
HamyckKauiB raziB. TaKuM UMHOM, € MOMKJIMBICTH OZHOYACHOI pPobOTH
IOBOX BHIIaPHUKIB Ta IBOX HAITyCKaUiB rasis.

IIpucTpiii ckaamaeTbeA 3 I’ ATH OJIOKiB, PO3TAIIIOBAHUX HA OKPEMUX
mraTax: OJIOK KepyBaHHSA POOOTOI0 IIPUCTPOIO, CXeMa pesieiiHUX Iepe-
MUKaUiB, IaHeJb BBeJACHHSA JaHNX, MaHeJb iHAUKAIlil Ta 0JI0K »KUBJIEH-
HsA. ['0JI0BHOIO UACTUHOIO IIPUJIAaAy € OJIOK YIIPpaBJIiHHA, IIOOyJOBaHMI HA
MAaJIOIIOTYKHOMY 8-0iTHOMY MiKpoxouTpoJsepi Atmel 3 8 Koaiiramu
BHyTpicucTeMHOI mporpamMoBaHoi duremn-mam’aTi (Atmega8A), B AKoMY
IIPOTrpaMHO 3aKJIaJeHi aJropuTMu pPoOoTH mpucTpoo. Hiada HanucaHHS
IIporpaMu IPOIIMBKY BUKOPHCTOBYBaJacsa MOBa mporpamyBaHHS C++.
Bubip mikponporiecopa Atmega8A o0yMoBIeHMI HOTO ITUPOKUMU TeX-
HIiYHIMU MOKJMBOCTSIMHU, 8 TAKOMK BiJTHOCHO HEBMCOKOIO BapTiCTIO, ITI0,
B CBOIO Uepry, Ja€ MOJKJMNBICTh MOro MIBUIKOL 3aMiHM HIPM HaAIHCAHHI
HOBOI1 ITPOIIUBKY 3 POSIIUPEHHAM MOKJIMBOCTEH POOOTU IPUCTPOIO YII-
paBIiHHA.

Cxema pejieifHUX TIePeMUKAUiB IpU3HaUueHa AJISI BKJIIOUEeHH abo Bin-
KJIIOUEHHA KOXKHOI0 KaHaJy B 3aJlaHU IPOMIisKOK uacy. BcraHOBIeHHSA
YacoOBUX IIapaMeTpiB poOOTH KaHaJiB IPUCTPOIO, BUOIp PeKUMy Ta Iiu-
KJIY poOOTH IPHUCTPOIO YIIPABJJIHHA 34iMCHIOETHCA BPYUYHY 34 JTOIIOMO-
roI0 eJIEMEHTiB YHPaBJiHHS, PO3TAIIIOBAHNX HA MEePEeIHIiN IIaHesi Impu-
ctporo. Ilamens imguKaIii pod0TH IIPHUCTPOIO ABJIAE CO00I0 OJIOK IIPPO-
Boro BimoOpaskenua BCB1602-10-LY-SPTWU. Ilepemaua ganux Ha pi-
IKOKPHUCTATIUYHNI iHANKATOD 34iMCHIOETHCA 10 YOTHPLOXOiTHOTO KaHa-
Jy mepenavi TaHUX.

TexHiuHi XapaKkTepUCTUKHU IIPUCTPOIO: HApyra KuBjgenua — 220 B,
TOUHICTL BHYTPIIIHBOI ceKyHAM — * 1 c, IMCKPEeTHUI KPOK BCTAHOB-
JIeHHS YacOBUX mapameTpiB — 1 c¢, TpuBaJicTh BiAIIpaIloBaHHA IIepe-
mukada — Big 1 mo 20 Mc, TpuBaIicTh pOOOTH KOMKHOTIO 3 KaHaJiB IIPU-
cTtporo — Big 1 mo 99 ¢, MaKcuMaNbLHUN OOCAT JiUMILHUKA IIApiB —
999.

TaxuMm YMHOM, TOBIIIUHY IIapiB BAaKyyMHO-IYT'OBOTO IIOKPUTTH, a Ta-
KOJK HMOPANOK IX HaHeCEHHsS MOKHA PeryJaioBaTH Pe:KMMaMU Ta TPUBA-
JIicTIO poOOTH KaHATIB IPUCTPOIO YIPABIiHHA « BUIAPHUK—HAITyCKaU».

Biok-cxemMa BKJIOUEHHSI IIPUCTPOIO B BaKYYMHO-IYTOBY YCTAHOBKY
«Bymar-6» mpeacraBieHa Ha puc. 4.
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Puc. 4. Biok-cxeMa BKJIOUEHHSA IIPUCTPOI0O B BaKYYMHO-AYTOBY YCTaHOBKY
«Bynar-6»: 1 — BakyyMHa KaMepa, 2 — BaKyyMHO-IYTOBUI BUTIAPHUK METATY
(Me2), 3 — BakyyMHO-IyroBuii Bunapuuk merany (Mel), 4 — migkiaagmHKO-
TpuMay 3i 3paskamu, 5 — Hanmyckau rasy (ras 2), 6 — Hamyckau rasy (ras 1), 7
— BEHTUJi, 8§ — mepeTBOPIOBAY MaHOMeTpUuHMUi iouisamitiauit [IMU-10-2, 9
— cucTeMa BaKyyMHOI Bimkauku, 10 — mKepesio BUCOKOI HETaTUBHOI HAIPYTU
Um, 11 — mexanism obeprauusa, 12 — Bakyymerp BUT-3, 13 — zoBHimHi
0JIOK YHOpaBJiHHS HaOycKauyaMu rasis, 14 — OBOKaHAJbHUM IIPUCTPIill ympas-

JiHHS «BUMApHUK—HaAIycKau», 15 — I:Kepesio :KUBJIeHHA BAKYyMHO-IYT'OBOTO
Bunapuuka 2, 16 — m:xepeJo KUBJeHHS BAKYYMHO-IYTOBOTO BUIIapHUKA 3.

Fig. 4. A block-scheme of the device is switched to the vacuum-arc installation
‘Bulat-6’: I—vacuum chamber, 2—vacuum-arc metal cathode (Mel), 3—
vacuum-arc metal cathode (Me2), 4—substrate holder with samples, 5—gas
inlet (gas 2), 6—gas inlet (gas 1), 7—faucets, 8—gauge transducer PMI-10-2,
9—vacuum pumping system, 10—high negative voltage source Uy, , 11—
rotation mechanism, 12—vacuum gauge VIT-3, 13—external gas inlet control
unit, 14—two-channel control device ‘cathode—gas inlet’, 15—power supply
of cathode 2, 16—power supply of cathode 3.

Ha pucynky 5 mpepgcrtaBieHo dororpadiro mocaimmoro spaska mpu-
cTporo. Pobora mpucTpoio 3a0e3leuyeThbcsa HACTYIHHMU eJIeMeHTaMU
KepyBaHHs, PO3TAIIIOBAHNMH Ha HEePEeIHIN ITIaHe i IPUCTPOIO:

— Tym06Jiep BBIMKHEHHS /BUMKHEHHS IIPUCTPOIO,

— KHOHOKH «<—» (BJiBO) Ta «—>» (BOpaBo), MpU3HAUEHi IJIA IIepeMi-
ITeHHA Kypcopy Ha TabJIo IPUCTPOIO,

— KHONIKU «+» (30inbIeHHA) Ta «—» (3MEHINIeHHA), MPpU3HAUYEH] s
3MiHM YHCJIOBOTO 3HAUEHHS YAaCOBOTO IIapaMeTpa, IIT0 3aJaeThCsd, a Ta-
KOJK IJIsI BUOOPY OJHOTO 3 PeXKMMiB POOOTH Ta IUKJIY PoOOTH,

— KHOMIKA «CTapT/CTOI», IPU3HAUeHAa JJIs 3aIIyCKY POOOTH IIPUCTPOIO
a00 TMMUYACOBOl 3YIMHKHN B PEKUMi «Imaysa» 3 MOMKJIHUBICTIO IPOIOB-
JKeHHJ IIOaJIbIIToI po00oTH 6e3 CKUIaHHA 3aJaHX IIapaMeTpiB,

— KHOIIKA «eKpaH/Iepes3arpyska», AKa OpU3HAUeHa IJIA OUUIEeHHS
eKpaHa BiJ pesikTiB (3HaKiB),
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Puc. 5. @ororpadia gocaigHoro spaska ImpucTpoIo.

Fig. 5. Photo of a prototype device.

— ceitaomionu K1 Ta K2, 1o BimoOpakamoTb pobOTy BaKyyMHO-
nyrosux Bunapuukis K1 (katox 1) i K2 (karop 2),

— cBiTaomionu I'A31 ta 'A32, 1o Bimo6pakaioTh poOOTY HaTyCcKauiB
ragiB I'A31 (ras 1) i 'A32 (ras 2).

Ha pucyuky 6 mpexcraBiieHi ¢ororpadis mepemHboi maHed i mpu-
CTPOIO y pOOOUOMY CTaHi Ta cXxeMaTHuUHe 300pakeHHa TabJI0 IPUCTPOIO.

Ha Ta6so nmpuctpoio (pucyHok 6, 6) Bimo6parkaroThes IIiCTh TapaMeT-
piB pobOTHM IPHUCTPOIO, IO 3aMalOThCs (BEPXHIHM paAm), Ta KiJIbKicTb
OTPUMAaHUX IMapiB (IaKeTiB IIapiB) HOKPUTTS, 3allcale B JiYNIbHUKY
(HUKHIT pan).

3.2, Pesxumu po60TH HPUCTPOIO TA BaPiAHTH OJIePKYBaHUX
BaKyYyMHO-IYTOBHX 0AaraTolIapoBUX MOKPUTTIB

IIpuctpiii ynpaBrinua («BUODapHUK—HaIycKkau») mae 10 pexumiB pobo-
™1 (pe:xkumu 0-9), axi BimoOpaKaioThCA IepIIo0 ITUdPOI0 Ha TabJio
IIPUCTPOIO, i 3 muku podbotu (S, R, P), aKi BKasyoThCAa 0CTaHHBOIO OY-
KBOIO Ha Tabjo. YacoBi imTepBaau poOOTH BaKyyMHO-IYTOBUX BHUIIAP-
HUKiB i HamycKauiB rasis sagaioTbca mapaMmerpamu t1—-t4.

IIpucTpiii Moske mpaIoBaT 3 BUKOPUCTAHHAM HACTYIHUX PEKUMIB
poboTu.

1) Pexxum 0 — pesxum «cBiTimodop». Ilo uepsi BMuUKamOTLCA I1Ba Ba-
KYYMHO-IyroBUX BunapHuka (karog 1 — meran Mel, KaTtox 2 — meran
Me2), ras (I') y BakyyMHY KaMepy MogaeThcsA 6e3mepepBHO IO OTHOMY 3
HaIlyCKauiB rasiB. YIIpaBJIiHHA OJHUM i3 HaIyCKaviB rady 3J4iHCHIOETh-
cs BiJ 30BHIITHLOTO OJIOKY YIIPaBJiHHA HAIlycKauaMU rasiB, KUl Mae
TPH peskuMu poboTm: 1 — mparltioe mepiiuii HamycKad, 2 — IIpaIioe
IPYyTUil HamycKau, 3 — OJHOYACHO IPAIfI0I0Th 00MBa HaIycKaua rasis.
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Puc. 6. @ororpadia mepeqHboi maHe i IPUCTPOIO Y pobouomy cTaHi (a) Ta cxe-
MaTHuuHe 300paskeHHs TabJio mpucTpoio (6).

Fig. 6. Photo of the front device panel in the switched on state (a) and a sche-
matic representation of the device display (6).

Yac poboTHu BUMIAPHUKIB 3a1a€ThC YacOBUMU mapamerpamu t1 (katox 1
— Mel) Ta t2 (kaTonm 2 — Me2).

BukopucTaHHA JaHOTO PEKUMY POOOTU JO3BOJIAE OAePKYyBaTH IIPOC-
Ti GaraToinapoBi MOKpuTTA 3i 3’eguaupb Tuny Mell'/Me2l', manpukxiaan,
TiN/MoN a6o TiC/MoC.

2) Pexxum 1. Ilepmuit BaKyyMHO-AyroBuii BumapHuk (katom 1 —
Mel) npaiitoe 6e3nepepsuo. Yac poboTu Ipyroro BUlIapHukKa (Katom 2 —
Me2) sagaeTbcs yacoBUMU mapaMeTpaMu: t1 — TpuBaIicTh BUMKHEHOTO
cTaHy BHIAapHUKa, {2 — TPUBAJIICTh BBIMKHEHOT'O CTaHy BUIIapHUKA.
I'as (I') B BakyyMHY KaMepy IIOJA€ThCs 6e3IepepBHO 10 OJHOMY i3 HaIry-
CKauiB rasy, yOpaBJiHHA AKUM 3IiMCHIOETHCSA BiJ 30BHIIIIHLOTO OJOKY
yIIpaBJIiHHA.

Taxum unHOM, TOBIIMHA 1apy Mell' h; 3anesxkuTsb Big mapamertpa t1,
a rosiuHa mapy MelMeZ2T k; 3agaeTscs mapamerpom t2 (puc. 7).

BukopucTaHHA JaHOTO PEKUMY POOOTU JO3BOJIAE OePKYyBaTH IIPOC-
Ti 6araromiapoBi MOKpuTTA 3i 3’emuaub Tury Mell'/MelMe2I', manpu-
kaang, TiN/TiMoN a6o TiC/TiMoC.

3) Pexxum 2 (curxponunii pexxum 0). ¥V oMy peKUMi 001ABa KaHa-
Jau (KaHaJ yIpaBJIiHHA BaKYyMHO-IYTOBUMY BUIIAPHUKAMU i KaHAJ YII-
PaBIiHHSA HaOoycKauaM¥ ra3iB) IpaIiooTh CHHXPOHHO: KaTon 1 (Mel)—
raz 1 (I'l) i katox 2 (Me2)-ras 2 (I'2). TpusajicTst pobOTH BUIAPHUKIB i
HamyCcKauiB rasy 3aJaeTbCcs yacoBuMHU mnapamerpamu t1 (xarom 1 —
Mel,raz1 —T'1)it2 (xaTtom 2 — Me2, ras 2 — I'2).

BukopucTaHHA JaHOTO PEKUMY POOOTH IIPUCTPOIO JO3BOJAE OfEpIKa-
TH IPOCTi OararomiapoBi MOKpuTTA 3i 3’emguHanb Tumy Mell'l/Me2I'2,
"HanpukJan, TiN/MoC.
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4) Pexxum 3 (cuaxporuHuii pexxum 1). Ilepmwuii BaKyyMHO-IyTOBUi
BunapHuK (katom 1 — Mel) mpartoe 6esmepepBHO, rad (I'l) mocriiizo
IOAaE€ThCA Uepes3 MepIInil HamycKau ragdy. dac poboTu Apyroro Buiap-
HuKa (karonm 2 — Me2) i rpuBasicts mogaui rasy (I'2) uepes apyruii Ha-
IIycKay 3aJaeThCs YaCOBUMU ITapamMerpaMmu: t1 — TpuBaJIicTh BUMKHe-
HOT'O CTaHy BaKyyMHO-IYTOBOTO BUNAPHMWKA i Hamyckaua, t2 — TpuBa-
JicTh BBIMKHEHOTO CTaHy BUIIapHUKA i HalmycKayua.

BukopucTaHHS JaHOTO PEKUMY POOOTH O3BOJISIE OJIEPKYBaTH IIPOC-
Ti 6araromapoBi moKpuTTsa 3i 3’eqHanb Tuny Mell'l /MelMe2I'1T'2, ua-
mpuraazn, TiN/TiMoNC.

5) Pexxum 4 (cuaxponua pobora IepIroro Ta apyroro kaunaiuis). Ka-
Haia 1 (katox 1 — Mel i katox 2 — Me2) npairtoe B pexxumi 0 (cBiTrodo-
pa), ToOTO BAaKYyyMHO-IYTOBi BUITapHUKYN BMUKAIOThHCA 0 uep3i. TpuBa-
JicTh poOOTH BUOAPHUKIB 3aJa€ThCA YaCOBMMMU IapamMerpamMu: t1 —
TPUBAJiCThL BBIMKHEHOTO CTAaHy IIEPIIIOT0 BUNAPHUKA, {2 — TPUBAJIICTD
BBIMKHEHOT'0O CTaHy apyroro BunmapHuka. Kamaa 2 (manyckau 1 — ras 1
(T'1) i manyckau 2 — ras 2 (I'2)) npamoe B pexxkumi 1, TooTo ras 1 (I'1)
IMOJAEThCA MOCTiMHO Uepes IMepIuii HamycKad rasy, a ras 2 (I'2) moxa-
€ThCA Ha yac t2 poboTu Apyroro Bunapuuka (karon 2 — Me?2).

BukopucTaHHS JAaHOTO PEKUMY POOOTH O3BOJISIE OIEPKYBaTH IIPOC-
Ti 6GaraTormapoBi moKpuTTa 3i 3’egHans Tuny Mell'l/Me2I'1T'2, manpu-
kaanm, TiN/MoCN.

6) Pe:xum 5 (3BoporHuii pexxumy 4). Kaman 1 (katox 1 — Mel Ta ka-
Tonm 2 — Me2) mpairfoe B pekumi 1, To6To mepIinuii BakyyMHO-IYTOBU
BunapHuK (Kartom 1 — Mel) mpairioe mocTi#iHO, a APyruii BaKyyMHO-
nyroBuii BunapHuk (karox 2 — Me2) sMukaerbca Ha uac t2. Kanan 2
(mamyckau 1 — ras 1 (I'l) i manyckau 2 — ras 2 (I'2)) mpaiiioe B peskuMi
0 (cBiTsmo(opa), TOOTO HamycKaui BMUKAOThCA mo uepsi. TpuBamaicTs
poboTH KOMKHOTO HAIlycKaua rasy 3aJacThCA YaCOBUMU IIapaMeTpaMU:
t1 — TpuBaJIicTh BBIMKHEHOTO CTaHY IIEPIIIOTO HaTycKaua rasy (raz 1 —
I'l), a {2 — TpuBajicThb BBIMKHEHOIO CTAaHy APYTrOro HamycKaua rasy

map 1 hl Mell'
maker 1
map 2 h2 MelMe2l'
Melll
maker 2
MelMe2I'

Puc.7. CxemaTuune 300pakeHHs 6araTolapoBOro MOKPUTTS, OAEPIKAHOTO
Ipu poOOTi MPUCTPOIO B pekuMi 1, 1110 CKJIagaeThcA 3 IBOX IIaKeTiB (Bcboro 4
mIapu).

Fig.7. Schematic representation of a multilayer coating obtained when the
device is operating in mode 1, consisting of two groups (4 layers in total).
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Pexum t1 t2 t3 t4 Iuxa
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247
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Puc. 8. Cxemaruute 300pakesus u(PPoBOro Tabjao IPUCTPOIO 3 3aJaHNMU Ua-
coBUMU mapametrpamu t1-t4.

Fig. 8. Schematic representation of the digital device display with the given
time parameters t1-t4.

(ras 2 —TI'2).

BukopucTaHHA JaHOTO PEKUMY POOOTU JO3BOJIAE OAePKYyBaTH IIPOC-
Ti GararomiapoBi mMOKpuTTa 3i 3’eguans Tuny Mell'l/MelMe2I'2, na-
npukJan, TiC/TiMoN.

7) Pexxum 6. ITounHaroouu 3 I[bOT0 PEKUMY POOOTH Y IPUCTPOI SOAAT-
KOBO BHKOPHCTOBYIOThCA ABa Taiimepa: t3 i t4. IIpu nmbomy obuaBa Ka-
Haau (KaHaJ yIpaBIiHHS BaKYYMHO-IYTOBUMU BUIIAPHUKAMU i KaHAJ
YIIPpaBJiHHA HaIycKauaMu rasiB) mparriooTs B pexxumi 0 (cBiTimodopa).
TpusBajicTh poOOTH KOXKHOIO BaKyyMHO-AYT'OBOTO BUIIAPDHUKA i HaIyC-
Kaya rasy 3aJa€ThbCs YaCOBUMU ITapamMeTpamu: t1 — TpUBaJIiCTh BBIMK-
HEeHOT0 cTaHy mepIioro Bunapuaunka (karog 1 — Mel), t2 — TpuBajicTh
BBiMKHEHOIO CTaHy APyTroro BumapHuka (karox 2 — Me2), t3 — TpuBa-
JicTh BBIMKHEHOTO CTaHy MepIIoro Hanyckaua rasy (raz 1 — I'l), 14 —
TPUBAJICTL BBIMKHEHOIO CTaHy APYroro Hamyckaua rasy (ras 2 — I'2).
151 HA0OYHOCTH Ha pUC. 8 IpeIcTaBJIeHO CXeMaTUYHe 300pakeHHs ITud-
poBoro TabJ0 IPHCTPOIO 3 3aJaHUMU YacOBUMHU Itapamerpamu tl1-t4
(Hanpukiaan, tl=4c,t2=1c¢,t3=5¢,t4=10c).

Yacosi mapamerpu poOOTH IPUCTPOIO BUOMPAIOTHCS HACTYIIHUM YM-
HOM:

t3=t1+1t2,
t4=n(tl+t2)=nt3,

men=1, L — KpaTHiCTb TapiB HOKPUTTS 3 PiBHUMU rasaMu.

JlivnIbHUK KiJTBKOCTHU IIApPiB MOKAa3ye KiJbKiCTh IepeMUKaHb BaKy-
YMHO-IYTOBUX BumapHuKiB. Ha pucyHKy 9 mipecTaBaeHo IIoIIapoBe 30-
OpasKeHHA OeP:KaHOTO IOKPUTTA.

BukopucTaHHA JaHOTO PEKUMY POOOTHU AO3BOJISE OAEPKYBATHU CKJa-
IHi fararorraposi HOKPUTTS 3i 3’eqHAHD TUITY
Mell'l/Me2I'1 /[Mell'2/Me2I'2/MelI'2/Me2I'2/...], HaOpUKJIamI,
TiC/MoC/[TiN/MoN/TiN/MoN/...].

8) Pexxum 7. O6ugBa kKaHaau (KaHAJT YIPaBIiHHS BaKyyMHO-
IyTOBUMM BUNAPHUKAMM i KaHaJ yIIpaBJIiHHA HaIlycKauaMu rasiB) mpa-



558 I.B.CEPIIOK, B. 0. CTOJIBOBUII, A. B. IOJIOMAHOB, B. M. JOMHIY

II0I0ThL cuaxporHO. Kaman 1 (xkatog 1 — Mel i katox 2 — Me2) mpairioe
B pesxumi 0 (cBiTstodopa), TOOTO BAKYYMHO-AYTOBI BUIAPHUKKA BMUKA-
I0ThCcA 10 uepsi. TpuBaricTs poOOTH BUIIAPHUKIB 3a0a€ThCSI UaCOBUMU
mapamerpamu: {1 — TpuBaJIiCTh BBIMKHEHOIrO CTaHY IIE€PIIOr0 BUIAPHMU-
Ka, {2 — TpuUBaJiCThL BBIMKHEHOTO CTaHy ApPyroro BunapHuka. Kamaim 2
(manmyckau 1 — rasz 1 (I'1) i ranmyckau 2 — ras 2 (I'2)) nparrioe B pesxumi
1, To6To ras 1 (I'l) momaeThcs MOCTiHAHO Uepes MepIIUil HaITycKay rasy, a
TpUBAJicTh pobOTH Apyroro Hamyckauda ragy 2 (I'2) sagaeTbcsa 4acoBUMU
mapaMmeTrpamu: t3 — TPUBAJiCTh BUMKHEHOTO CTaHy JPYroro HamycKaua,
t4 — TpUBAJIiCTh BBIMKHEHOTO CTaHY APYTroro HAITycKayda.

BukopucTaHHS JAaHOTO PEKUMY POOOTHU JO3BOJISIE OeP:KyBaTH CKJIa-
IHi bararorraposi OKPUTTSA 3i 3’eTHAHD TUITY
MelI'l/Me2I'1 /[MelIl'1T'2/Me2I'1T'2/MelI'1T'2/Me2I'1T'2/...], mampu-
kaang, TiC/MoC/[TiCN/MoCN/TiCN/MoCN/...].

9) Pexxum 8 (3BopoTHUI pekumy 7). O6uaBa xKanamau (KaHaJ yIpas-
JiHHA BaKYyMHO-IYTOBUMHM BUIAPHUKAMU Ta KaHAJ YIIPaBJIiHHSA HAIY-
cKauaMu rasiB) mpaifooTh cuHxpoHHO. Kaman 1 (katox 1 — Mel i ka-
Tox 2 — Me2) mpairfoe B pekumi 1, To6TO mepinuii BakyyMHO-IYTOBU
BunapHuK (xatom 1 — Mel) mpalffoe mocTiifHO, a TPUBAJIICTL POOOTH
Ipyroro BumapHuka (karon 2 — Me2) zagaeTbcsa YacOBUMU ITapaMeTpa-
Mu: t1 — TpUBaAJiCTh BUMKHEHOTO CTAHYy APYroro BHIIAPHUKA, t2 —
TPUBAJIiCTh, BBIMKHEHOTO CTaHy ApPyroro BunapHuka. Kaman 2 (mamyc-
kau 1 —ras 1 (I'l) i mamyckau 2 — ras 2 (I'2)) npaioe B pexxumi O (cBiT-
Jogopa), ToOTO HamycKadi BMHKAIOThCA Mo uep3i. TpuBamicTs poboTu
KOJKHOTO HaITycKaua rasy 3aJacThCA YaCOBUMHU IapaMeTrpamMm: t3 —
TPUBAJIiCTh, BBIMKHEHOTO CTaHy mepImnoro Hamyckaua (rasz 1 — I'l), a ¢4
— TPUBAJIiCTh BBIMKHEHOIO CTaHy APYyroro Hamyckada (ras 2 — I'2).

BukopucTaHHS JAaHOTO PEKUMY POOOTHU JO3BOJISIE OeP:KyBaTH CKJIa-
IHi bararormraposi OKPUTTA 3i 3’eoIHAHD TUITY
Mell'l/MelMe2T'1 /[Mell'2/MelMe2I'2/MelT'2/MelMe2I'2/...], Ha-
mpuraan, TiC/TiMoC/[TiN/TiMoN/TiN/TiMoN/...].

10) Pexmm 9. OOumaBa xawmanau (KaHAJ YIIPaABJIiHHSA BaKyyMHO-
IyTOBUMU BUIIAPHUKAMH! Ta KaHaJ YIPaBIiHHSA HamycKauaMu TasiB)

Me 1
Me 2 )I‘asl

Me 1
Me 2 Taz 2

Me 1
Me 2
Me 1 ) Tas 1
Me 2
Me 1
Me 2 Taz 2
Me 1
Me 2

Puc. 9. ITomapoBse 300pakeHHs OQePIKAHOT0 IIOKPUTTS.

Fig. 9. Layer-by-layer image of the obtained coating.
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IIPAaIIoIOTh CHHEXPOHHO B peskuMi 1. Kaman 1 (katoxm 1 — Mel Ta Katoxn 2
— Me2) oparioe B pesxuMi 1, ToOTO ImepIInii BaKyyMHO-IYTOBUI BUIAD-
HUK (Katom 1 — Mel) mpaiftoe mocriiitHo, a TpuBaJIicTh pobOTH IPYTOTO
BunapHuka (karox 2 — Me2) 3amaeThbCcs YacOBUMHY mapamMerpamu: t1 —
TPUBAJIiCTL BUMKHEHOTO CTAHy APYroro BUIIAPHUKA, {2 — TPUBAJIICTD
BBIMKHEHOT'0O CTaHy Ipyroro BumapHuka. Kanaa 2 (manyckau 1 — ras 1
(I'l) i manyckau 2 — ras 2 (I'2)) rakosx mpaiitoe B pesxumi 1, To6To ras 1
(I'1l) momaeThca MOCTiHTHO Yepes IMepIIuil HamycKau rasy, a TPUBAJIICTD
poboTu Apyroro Halryckaua rasy 3aJla€ThCsa YaCOBUMU IIapaMeTpamMu: 3
— TPUBAJIiCTL BUMKHEHOTO CTaHy APYTOT0 HAalTycKaua, {4 — TpUBAaJIiCTh
BBIMKHEHOT'0O CTaHY APYT'OT0 HAITycKaua.

B mpoMy perkuMi poOOTHM IIPHCTPOIO MOMKJIMBO peaisyBaTy KiJgbKa
aJITOPUTMIB YIIPaBJIiHHA IJIIXOM 3aBIaHHA yacoBUX mapameTpiB. Ha-
BeIeMO IJIA IPUKJIALY IBA HAMOIIBIIT HAOUHUX aJITOPUTMA:

a) Ilepmuit BapiauT: t1 =13 Ta t2=t4. Bukopucrauusa JaHOTO ajro-
puUTMy PpOOOTHM HO3BOJAE OAEeP:KYyBaTH 0araToliapoBi HOKPUTTS 3i
3’egnanb Tuny Mell'l /MelMe2I'1T'2, nanpukiaan, TiC/TiMoCN.

0) lpyruit BapisguT. YacoBi mapameTpu poOOTH IIPUCTPOIO BubUMpa-
IOTHCS HACTYITHUM YMHOM:

t3=¢1+12, t4=n(tl+12)=nt3.

BukopucTaHHS MaHOTO AJTOPUTMY POOOTH MO3BOJSAE OIEeP:KyBaTH
CKJIamHi bararormraposi OKPUTTA 3i 3’eTHAHD TUIY
Mell'l/MelMe2I'l /[Mell'1T'2/MelMe2I'1T'2/Mell'1T'2/Me1Me2I'1T'2
/...], zanpukrian, TiC/TiMoC/[TiCN/TiMoCN/TiCN/TiMoCN/...].

IIpuHIIMTIOBO BUINEe NepepaxoBaHMMU BUAAMU HOKPUTTIB pobora
IPUCTPOIO He oOMesKeHa i Mo)ke OyTH PO3IINpeHa IJIIXOM BBeIeHHS
ITOIAaTKOBUX PEIKUMIiB ITPpU HEOOXiTHOCTI.

4. PESYJbBTATHU JOCJIIJKEHD

3acTocyBaHHS JBOKAHAJBLHOTO IPUCTPOIO YIIPABIiHHS MO3BOJUJIO Ofe-
poxaru GararormrapoBi BakyymuO-1yroBi WNbN/WNDLC moxpurrs, pe-
JKUMU HaHECeHHA AKUX HaBeleHi B Ta0J. 1.

Opmep:kaHHA TOKPUTTIB 3AiHICHIOBAJIOCA BAKYYMHO-ITYTOBUM BHIIAPO-
BYBAHHSM IBOX KaToxiB 3 Bosbdpamy W Ta Hiobito Nb, posraioBaHux
Ha ONHOMY TOPU30HTAJBLHOMY piBHi mig KyToM 90° BiZHOCHO OAMH OIHO-
ro B ycTaHOBIII Tuny «Bymar-6» [1]. TexHosoriuHi mapaMeTpu HaHECeH-
HA MOKPUTTIB, TaKi AK: CTPYM Ayru KaTomiB I,, HeraTuBHAa Halpyra Ha
niggaaguHIi Uy, THCK peakIiiHMX rasiB y BakyyMHil kamepi P;, gaco-
Bi mapameTrpu tj, II0 B3aJaloThCdA, KiJbKicTh IaKeTiB I1apiB
(WNDbN/WNDC) L, sarajibHa TpUBAJIICTh HaHeCeHHA MOKPUTTs T, a Ta-
KOJK peskuM poboTH JBOKAHAJIBHOTO IIPUCTPOIO YIIPABIiHHS Bimobpaske-
Hi B Taba. 1. B axocTi 3pasKiB BUKOPHUCTOBYBAJIICSA IIOJIipOBaHi IJIacTH-
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TABJINIIA 1. TexHosoriuni mapamMeTpu HaHeCEHHS BaKyyMHO-IYyroBUX Oara-
Torraposux WNbN/WNbC mokpurris.

TABLE 1. Technological deposition parameters of vacuum-arc multilayer
WNDbLN/WNDC coatings.

Ne zpa-| Cruan [{(W), A Ne

B I,(Nb), | U, B| Tas Pi, Ila tj, c L |T, xB.| pe-

3Ka |IOKPUTTS A ARIIMY
WNDbN/ 150 N: 0,4 ~ 50

1422 200 50 50 8
WNbLC 115 C.H, 0,4 ~10
WNDbN/ 150 N: 0,4 ~ 55

1428 WNbC 115 200 C,H, 0.4 -5 50 50 8
WNDbN/ 150 N: 0,4 ~90

1431 WNbC 115 120 C,H, 0.4 -5 38 60 8

Hu 3 Hep:kasiftnol crari 12X18HIT posmipom 20x20x3 mwm. ITicasa Bifg-
KauyBaHHSA BaKyyMHOI kamepu g0 Tucky P = 0,001 Ila Ha nigkiaaguHKO-
TpuMAayY 3i 3paskamMu mogaBasiu HeratuBHui moreHirisa 1000 B ta mpo-
BOIWJIY OUMINEHHA H aKTUBAIIiI0 iX ITIOBEePXHi OoMbapAyBaHHAM HOHAMU
MeTaJiB, IIT0 eMiTyIOThCS 3 KaTOAHUX ILIAM KaTOAy BUIIapHUKA, IPOTS-
rom 5 XB.

BukopucroByBaHa BaKyyMHa KaMepa AyroBoi ycTaHOBKHU «ByiaT-6»
Mae NUWIIHAPUYHY (opMy 3 BHyTpimHiM gismerpom 600 mMm i BucoTOrO
800 MM, TaKUM YMHOM 00’€M BaKyyMHOI KaMepu CKJAAA€ MPUOIM3HO
0,22 m® (220 n1). SIK moKa3aB eKCIIepUMEeHT, BilKauHi 3ac00M YyCTAHOBKH
3abesmeuyBaan BigfKauyBaHHs pobounx rasiB Big 0,4 Ila mo smaueHHS
sanumkosoro Bakyymy 1-1072IIa 3a 1c. TounicTh 3afaHHS BHYTPIII-
HBOTO TEePMiHYy HepeMUKaHHS KaHaJiB Po3po0JIeHOr0 ABOKAHAJIBHOTO
MIPUCTPOIO YIIPABJIHHA «BUIApHUK—HaAIycKau» cKJazae +1c, Tob6TO
MIPOMIKOK Yacy MiK BiIKJIIOUEHHSM OJHOIO 3 rasiB i BMUKAHHSAM IpY-
roro 3 rasiB ckJazae MPUOJIU3HO OAHY ceKyHAY. I[boro mocraTHbO I
BilKauyBaHHS BAKYyMHOI KaMep! YCTAHOBKHU A0 TPAaHUYHOI0 3aJIUIIKO-
Boro tucky 0,001 ITa. Takum uMmHOM, 3aBASKHU II€EPEPAXOBAHUM BHIIE
mapaMeTpaM cycizcTBa 060X rasiB y Kamepi B mpoilieci HaHeCeHHs IIOK-
purtsa maaoimoBipHo. Ilpu omep:kaHHi 6araTolrapoBoro BaKyyMHO-
nyrosoro mokpuTtd WNbN/WNbDLC mBuakicTh BifKauyBaHHA BaKyyM-
HOI KaMepU YCTaHOBKHU BiJcTe:KyBajacs IO IOTOUYHOMY 3HAUEHHIO THC-
Ky Y KaMepi 3a mormomororo Bakyymmerpa BUT-3.

O omep:xaHHA KapOigHOro Imapy 0araToIliapoBOr0 BaKyyMHO-
nyroporo mokputtd WNDbN/WNDC sacrocoByBascsa ameruien (C:Hs),
KU HamycKaBCs MO BaKYYMHOI KaMepu Ta AMCOIliloBaBcA y mpolieci
olep:KaHHA MOKPUTTA. XeMisd I[bOTo IPoIlecy Hapasi BUBUAETHCA.
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Buoaus I'inporeny, 1o 3’aBiIseTheA ¥ IpoIleci Aucorliaiii, Ha BJIacTH-
BOCTi BaKyyMHO-AYTOBUX IMOKPUTTIB HMHI MaJio BUBUEHO Uepes CIeIlu-
Girky TexHoJIOril olep:KaHHA IOKPUTTIB, OCKiJIbKM paHillle IJd CTBO-
PE€HHSA BaKyyMHO-IYTOBUX HOKPHUTTIB BUKOPUCTOBYBAaBCA PeaKIiHUNI
ras asoT. Bukopucramua SK aJlbTepHATHUBHHX rasiB — OKcuremy Ta
aleTUJIeHy JUIlle MMOYMHAEThCA. AHANI3 XapakTepHCTHUK OIep:KaHUX
HOKPUTTIB IPUBOAUTEL IO BUCHOBKY, IO MOKJUBUU BILIUB limporexny
Ha 1X BJIaCTHUBOCTI B HAITUX €KCIIEPIMEHTAaX € JOCUTh HE3HAUHUM.

Bimomo, 1o npucyTHicTh Iigporeny HaBiTh y MaJuX KOHIIEHTpAIligAX
MOJKe CYTTEBO 3MIiHUTHU (hi3MKO-XeMiuHi BJIACTUBOCTI MaTepidAiB, Ipu-
BECTHU JI0 HMOoABU Ae()eKTiB, TPII[WH, MOTiPIIEeHHA ILJIACTUYHUX BJIACTH-
Bocteit MmetaniB. KinbKicHa ominka Bmicty Iimporemy B mOKpuTTi
YCKJIAOHIOETLCA Ueped HUBLKY UYTJIUBICTL TPASUIIIMHUX METOH BU3HA-
yeHHA KoHIeHTpaIlii I'igporeny B TBepxiit mpob6i. Hatiuacrimie gias goc-
JiIPKeHHSA 3aCTOCOBYIOTHCA METO/Ia CIIEKTPOMETPil AepHOT0 3BOPOTHO-
ro posciroBaHHs, MeToza PesepdopIoBOro 3BOPOTHOIO PO3CiIOBaHHS,
BOJIIOMOMETpPHYHA MeToza. [Jid cTBOPEeHHA MOJeJIo, 1110 OIMCY€E BILIUB
MaJInX KOHIeHTpamiit I'imzporeny, HeoOXigHMI BeIMKMNI MacHB HOBUX
eKCIIepUMEHTAJIbHUX JTaHWX PO BILIMB MaJNX KOHIeHTpamin I'igpore-
HY Ha BJIACTUBOCTI Ta CTPYKTYPY PiBHUX BaKyyMHO-AYTOBUX IIOKPUTTIB,
III0 € OKPEMHUM eKCIePHUMEeHTAJbHUM 3aBHAaHHAM. AmIKe HeoOXigHO He
TiJIBKY TOYHO BUMipATH KOHIeHTpAaMii I'igporeny, aae i gocaignTu, K
Taki MaJIi KoHImerTpamnii I'ifporeHny BIIMBAaIOTHL Ha BJIACTHUBOCTI HOKPUT-
TiB. Ile 3aBIaHHA € Ay:Ke aKTyaJbHUM i IIEPCIEeKTUBHUM Ha JaHUU yac
Ta BIMAarae CUCTeMHOTO MiX0y A0 MOro BUBUEHHS.

PesyabTatu mepiimx AocaimKeHb BAKYYMHO-IYTOBHX OaraToIiapo-
Bux WNDbN/WNDbLC moxpuTTiB ImoKasajiu, I[0 MiKpPOTBEPIiCTbL TaKMX
MOKPHUTTIB JIe:KUTEL B Hianasoui 27—31 I'lla. Ha pucyary 10 npexncras-

SEI 20kv %4000 1pm
s miptoen et ey AP T T SEI 20KV %4000 Ty

a o6

Puc. 10. 3uiMKu noBepxHi MOKPUTTA (a) Ta MOp@oJaorii 31aMy mMOKpUTT (0).

Fig. 10. Photos of the coating surface (a) and fracture morphology of the coat-
ing (6).
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JIeHi 3HIMKM TOBepXHi omep:kaHoro mokpurrtd (puc. 10, a) Ta mopdoJio-
rii smamy nmoxkpurta (puc. 10, 6).

Oco011BiCcTI0O BAKYYMHO-AYTOBOTO CIOCOOY HaHECEHHS IIOKPUTTIB €
HagBHICTh KpameabHOl (asm y moxputti (puc. 10, a). Axe mi Kpamri
CIOCTEePiraroThCs JIKIINE Ha MOBEPXHI BAKYYMHO-IYTIOBOr0O OaraToIrapo-
BOT0 MOKPUTTA. BigcyTHicTs (puc. 10, 6) a6o cyTTeBe 3HUMKEHHA Kparte-
JbHOI (pasu y IMIapax HOKPUTTS CTAJNO0 MOXKJIMBUM 3aBASKH BUKOPHC-
TAaHHIO B AKOCTi KaTOiB BUIIapPHUKiB TyromraBkux metaais (W ta Nb) 3
BUCOKUMU TeMuepaTtypamu miaasaeHHsa (3420°C ra 2500°C, BigmoBigHO)
Ta Mig00Py MiHIMAIBLHO MOMKJINBUX POOOUMX 3HAUEHL CTPYMY AYTH Ka-
TO&iB Boab(pamy Ta Hiobifo.

3acTocyBaHHSA PO3POOJIEHOTO0 HMPUCTPOIO KEePYBAHHA 3 BUKOPHUCTAH-
HAM MaJIoi TpuBaJIOCTH poboTu KaHadiB (5—10 ¢) 103BOIMIO OfepKaTH
HAHOPO3MipHi Imapu 3 4iTKoi0 MeK0oi0 MixK HuMu (puc. 10, 6).

5. BUCHOBREH

[ po3IIpenHA MOMKJINBOCTEH O/lep:KaHHA MMPOCTUX i CKJIagHuX O6ara-
TOMIAPOBUX BaKYYMHO-AYTOBUX IIOKPHUTTIB 3a OAWH TEXHOJIOTIUHWHA
IUKJI (TIpoliec) ocaaKeHHAa OyB po3po0IeHNH JBOKAaHAJIBHUU ITPOrpamMo-
BaHUIT IU(GPOBUI IPUCTPIA [OJA KepyBaHHA POOOTOI0 BAKYYMHO-
IYyTOBUX BUMNAPHHUKIB Ta HaANyCKauiB Jisd HAIIyCKY T'adiB B BaKYyMHY
KaMepy YCTaHOBKH.

Hna omep:kaHHA OaraToIapoOBUX BaKYYMHO-IYTOBUX MOKPUTTIB 3
pisHOIO KoHdiryparieto mapiB (Me;—I';) 3acTOCOBYIOTECA IEB’ATH PEIKU-
MiB poOOTH IIPUCTPOIO, AKi MOKYTH OyTH PO3IIUPEHi Y TOAAILIIIOMY BH-
KOpUCTaHHi.

KepyBamusa mpoliiecoM HaHEeCeHHS ITapiB pisHOI TOBITUHYA BUKOHYETh-
csA 3a JOIOMOTOI0 PeryJioBaHHS TPUBAJIOCTH POOOTH KOMKHOTO KaHaTIy
IIPUCTPOIO yIpaBaiHHA (uacoBi mapamerpu t1-t4) Big 0 mo 99 c.

T'o/10BHOIO YaCTHMHOIO IPUJIALY € OJOK YIPAaBJiHHS, TOOYZOBaHMUI HA
MaJIOHIOTYKHOMY MiKPOKOHTpoJepi Atmega8A, B AKOMYy IIPOrpaMHO
3aKJIaZieHi aIropuTMu podOTH IPUCTPOI0. BUKOpUCTAHHA MiKpoIIpoIie-
copa Atmega8A o0yMOBJIEHO HOTr0 IMUPOKNUMU TEXHIUHIMU MOKJIHNBOC-
TSMH, a TAKOXK BiITHOCHO HEBHMCOKOIO BapTiCTIO, IO, B CBOIO UEPry, Aa€
MOJKJIMBICTH HIOTO IMIBUAKOL 3aMiHM IIPpU HAOWCAHHI HOBOI IIPONIMBKU 3
POBIIIUPEHHAM MOKJINBOCTEN POOOTH IIPUCTPOIO YIIPABIIiHHSA.

Ilepiii pesyabTaTé eKCILIyaTailii po3pobaeHoro IprucTpoio B Jabopa-
TOPii PO3POOKM Ta MOCJIMKEHHS iHTeHCHMBHUX HMOHHO-ILIA3MOBHUX TeX-
nojyoriit HHII «X®TI» HAH Yxpainu miaTBepauaIu #oro TexHiuHi xa-
paxTepuCTUKN. BUKOpUCTAHHA IILOTO IPUJIAAY IaJ0 3MOTY OJEep:KaTh
bararormraposi Bakyymuo-gyroei WNbN/WNDC mokpurrsa 3 MiKkpoTBe-
paictio 27-31 I'la.
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Ha po3paxyHKoBuil paxyHok Ne UA058201720313291001201001901 B 6auky I'VIKCY B M. Kuesi
Kopg 6anky: 820172
Kopx equnoro gep:kaBHOTO peecTpy mianpueMcTB i oprauisaniit Ykpainu (EIPIIOY): 05417331
s «IIOCTAYATBHUKA» — IacturyTty mMeranodisuku im. I'. B. Kypaiomoa HAH Ykpainu
CBigo1TBO IJIATHUKA TOKATKY Ha fogany Bapricts (IIIB) Ne 36283185, inauBigyanbHuii mogaTKOBUM
uomep (IITH) 054173326066
Kox npusnauenusa miatexy: 25010100
IIPUBHAYEHHS IJIATEXKY: 3a :KypHaa «Merasodisuka Ta HOBiTHiI TexHoJorii» (ToM(11), HOMep(u),
pik(pokn)) aiss PBBIM® HAHY
MIACTABA: nepegoriata 100%
B iHo3eMHill BamoTi (fonapax CIIIA, eBpo) uepes BigmoBigHi 6anku-kopecnonzenTu AT «[lep:xaBHuii
EeKCITOPTHO-iMIopTHMH GaHK YKpaiHu»
«OIEP3KYBAUY »: Dimian AT «[lep:kaBHUIT eKCIOPTHO-iMIIOpTHU 6aHK YKpainu» B M. Kuesi (Ykpaina,
04053 Kuis, Byn. Bynssapuo-Kyzapasceka, 11°)
Ha po3paxyHKoBuil paxyHox Ne UA603223130000025308000000067
M®O 322313
mist «IIOCTAYATBHUKA» — IHcTuTyTy Meranodisuku im. I'. B. KypaiomoBa HAH Vkpainu
IIPUBHAYEHHSA OILJIATU: 3a KypHaJ « MeranodisuKa Ta HOBiTHI TexHoJorii» ans PBB IM® HAHY
IIJICTABA: nepenomwiata 100%
3a Tperim cmoco6oM mepearuiaTa HeoOXximHO moBimomuTu pegakmiro MHT 3a momToBoi0 agpecoro:
Iacruryr meranodisuku im. I'. B. KypaiomoBa HAH Vkpaiuu, PBB,
6ysbB. Akanemika BepHaacwkoro, 36,
03142 Kuis, Ykpaina
(e-mail: mfint@imp.kiev.ua, paxc: +380 44 4242561, Temedon: +380 44 4249042)
JaTy CILJIATH, Ha3By MiAIpUeEMCcTBa a00 iM’dA mepeAIIaTHUKA, agpecy AJd MOIITOBOI JOCTABKHY, a 3a Heo0-
XigHOCTH — CBOI PEKBI3UTH AJI5 IIOJATKOBOI HAKJIALHOIL.
IlepioguunicTs — TOM 3 12 BUmycKiB y DiK.
3 ypaxyBaHHSM II€PECHJIAHHS IOIITOI0 IJIs ePeJIJIaTHUKIB B YKpaiHy mepeIiaTHa BapTiCTh: OLHOTO
npumipauka sunycky — 170 rpa., Tomy — 2040 rpH.;
IJIA 1HO3eMHUMX IIepeAILIATHUKIB IlepefIliaTHA BapTiCTh: OAHOTO NpUMipHMKa BumycKy — 13 USD
(11 EUR), Tomy — 156 USD (132 EUR).

3pasox das onaamu pivHoL nepednaamu
PaxyHoK-(pakTypa

«IIOCTAYAJIBHUK » : ITncTuTyT Meranodisukun HAH Vkpainu
«OJIEPYKYBAY»: Dimian AT «lep:kaBHUIT eKCIIOPTHO-iMIopTHM 6aHK YKpainu» B M. Kuesi

(Yxpaina, 04053 Kuis, Byn. Byassapuo-Kyzapasceka, 11°)

Ha po3paxyHKoBuii paxyHok Ne UA603223130000025308000000067,

M®O 322313
TIPU3HAYEHHSA IUIATEXY: 3a sKypHaa « Meranodisuka Ta HOBiTHI TexHoOrii» q1st PBB IM® HAHY
«IIJIATHUK » :
MIACTABA: nepegomiata 100%

Ne HaiimeHnyBaHHSA Ox. Bum. Kiaskicts y KoMmiaexTi Iina Cyma
| emomortis (stmodro is wocras.  mpi 12 13USD 156 USD
: (11 EUR) (132 EUR)

KOIO IOIITO0)

Cyma 10 eniatu 156 USD
(132 EUR)
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