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AHOTAIISA

Moeunxo B.B. MexaHi4Hi Ta KOpO3iifHiI BIACTUBOCTI KOMITO3UIIIHHUX MMOKPHUTTIB,
CUHTE30BaHUX YJIbTPA3BYKOBOIO yAapHOIO0 00poOkoto craBiB Ha ocHoBl Ti, Cu, Al. —
KBamidikamiitHa HayKoBa mparis Ha IpaBax pyKOIUCY.

Huceprtamiss Ha 3700yTTS HAYKOBOTO CTYMEHs JOKTopa (dinocodii 3a
cnemianpHicTIO 132 — MarepianosnaBctBo (13 — MexaHiuHa 1HXKEHeEpis). —
Harmionaneuuil TexHiunmii yHiBepcuteT Ykpainu "KuiBCbKuil MOMITEXHIYHUNA 1IHCTUTYT
imeH1 Irops Cikopebkoro", Kuis, 2023.

Jucepraiiisi IpUCBAYY€ETHCS BUPIIIEHHIO aKTyallbHOT HAYKOBO-TEXHIYHOI 3a/1a4l —
MOKPAIICHHI0 MEXaHIYHUX Ta KOPO31MHHUX BJIACTHBOCTEW MOBEPXHI CIUIABIB HAa OCHOBI
koibopoBux MmeTamiB (Ti, Cu 1 Al) mmsxoMm yiabTpa3ByKOBOTO YJIapHOTO CHHTE3Y
BUCOKOMIITHMX KOMIO3UIIITHUX TTOKPUTTIB.

HucepraitiitHa poOoTa CKIAAAETHCS 13 O PO3AUIIB, SIKI CTOCYIOTHCS: JIITEPAaTypPHUX
JIAHUX I10JI0 BIUIMBY METOJIB 1HTEHCHBHOI Aedopmariii Ta Moaudikarlii moBepxHi Ha
CTPYKTYpHO-(pa30Bi TEPETBOPEHHS 1 3MiHY BIIACTUBOCTEH KOJIbOPOBUX CILIABIB
(Po3min 1); onucy 00’€kTiB 1 MeTOAIB AociikeHHs (Po3ain 2); BIIIKMBY yJIbTPa3ByKOBOI
yaapHoi 00pooku (Y3YO) 3 apidHoaucnepcauMu moporikaMu o-SisNa, B-SisNg, SiC ta
Al;O31a Tepmiunoi 00pooku (TO) Ha CTPYKTYPY, (ha30BHii CKIIA]] | BIACTUBOCTI MOBEPXHI
tutadHoBoro cmiaBy BT6 (Po3ain 3) Ta matysi JIC 59-1 (Po3gin 4); 3MiH CTpYyKTYpHO-
($a3oBOro craHy Ta BJIACTUBOCTEN MOBEPXHI altOMiHiioBoro cmiuaBy AMI'6 micis
enexTpoickpoBoro jeryBanss (EIJI) tutanom 3 noganbmoo Y3VYO (Po3gin 5).

Y3VYO 3 nopoiikamu MpoBEJEHO Ha MOBITP1 3a KBa31-T1IPOCTATUYHOIO CXEMOIO
YAAPHOTO HABAaHTAKEHHS 3aJJIsl CYTTEBOTO IMIJBMUILEHHA MEXAaHIYHOI €Heprii Ta
dbopmyBaHHs  AedopMaIlifHUX  KOMITO3UTIB  IUISXOM  MEXaHIYHOTO  JICTYBaHHS
NOAPIOHEHUMHU apMyBaJbHUMHU YacCTUHKAMM TOBEPXHEBUX WIApiB CIUIABIB, B LOMY
BUIAJIKy JOJAaTKOBO 3aCTOCOBAHO BHCOKOTEMIIEpAaTYpHUW BiJMad Ha TOBITPL IS
iHTeHcu(Dikalii OKUCHUX TMTPOIECIB Ta YIIIJIBHEHHS CHHTE30BAaHUX TOKPHTTIB.
Bukopucrano takox miaxija, skui nepeadadae EIJI TuTaHoM Ha TOBITPI 331711 CHHTE3Y
OKCHJIHUX Ta 1HTEPMETATIIHUX CIONYK 3 mojaibinoio Y3YO 3a KOHTaKTHO-3CYBHOIO

CXEMOIO YAapHOI'O HABAHTAXXCHHA, 3 MCTOIO HH3bKOTCMIICPATYPHOI'O MEXaHIYHOTO
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HAHOCTPYKTYpYBaHHSI C(OPMOBAHOTO NOKPUTTS. [Ipu 1IbOMY AOTpUMYBaIMCh HACTYITHI
peXUMH 0OpOOKHU:

o mis Y3VYO: ugacrtota yiabTpa3BykKoBoro reneparopa — 21 k[, moTyXHICTh —
0,6 kBt, TpuBamicte 00pobku — 30-300c, mBuaKicTh 0OepTaHHS YIapHOI
rojioBku — 10 00/c, amMIuIiTy1a KOJIMBaHb TOPIS KOHIICHTPATOPY HANpPy>KEHb —
15 MKM—25 MKM, KUIBKICTb yAapHUKIB — 1 abo 7;

e s EUIL: TpuBamicTh, eHepris Ta 4aCTOTa MPOXOKEHHS €JIEKTPUYHUX IMITYJIbCIB
omm3pko 200 mkc, 1 [k ta 50 + 3 11, BiAIOBIAHO;

e s TO: moBiTpsiHE cepenoBulle, TemiepaTtypa Bianairy — 550 ta 650 + 25°C,
TPUBAIICTh — 5 TOJIMH, a 32 YMOB IIUKJIIYHOTO Bignany — 50 roguH.
3aCTOCOBAHO KOMILIEKC €KCIIEPUMEHTAIBHUX METO/I1B TOCIIIKEHHS CTPYKTYPH Ta

($ha30BOTO CKJIQQy CHUHTE30BAaHMX MOKPUTTIB (peHTreHo(a30BUM aHall3, €JIEKTPOHHA
MIKPOCKOITISI), XIMIYHOTO pO3MOAUTY KOMIIOHEHTIB (MIKpO-PEHTT€HOCIEKTPaIbHUN
aHaii3), MEXaHIYHUX Ta KOPO3IMHUX BJIACTUBOCTEW (BUIPOOYBaHHS HA 3HOIITYBaHHS,
CKJICPOMETPIsi, MIKpO- 1 HAaHOIHJICHTYBAHHS, TPaBIMETPisl, IOTCHI[IOCTATUYHHIA METO]T).
BukopucTanHs BUCOKOMIITHHUX AuciiepcHuX mopoikiB SizsN4, Al,Ozta SiC mix gac
yIBTPa3ByKoBO1 yaapHoi o0poOku cruiaBiB BT6 ta JIC59-1 no3Bonmio cuHTE3yBaTH
KOMIO3UIIMHI TOKPUTTA 13 MIJBUIIEHOI A0 4—5 pa3iB MIKpO- Ta 1HCTPYMEHTAIBHOIO
TBEPJICTIO 1 KOPO31MHOIO CTIWKICTIO, TOBIIMHA SKHX BH3HAYAE€THCS MEXaHIYHUMH
BJIACTUBOCTSIMU BUXIJHOTO CIUIABY Ta TPIIMHOCTIMKICTIO MOpOKY. CHHTE30BaH1 TAKUM
YUHOM TIOKPHUTTSI MAlOTh TPAJIEHTHY CTPYKTYpY: VIIUJIbHEHUH MIap MOAPIOHEHOTO
MOPOIIKY; KOMITO3UIIIMHUIM 1ap (MAaTPUYHUH CIIaB apMOBAHUI YaCTUHKAMHU TTOPOIIIKY );
o0JiacTh ieopmMallitHoro 3MIIHEHHS 3 MOJIU(PIKOBAaHUM (PAa30BUM CKIIAJIOM.
VYnbTpa3sBykoBa  yaapHa ~ o0poOka 3 mopomkoM  B-SisNg  rampmye
BHUCOKOTEMIIepaTypHE OKUCHEHHsI moBepxHi cruiaBy BT6: Brpata macu micas 50 rogun
IUKJIIYHOTO BiAMNAaIy Ha MOBITPi 3a TemnepaTypu 650 °C 3MeHIy€eTbCs BABIYL, TOPIBHSIHO
13 BUXIJTHUM CTAaHOM, 3aBISKH MEXaHIYHOMY JIETYBaHHIO MOAPIOHEHMMH YaCTHHKaAMU
MOPOIIKY 710 TTHOWHU ~16 MKM, IPUCKOPEHOMY MacOIIEPEHOCY Ta YACTKOBOMY CITIKaHHIO
KOMITOHEHTIB CHHTE30BAHOTO TIOKPUTTS. Takuil pe3yiabTaT 00yMOBIIOETHCA TUM, IO [3-

Si3N4 Ta Ti MaroTh 0JTHAKOBHI THIT KPUCTATIYHOT IPATKH 3 OJIM3bKUMHU ITapaMeTpaMu (IUIst
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Ti—a=0,2951 am, ais B-SisNg — ¢ = 0,2909 um). lana Moaudikaliis HITpUIY KPEMHIO
XapaKTEpU3y€e€ThCsl TAKOX JIOCUTh BHCOKOIO CTIMKICTIO /0 TEIUIOBUX YAapiB, IO
3a0e3nevyye HU3bKHUM PiBEHb TEPMIYHUX HAMPYKEHb IM1]1 YaC HUKITYHOTO BiMaTy.

KombiHoBaHa 11 yiabTpa3ByKOBOi yaapHOi oOpoOku moBepxHi cruiaBy BT6 3
noporkoMm Al,O3 ta Bignany 3a remmneparypu 650 °C mo3Boimia chopMyBaTH 3aXHUCHE
KOMIO3UI[IITHE TOKPUTTS 13 MOKPAIIEHUMHU BJIACTUBOCTSIMHU TOPIBHAHO 13 BUXIIHUM
CTAHOM: 30UIBIIEHOI0 Yy ~4 pa3ud 1HCTpyMeHTaldbHOIO TBepaicTio (mo 12,8 I'Tla);
3MEHIIEHUM B ~2,5 pa3u Koe(dillieHTOM TepTs Ta 3MeHIIeHnMHU B ~20 pa3iB BTpaTaMu Ha
3HOUIYBaHHS; TOKpameHuM y ~1,5pasu Ta B ~6,5 pa3iB OmopoM OKHCHEHHIO 3a
MIJBUIIEHUX Temrepatyp 1 B cepenonuii 3,5% NaCl, BiAnoBiIHO.

['pagieHTHa CTPyKTypa CHHTE30BAHOTO IMOKPHUTTS TMPEICTaBICHA y JTaHOMY
BUNAAKY HiIbHOIO IUTiBKOIO Al,O3/TiO; Ha moBepxHi, KOMITO3UI[IHHUM IAPOM, IO
3minHeHu yactuakamu AlyOs, Ta o6mactio nqedopMariitHoro 3MIiITHEHHS.

[IBuaKiCTh OKMCHEHHS BUXigHOTO Ta MojaudikoBaHoro Y3VYO 3paskiB BT6
OMHUCYEThCS MapabOIIYHUM 3aKOHOM 3 eHeprieo aktuBamii 256 kJ[x/Moib Ta
264 xJ{x/monb, BinmoBigHO. JloBkuHa 1udy31HHOTO NUIAXY aTOMIB KUCHIO 3MEHIITY€ThCS
Ha TIOPSIOK BEJMYMHU TOPIBHSHO 13 BUXIAHUM cruiaBoM (42 MM npoTtu 400 MKwM,
B1/ITIOBIJTHO).

Ha mnoyarkoBuX cTaisiX OKHWCHEHHS MOKHAa BHJUIMTH HU3KY (aKTOpiB, fAKi
BIUTMBAIOTh HA HOTO HIBUJKICTh, CEpPEed SKHUX — HASBHICTh MDK()A3HUX TpaHUIIb, 110
YTBOPIOIOTHCS BHACIIZOK MEXaHIYHOTO JIETYBaHHS MIPUIIOBEPXHEBUX IapiB crutaBy BT6
YHUCJICHHOIO KUIBKICTIO HaAApiOHuX dYacTHHOK Al)Osz, a TakoX BETMKOI KIJTBKOCTI
HOBOYTBOPEHUX MEX 3€pPeH BHACIIJOK TIUIACTUYHOI Jedopmaliii  MaTpUIHUX
KOMIIOHEHTIB cIuiaBy mijg yac Y3VYO.

VY3VYO-cunte3 mokputTss 3 mopomkoM Al,Os; 103BOJIMB 30UIBIIMTH TBEPICTh
noBepxHi ABo¢asHoi taryHi JIC59-1 no ~5,3 I'lla, npu nupomy edexT 3MILHEHHS JoCsrae
~4 pa3iB, MOPIBHSAHO 13 BUXIAHUM CTaHOM. Bukopucranusa nopomky SiC mokpammiio
edeKT 3MIIHEeHHs J0 ~5 pa3iB, 3HAYCHHS MIKPOTBEPAOCTI ckiagaroTh ~5,65 I'Tla Ta
~6,7 I'Tla nna ¢ppakiiit 28 MkmM—40 MM ta 160 MkM—200 MkM, BiATIOBIIHO. [[71s1 BUMIaaKy

3actocyBaHHs nmopomky SiC Oibinoi ¢pakiiii 3pocTae omip 10 OKUCHOTO PyHHYBaHHS 3



5

yTBOpeHHAM (¢azu ZnO (3a 1aHUMU PEHTTeHO(PA30BUX JOCTIIKEHb BIJICOTKOBUN BMICT
OCTaHHBOI 3MeHIIyeThCs 3 23% 10 10%). 3pocTanHss MIKpOTBEPAOCTI TOBEPXHI JaTyHI
JIC59-1 micia Y3YO 3 nopomkom SiC 00yMoBiIeHe KOMOIHOBAaHMM BILTMBOM TIPOIIECIB
apMyBaHHS BHCOKOMIIIHUMHU KapOITHUMU YaCTUHKaMH, JUCHEPTyBaHHSA 3€pEHHOL
CTPYKTYpH MaTPUYHUX CKIAJ0BHX (70 ~70 HM Ta ~50 HM A1 a-Ta B-(ha3, BIANOBIIHO) Ta
dazoBuM mepeTBOpPeHHSIM [—a (i3 3MEHIICHHSIM BTpUYl KUTBKOCTI -dhasm); 3arampHa
TOBIIMHA 1ePOpMOBaHOTO MIapy ckiaaae ~500 MKMm.

EnexTpoickpoBe JleryBaHHA THTaHOM CIulaBy AMr6 3  mojaibiioro
yJIBTPA3BYKOBOIO YJIApPHOIO OOpOOKOI0 3a0€3Medmiio, MOPIBHAHO 13 BUXIJHUM CTaHOM,
3pOCTaHHS MIKPOTBEPJOCTI MPHUMOBEPXHEBUX IMIApIB /0 ~3 pasziB Ta 3axUCHOI
edexTuBHOCTI BiA KOpo3ii (y coimboBoMy po3uuHi 3,5% NaCl) na 26% 3aBngku
TBepaopo3unHHoMy (Ti-Al) Ta qucnepciiinoMy (iHTepMeTatiiHi Ta okcuaH1 pazu Ti1 Al)
3MII[HEHHIO, & TaKOoX (OPMYBAHHIO OIMOJANBHOI CTPYKTYpPU 3 YJIbTPaIUCIEPCHUMU
3epHamu. IHTeHcuBHICT, 3MminHeHHs micass EN[-Y3YO Tta VY3YO cknanmae
33,2 MIla/mxkm T1a 13,6 MIla/MKM, BiAMOBIAHO, TOOTO 301MBIIYETHCS MaiyKe BTpPHUYI.
[Ipuuomy came nedopmauiiinnii BB Y3YO 00yMOBIIOE YTBOpEHHs oOjacTei
(dbparMeHTOBaHOI MIKPOCTPYKTYPH Yy TOBEPXHEBHUX Iapax cruiaBy AMr6, ne KokeH
(dbparMeHT XapaKTepU3Y€EThCS BUCOKUM 3HAYEHHSM CEPEIHBOI TYCTHHH JTUCIIOKAITii.
Cepenns ToBIIMHA MOAM(IKOBAHOTO/CUHTE30BAHOTO 1Iapy 31 3HAYHUM BMICTOM TUTaHY
Ta KUCHIO CTAHOBHUTH OJ1M3bKO 11 MKM, a 3arajibHa riMOrMHa IHTEHCUBHOTO TPOHUKHEHHS
OCTAaHHBOT'O JOCATAE 32 MKM.

BcranoBneni B po60TI 3aKOHOMIpHOCTI (hOpMYBaHHS TEPMIUYHO- Ta MEXaHIYHO-
IHIYKOBAaHUX TPAJIEHTHUX CTPYKTYpPHO-(A30BUX CTaHIB Yy MPHUIOBEPXHEBHUX IIapax
npomucioBux crasie BT6, JIC59-1, AMr6 mig [i€i0 1HTEHCUBHOI IUIACTHUYHOI
nedopmariii BiIKpUBatOTh MIEPCIIEKTUBY CTBOPEHHS IHHOBAIIIMHUX TEXHOJIOT1H 1H)KEeHepil
METaJIeBOi OBEPXHI.

Vi pe3ynbTaTH, 1110 BUHOCSITHCSA Ha 3aXUCT € HOBUMH.

Ki11040Bi ¢j10Ba: MOKPUTTS, MOPOIIOK, YIABTPa3ByKOBa yaapHa oOpoOKa, Bijmal,
MEXaHIYHEe  JIETyBaHHS,  CTPYKTYpHO-(a30BI  NEPEeTBOPEHHS,  PEHTreHo(}a3oBl

JOCITIJIKEHHS, CTPYKTYpa, TBEPICTb, IBUAKICTh OKUCHEHHSI, KOPO3isl, 3HOIITYBaHHS.



ABSTRACT

Mohylko V.V. Mechanical and corrosion properties of composite coatings
synthesized by ultrasonic impact treatment of Ti, Cu, Al based alloys. — Qualifying
scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 132 "Materials
Science" (13 - Mechanical Engineering). — National Technical University of Ukraine
"lgor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2023.

The dissertation is devoted to the solution to a current scientific and technical
problem — improving the mechanical and corrosion properties of the surface of alloys
based on non-ferrous metals (Ti, Cu and Al) by ultrasonic impact synthesis of high-
strength composite coatings.

The dissertation consists of five sections, which include: the analysis of literary
data devoted to the influence of methods of intensive deformation and surface
modification on structural-phase transformations and changes in the properties of non-
ferrous alloys (Chapter 1); the description of research objects and methods (Chapter 2);
the influence of ultrasonic impact treatment (USIT) with using finely dispersed a-SizNa,
B-SisN4, SIC and Al,O3; powders and thermal treatment (TT) on the structure, phase
composition and surface properties of titanium alloy Grade5 (Chapter 3) and brass
CuZn38Pbl (Chapter 4); changes in the structural phase state and surface properties of
5083 aluminum alloy after electrospark alloying (ESA) with titanium and following USIT
(Chapter 5).

The USIT with powders was carried out in air according to the quasi-hydrostatic
impact load scheme in order to significantly increase the mechanical energy and synthesis
of deformation composites by mechanical alloying of the surface layers of alloys with
crushed particles; in this case, high-temperature treatment in air was additionally applied
to intensify the oxidation processes and compact the synthesized coatings. ESA with
titanium in air was also used for the synthesis of oxide and intermetallic compounds with
following USIT according to the contact-shift scheme of impact loading for the purpose
of low-temperature mechanical nanostructuring of the synthesized coatings.

The following regimes of the treatment were applied:
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» for USIT: frequency of the ultrasonic generator — 21 kHz, power — 0.6 kW, duration
of processing — 30s-300 s, speed of rotation of the impact head — 10 rpm,
amplitude of oscillations of the stress concentrator — 15 pm-25 pm, number of
peens - 1/7;

» for ESA: duration, energy and frequency of electric pulses was about 200 pus, 1J
and 50 £ 3 Hz, respectively;

o for TT: air environment, temperature of annealing — 550 °C and 650 + 25°C,
duration — 5 hours, and under conditions of cyclic annealing — 50 hours.

A complex of experimental methods for studying the structure and phase
composition of synthesized coatings (X-ray phase analysis, electron microscopy),
chemical distribution of components (micro-X-ray spectral analysis), mechanical and
corrosion properties (wear tests, sclerometry, micro- and nano-indentation, gravimetry,
potentiostatic method) was applied.

The use of high-strength dispersed SizsN4, Al,O3 and SiC powders during the
ultrasonic impact treatment of Grade5 and CuzZn38Pb1l alloys allows the synthesis of
composite coatings with increased micro- and instrumental hardness up to 4-5 times and
corrosion resistance compared to the initial state. The thickness of these coatings is
determined by mechanical properties of the alloy and the crack resistance of the powder.
The coatings obtained in this way have a gradient structure and consist of compacted layer
of crushed powder, composite layer (matrix alloy reinforced with powder particles) and
area of the strain hardening with modified phase composition.

The ultrasonic impact treatment with B-SisNs powder inhibits high-temperature
oxidation of the surface of the Grade5 alloy: mass loss after 50 hours of cyclic annealing
in air at a temperature of 650 °C is reduced by two times, compared to the initial state,
due to the mechanical alloying of the surface layers of alloys with crushed particles to a
depth of ~16 um, accelerated mass transfer and partial sintering of the components of the
synthesized coating. This result is due to the fact that 3-SisN4 has a hexagonal lattice type,
like the metal matrix and close values of periods (parameter a is 2.951 A for Ti, and

2.909 A for B-SisN,). In addition, this modification of the silicon nitride is characterized
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by a fairly high resistance to thermal impacts, which can provide a low level of thermal
stress during cyclic annealing.

The combined effect of ultrasonic impact treatment of the surface of the Grade5
alloy with Al,O3 powder and the subsequent heat treatment at the temperature of 650 °C
allows: a 4-factor increase of the nanohardness (up to ~12.8 GPa) and a 2.5-factor
reduction of the coefficient of friction during ~30 test cycles and significantly reduce
wear rate; a 1.5-factor increase of the heat resistance; to increase by ~6.5 times the
resistance to corrosion in the 3.5% NaCl environment, compared to the initial state.

The gradient structure of the synthesized coating contains dense Al,O3/TiO, films
on the surface, composite layer reinforced by Al,Os particles surrounded by oxidized
Grade5 and area of the strain hardening.

The oxidation rate of the original and USIT-modified samples of the Grade5 alloy
is described by a parabolic law with an activation energy of 256 kJ/mol and 264 kJ/mol,
respectively. The length of the diffusion path of oxygen atoms decreases by an order of
magnitude compared to the original alloy (42 pum versus 400 pm, respectively).

At the initial stages of oxidation, a number of factors that affect oxidation rate can
be distinguished: the presence of interphase boundaries which formed as a result of the
mechanical alloying of a large number of ultrafine Al,Os particles into the surface layers
of the Grade5 alloy, and a large number of newly formed grain boundaries due to the
plastic deformation of the matrix components of the alloy during USIT.

The USIT-synthesis of the coating using the Al,O3; oxide powder allows an increase
of the hardness of the surface of two-phase CuzZn38Pbl brass to ~5.3 GPa, the
strengthening effect reaches ~4 times that of an initial state. The use of SiC powder makes
it possible to achieve a strengthening effect that is ~5 times greater than the original; the
microhardness values are ~5.65 GPa and ~6.7 GPa for fractions 28 pm-40 pm and
160 pm—200 pm, respectively. An increase in the fraction of SiC powder improves the
resistance to oxidative destruction and the formation of the ZnO phase (by X-ray phase
studies the percentage content of the latter decreases from 23% to 10%).

The microhardness of the surface of CuZn38Pb1 brass after USIT with SiC powder
is further increased by the complex influence of the processes of reinforcement with high-
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strength carbide particles, refinement of the grain structure of matrix components (up to
~70 nm and ~50 nm for a- and B-phases, respectively) and phase transformation f— o
(with a three-factor decreasing in the amount of the P-phase); the total depth of
deformation influence is close to 500 um.

Electrospark alloying of the surface of the 5083 alloy with titanium followed by
ultrasonic impact treatment provides an increase of the microhardness of up to ~3 times
and 26% increase in the corrosion resistance efficiency (in a 3.5% NaCl solution) of near-
surface layers, compared to the initial state, due to solid-soluble (Ti-Al) and dispersion
(intermetallic and oxide phases of Ti and Al) strengthening, as well as the formation of a
bimodal structure with ultradispersed grains. The strengthening intensity after
ESA—USIT and USIT is 33.2 MPa/um and 13.6 MPa/um, respectively. Moreover, it is
the deformation effect of USIT that determines the formation of areas of fragmented
microstructure in the surface layers of the 5083 alloy, where each fragment is
characterized by a high value of the average density of dislocations. The average
thickness of the modified/synthesized layer with a significant content of titanium and
oxygen is about 11 um, and the total depth of intensive penetration of the latter reaches
32 um.

The regularities of the formation of thermally- and mechanically-induced gradient
structural-phase states in the near-surface layers of industrial alloys Grade5, CuZn38Pb1l
and 5083 under the influence of intense plastic deformation, established in the work, open
up prospects for the creation of new progressive surface engineering technologies.

All results submitted for defense are new.

Key words: coating, powder, ultrasonic impact treatment, annealing, mechanical
alloying, structural-phase transformations, X-ray phase studies, structure, hardness,

oxidation rate, corrosion, wear.
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BCTYII

AKTyasbHicTh po6oTu. CydacHU pO3BUTOK MAIIMHOOYAYBaHHS, €ICKTPOTEXHIKH,
aBlaIlifHOT MPOMUCIIOBOCTI, CYy/IHOOYAYBaHHS, PAKETHOI MPOMMCIOBOCTI, 3aJlI3HUYHOT
rairy3i TICHO IOB’SI3aHMI 13 BUKOPHCTAHHSM CILIaBiB HA OCHOBI KOJIbOPOBUX METANiB T,
Cu, Al, 3aBmsku mnpuTaMaHHOMY iM KOMIUIEKCY BHCOKHX (hi3UKO-MEXaHIYHUX
BJIACTUBOCTEH. 30KpeMa, BHUKOPUCTAHHS THUTAHOBHX Ta aJIOMIHIEBUX CIUIABIB Yy
MaIIMHOOYIyBaHHI JJO3BOJISI€ OTPUMATH KOHCTPYKIIHHI €IEMEHTH 31 3MEHIIIEHOIO Baroko
1 BIJITIOBIIHO 3HU3UTH BapTICTh BUPOOHMIITBA Ta EKCIUIyaTallii 3a paXyHOK 30UIbIIICHHS
Koe(DILIEHTY KOPUCHOT [ii.

JIOCUTB BOXKJIMBE MICIIE Y Cy4aCHOMY MaIlIMHO-, aBla0y yBaHH1 3aiiMalOTh CILJIAaBU
BT6 Tta AMr6, mo oOyMOBIIOETHCS iX BIJIHOCHOK JIETKICTIO, JOCHTb BHUCOKHUMH
3HAYEHHSIMHU KOPO31MHOI CTIMKOCTI, MIIIHOCT1, 00pootoBanocTi. Jlatyns JIC59-1 Takox
3HAXOJHUTh MIMPOKOTO 3aCTOCYBAHHS Yy MAIIMHO- Ta CYJIHOOYJIyBaHHI 3a pPaxyHOK
3aJIOBUTBHUX TOKa3HHUKIB MIIHOCTI, aHTU(GPHUKUIMHOCTI  Ta JIETKOCTI MEXaHI4HOi
00poOku. OKpiM TOro, BAPTO 3a3HAYUTH, IO OJIHI 3 HAMOUIBIIINX €BPOMEHUCHKUX 3aIaciB
TUTaHy 3HAXONIATHhCS camMe B YKpaiHi. [HIMUM BaXJIWBUM UYWHHUKOM BUKOPHUCTAHHS
CIUIaBIB Ha OCHOBI KOJBOPOBUX METANIB y aBlalliiiHIi MPOMHUCIOBOCTI € BEIMYE3HUI
JIOCBIJl CTBOPEHHS aBIaIlIHOT TEXHIKM Ta aBia3amyacTuH (MMOBHUM IIUKJI BUPOOHMIITBA) B
HaII KpaiHi.

[IpoTe mpobiiemamu i 4Yac BUKOPUCTAHHS JAHUX CIUIaBIB 3 METOK 3aMiHU
KOMITOHEHTIB 13 OUIBIII Ba)XKWUX CIUIABIB (HANPUKIAJ, CTAJed YU HIKEJIECBHX CILJIABIB)
MOYTb OyTH JOBTOCTPOKOBA HaAIMHICTh Ta TEPMiIYHA CTAOIBHICTh, KOTPI MOB'SI3aHI 13
BHCOKOTEMIIEPATypPHOIO KOPO3i1MHOIO Ta 3HOCOCTIWKICTIO. B pe3ynbTaTi BHHHUKAE
HEOOXITHICTh Y 3aXHUCTI MOBEPXHEBUX IIapiB MaTepiady 3 METOIO TalbMyBaHHS TUDy3ii
KHCHIO 13 30BHIIIHBOTO CEPEJOBHUINA NUIIXOM CTBOpeHHs audy3iiiHoro Oap’epy,
HAIPUKJIaJ, HAHECEHHs] 0araTOKOMIIOHEHTHUX MTOKPUTTIB, CTBOPECHHSI KOMIIO3HUTIB).

3 iHmoro 00Ky yMOBHU €KCILTyaTarlii BiAMOBIAIBHUX €JIEMEHTIB KOHCTPYKIIM Ha
OCHOBI TaKUX KOMITO3MIIIHHUX MaTepiaiaiB MOXXYTh CYTTEBO BapilOBaTHCS, HANPUKIIAI,
BOHU MOXYTb IT/IJIaBaTUCS] KOPOTKOYACHUM YU JOBTOTPUBAIMM TEPMIYHUM BIUTBAM 32

PI3HUX peXHUMIB (poboua TeMrepaTypa, IBUAKICTh HATPIBY UM OXOJIOKEHHS, XIMIYHUN
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CKJIaJl poOOYOro cepeioBHUIa Ta 1H.), TOMY MPOOJIEMH TEPMIYHOI CTAOUILHOCTI Ta
JIOBFOBIYHOCTI 1 3 IIET TOUKHU 30PY € aKTyaJIbHUMHU.

BpaxoByroun, mo Bu3HAYaIbHUM (HAKTOPOM, SKUW BIUIMBAE HA BIIACTUBOCTI
KOMITO3UIIITHOTO TTOKPUTTS, € BEJIMUMHA BHYTPIIIHIX HANPYKEHb, KOTPl BUHUKAIOTh HA
MEX1 PO3UTYy 3 MAaTPUYHUM CILIABOM, TO MIABUIICHHS aare3iiHUX BIACTUBOCTEH TaKOXK
€ IOCUTh BAXKITMBUM TTUTAHHSIM.

B nmanuit yac icHye BemMKa KUIBKICTh CHOCOOIB ITOBEPXHEBOI'O 3MIIIHEHHS
MaTepialiB, AKi MiJBUIIYIOTh BTOMHY BHUTPHUBAJICTh BIANOBIIAJbHUX BY3JIB MAaIHH,
MEXaHI3MIB 1 KOHCTPYKIIiH, [0 JO3BOJISIE 3HAYHO 30UIBIIMTH TEPMIH IX €KCILTyaTarlii.
barato 3 HHUX 3acCHOBaHI Ha METOJlaX IHTEHCHBHOI mmiactu4Hoi nedopmarii (IIT1) 3a
pPaxyHOK yJIapHOi Jlli — MHEBMOJAMHAMIYHA 00po0OKa, 1poOOoCTpyMeHeBa 00OpoOKa Ta 1HIII,
OCKUTbKM Jedopmariisi Cropusie 3MIIHEHHIO TOBEPXHI 1 CTBOPEHHIO CTHUCKAIOYUX
3aJIMIIKOBUX HaIpykeHb. butbme Hixk 90% peranell cyyacHOro apiallliHOTO JBUTYHA
M1JJAaI0THCS IOBEPXHEBOMY 3MIIIHEHHIO TUM YH 1HIIUM criocoOoM. OJIHaK, HANPHUKIIA
I IpOOOCTPYMEHEBOT OOpoOKH, HEOOXIJIHO BHUKOPHUCTOBYBATH CKJIAJHI 1HXKCHEPHI
CHOPY/AH 3 BEIUKOIO BapTICTIO.

Onnum 3 HaWOUIBII ePEeKTUBHUX METOMAIB Monv(ikallii MOBEPXHI BBAXKAETHCS
yabTpa3BykoBa yjapHa oopooka (Y3YO0), sika Ha CbOTroIHI B OCHOBHOMY 3aCTOCOBYETHCSI
70 3MILHEHHS 3BApHUX 3'€JHAHb, SIKI CTAHOBIATH OCOOJIMBY HEOE3MEKy B PI3HUX
KOHCTPYKIUSAX, M0 J103Bojsie miaBummt Ha 20-30% Mexy BUTpPUBAJIOCTI Ta
JIOBFOBIYHICTh TakuX 3'elHaHb. [lepeBaroro Y3VYO € Te, 1110 B OIHOMY TEXHOJOTTUYHOMY
npoleci TMOETHYIOThCA: CHUHTE3 O0araTOKOMIOHEHTHOTO TOKPHUTTS, HOro MeXaHI4He
neryBanss (MJI), 3minHIOI04a 00po0OKa, HAHOCTPYKTYPYBaHHS MOBEPXHI, fedopmarriiine
3aJiKOBYBaHHS IOp, HABEACHHS CTHCKAIOYMX HANpy>KeHb Ta OJHOYACHE 3MEHIIICHHS
IIIOPCTKOCTI TOBEPXHI 32 BIACYTHOCTI IPOOJIEMH a/re3ii MOKPUTTS O OCHOBH.

CyTTeBUI BHECOK 10 PO3BUTKY TEXHOJOTIHA YIbTPa3ByKOBOro 0OpOOJIEHHS
MaTtepiaiiB HaJleXuTh BITYM3HSIHUM yueHuM — [LA. Cre6enbkoBy, FO.III. CratHuKOBY,
I['.I. ITpokonienky, 5.M. Mopatoky, O.®. JIyroBcbkoMy.

Ane poOOTH, TPUCBIYEHI CHUHTE3Y KOMIO3UIINHUX TOKPUTTIB MLUISIXOM

yIBTPA3BYKOBOI yAapHOI OOpOOKM 13 IOAaBaHHSAM JO 30HM IHTEHCHUBHOI IUIACTHYHOT
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nedopmaiiii  ApiOHOAUCTIEPCHUX TOPOIIKIB,  MAlOTh EMI30JAUYHHI XapakTep 1 B
OCHOBHOMY CTOCYIOTBCSI JIFOMIHIIO Ta JESKUX 3 MOro CIUIaBiB. A mepeBakHA KIIbKICTh
JOCTIIKEeHb PUCBAYeHa MeToy dpukiiiiHoro nepeminryBanus (M®II abo Tak 3BaHOMY
CTIp-3BapIOBaHHIO), y SKOMY HIIIHAPUYHUMA CTEP)KEHB CIIeiaIbHOT ()OPMHU BTUTIOETHCS,
00epTaeThCs 1 MepeMIIYEThCS B3JI0BXK MOBEPXHI i HaBaHTaxeHHsIM. [Ipu ibomy Bubip
ONTUMAJIBHUX METOJIB 3MIIHEHHS Ta PEKHWMIB MEXaHIYHOTO JIETYBaHHS y 0aratbox
BUIAJIKaX 0a3ye€ThCsl Ha BCTAHOBJICHHI KOPUCHOTO €(PEKTy 1 BUMipaX CTYIEHIO HAKJIEIy
3a JaHUMH TBEPAOCTI a00 3aTUIIKOBUX CTUCKYIOUUX HAMPYKECHb.

TexHosOTI yIBTPA3BYKOBOI YJIAPHOI 0OpPOOKH MOXKE CTaTH JOBOJI €(PEKTUBHOIO
Ta mpocTtoro anpTepHaTHBOr0O MODII, skuit mnoTpedye 3acToCyBaHHS 1HAEHTOPIB
crieniaibHoOi (OPMU Ta Ma€ 1HII TEXHOJOT1UHI CKJIQTHOII. AJie BIICYTHICTh JE€TalbHUX
JOCITIJIKEHBb €BOJIIOIIT CTPYKTYpH Ta (Da30BOro CKJIaay MPUIIOBEPXHEBUX IIAPIB PI3HUX
METaJIeBUX CIUIaBIB, MEXAHIYHO JIETOBAaHUX JAPIOHOJUCIEPCHUMHU TOPOIIKAMHU 3
BUKOpUCTaHHAM Y3YO, € cTpuMytounuM (aKTOPOM aKTUBHOT'O PO3BUTKY LIbOTO HAMIPSMY .
I{e moB’s13aHO 3 TUM, 1110 TaKUH II1X11 MPUHITUIIOBO BiJIPI3HAETHCS Bl BIJIOMUX METO/IIB
CHUHTE3y 00’€eMHUX KoMIo3uiliitHux matepianiB abo II1]] ycboro o6’emy matepiairy.
Oco06nuBOCTI TepMIYHOTO BIUIMBY B KoMmruiekci 3 Y3VO Takok He MOXKHA BBa)XKaTH
OCTaTOYHO BCTAHOBJICHUM.

Tomy MeTOI0 JaHOI pPOOOTH € BU3HAYEHHS CTPYKTYpHO-(A30BUX CTaHIB, SKI
3a0e3MeuyloTh MOKpAIICHHS MEXaHIYHUX Ta KOPO3IWHUX BIIACTUBOCTEH IOBEPXHI
criaBiB Ha ocHOBI Ti, Cu, Al muisixom  yJbTpa3ByKOBOTO YIAapHOTO CHHTE3Y
KOMIIO3UIIIMHUX MTOKPHUTTIB.

JIns nocsITHEHHST MeTH poOOoTH OyJIM TTOCTaBJICHI HACTYITHI 3aJ4a4i J0CiIzKeHHS

1)  JlocmiauTh BIUIMB PEXKHUMIB  YJIBTPa3BYKOBOI ynmapHOi 0OpoOKu 3
noporikamu SizN4, Al,O31a SiC Ta moganeInoi TepMigHoi 00po6ku ciasie BT6 1 JIC59-
1 Ha cTpyKTYypy Ta Ga30BUli CKIIa] CHHTE30BAHUX TTOKPHUTTIB.

2) [IpoananizyBaTu CTpyKTypHO-()a30Bi IEPETBOPEHHS Y TOBEPXHEBUX IIapax
crutaBy AMr6 micist KOMOIHOBAHOTO BIUTMBY €JIEKTPOICKPOBOTO JIETYBAHHS TUTAHOM Ta

yJIBTPa3BYKOBO1 y1apHOi 0OPOOKH.
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3) Buznaunti MexaHiuHi Ta KOPO3iiHI BIACTUBOCTI MOBEPXHEBUX KOMIIO3UTIB,
CHUHTE30BaHUX AchopMalitHUM, TEPMIYHUM Ta KOMOIHOBAaHMMHU BILJTMBAMHU.

O0’exkTn pocaigxennss — crutasu BT6, JIC59-1, AMr6 micns ynbTpa3ByKOBOi
yaapHoi 00poOkH, y ToMy uucii 13 apioHoaucnepcaumu mopoiikamu (Al,O3, a-SisNg, B-
Si3Ny, SIC), Ta pi3HUX BUAIB TEPMIYHOTO BIUIHBY.

IIpenmer [oc/igxkeHHA — 3aKOHOMIPHOCTI (OpPMYBaHHS TpPaATIEHTHUX
CTPYKTYypHO-(ha3zoBux CTaHIB KOMITO3ULITTHUX MOKPUTTIB, CUHTE30BAHUX
yJIbTPa3ByKOBUM YJITaPHUM Ta TEPMIYHUM BILIUBAMHU.

B po6oTi 3acTOCOBaHO KOMIUIEKC CYYaCHHUX EKCIIEPUMEHTAIILHUX MeTOMAIB
JOCJII7KeHHsI, KOTPUIl J103BOJIMB BCTAaHOBUTH OCOOJMBOCTI CTPYKTYypuU Ta (Pa3zoBOro
CKJIaJy CHUHTE30BaHUX 3a A0NoMOror Y3YO KOMIO3HIIHHUX MOKPUTTIB (PEHTIEHO-
CTpYKTypHUI (a30BUil aHali3, pacTpoBa €JIEKTPOHHA MIKPOCKOIisA), XIMIYHOTO
pO3M0ALTY CKJIAIOBUX OCHOBHHX apMyIOUYuXx KOMITOHEHTIB (MiKkpo-
PEHTIEHOCIIEKTPAIbHUIN aHaji3), a TaKOX BU3HAUMUTU iXHIM BIUIMB HAa MEXaHIYHI Ta
KOpO3iiiHI BJIACTUBOCTI (BUMPOOYBaHHA Ha 3HOIIYBaHHS, CKIEPOMETpIf, MIKPO- 1
HAHOIHACHTYBaHHs, I'PaBIMETPIs, MOTEHUIOCTATUYHHM METOJA) MOBEPXHI CIUIaBIB Ha
ocuoBi Ti, Cu Ta Al, i TUM camMuM 3a0e3MEeYNTH BUCOKY HAJIMHICTh Ta JOCTOBIPHICTh
OTPUMAaHUX PE3yJIbTaTIB.

38’5130k pO00TH 3 HAYKOBUMH TeMaMHU, [PAHTAMM

Hucepramiitna po0oTa BUKOHYBajlach y paMkax Aep:kOrojxeTHux TeM Ne2102m
«HaykoBi ocHOBH MexaHOXiMIYHOTO Y3YO-CHHTE3y 3HOCOCTIMKHMX TIOKPHUTTIB
KOHCTPYKI[IMHUX CIUIaBIB  aBlalliiHOiI TEXHIKM ISl  MIJABUIIEHHS  BIMCHKOBOI
CIIPOMOXKHOCTI» (HOMep nepkaBHOI peectpamii 0118U000220, 2018 — 2020 pp.) Ta
Ne2405¢ «CtpykrypHO-(Da30Bi MexaHI3MHU KEpyBaHHS KOMILJIEKCOM TOBEPXHEBUX
BJIACTUBOCTEN  KOHCTPYKUIMHMX 1 (YHKI[IOHAJIbHUX CIUIaBIB KOMOIHOBaHUMU
TEIJIOBUMHU, HOHHUMH Ta Je(POpMallifHIMH BIUTMBAMU (HOMEp JIEpKaBHOI peecTparlii

0121U109752, 2021 — 2023 pp.) 3a dpinancoroi miarpumkun MOH VYkpainu.
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HaykoBa HOBHM3Ha OTPMMaHUX pPe3yJbTATIB

1. YasTpa3BykoBa yaapHa o0poOka criaBy BT6 3 kepaMiYHUMHU TIOPOIIKAMHU Ta
nojanblia TepMmiuHa oOpoOKka Ha TOBITpl 3abesneunsii (HOpMYBaHHS TPaIEHTHOI
CTPYKTYpU CHHTE30BAHOTO KOMIO3UIIITHOTO MOKPUTTA: 1) YIIUIbHEHUH IIap MOPOIIKY
Ha TIOBEPXHI, 2) MATPUYHUHN CIUIaB, 3MIIMHEHUN YaCTHHKAMHU MOPOIIKY, 3) 00JacTh
nedopMaliiitHoro 3MiIHeHHS 3 MO (iKOBaHUM (Da30BUM CKJIATIOM.

2. Komb6iHOBaHa i ynbTPa3ByKOBOI ynapHOi 00poOku moBepxHi ciaBy BT6 3
nopomikoM Al,O3 ta Bignany 3a remneparypu 650 °C no3Boimia chopMyBaTH 3aXUCHE
KOMITO3UIIII{HE TIOKPHUTTS 13 MOKPALIEHUMHU BIACTUBOCTSAMHU IOPIBHAHO 13 BUXIAHUM
CTaHOM: 30UIBIIEHOI y ~4 pa3u I1HCTpyMEHTaldbHOIO TBepaicTio (mo 12,8 I'Tla);
3MEHIIIEHUM B ~2,5 pa3u KoedilIEHTOM TePTS Ta 3MEHIIeHUMU B ~20 pa3iB BTpaTamMu Ha
3HOLIYBaHHS; MOKpameHuM y ~1,5pasu Ta B ~6,5 pa3iB OomopoM OKHCHEHHIO 3a
MIJBUIEHUX Temrepatyp 1 B cepenonuii 3,5% NaCl, BiAnoBiaHO.

3. 3pocTtanHs MiKpoTBepIOCTI nmoBepxHi natyHi JIC59-1 y ~5 pasiB (o 6,7 ['Tla)
MICIs yIbTPA3BYKOBOI yJapHOi 00poOku 3 mopoikoMm SiC 00ymMoBiIeHE KOMOIHOBAHUM
BIUTMBOM  TMPOIIECIB  apMyBaHHA  BUCOKOMIITHUMU  KapOiIHUMH  YaCTUHKAMH,
JUCIIEPTYBaHHS 3€PEHHOI CTPYKTYPH MaTPUUHUX CKIAA0BUX (10 ~70 HM Ta ~50 HM 1151
a-ta PB-a3, BIANOBIAHO) Ta (a30BUM MEPETBOPEHHSAIM [—a (13 3MEHILEHHSM BTpHUYl
KUIbKOCTI B-(ha3m); 3arajibHa TOBIIMHA 1ePOPMOBaHOTO Iapy ckiagae ~500 Mkm.

4. EnexTpoiCKpoBe JIeTyBaHHA THUTaHOM cIjlaBy AMr6 3 mnoganblioro
YJIBTPA3BYKOBOIO YJIAapHOI 0OpOOKOIO 3a0€3Meymio MOPIBHSHO 13 BUXIAHHUM CTaHOM
3pOCTaHHsI MIKPOTBEPAOCTI MPUIOBEPXHEBUX IMApiB 10 ~3 pas3iB Ta 3axXUCHOI
edexkTuBHOCTI BiA KOpo3ii (y coimboBoMy posuuHi 3,5% NaCl) ma 26% 3aBasku
TBepaopozunnHomy (Ti-Al) 1 qucnepciitHomy (iHTepmeTamiaHi Ta okcuaHi pazu Ti1 Al)
3MII[HEHHIO, a TakKoX (OPMYBaHHIO OIMOJANBbHOI CTPYKTYpPH 3 YJIbTPAIUCIEPCHUMU

3epHaMH.
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IIpakTH4He 3HAYEHHS] OTPUMAHUX Pe3yJIbTATIB

BcranoBieni B poOoTi 3aKOHOMIPHOCTI (hOpMyBaHHS TEPMIYHO- Ta MEXaHIYHO-
1HAYKOBaHUX TPANIEHTHUX CTPYKTYpPHO-()a30BUX CTaHIB Yy MNPHUIOBEPXHEBUX IIapax
npomucioBux criaBiB BT6, JIC59-1, AMr6 mix ni€r0 iHTEHCHMBHOI IUIACTHYHOI
nedopMariii BIAKPUBAIOTh IEPCIEKTUBU CTBOPEHHS 1HHOBAIITHUX TEXHOJOT1H 1HXKeHepii
MTOBEPXHI.

be3nocepe il MpakTUYHUHN 1THTEPEC CTAHOBIIATD:

— MOJIEpHI30BaH1 METOJIUKH YJIbTPAa3BYKOBOTO YAAPHOTO CHHTE3Y KOMITO3ULIIMHUX
NOKpUTTIB Ha cruiaBax BT6, JIC59-1 3 BUKOpHUCTaHHAM JUCHEPCHUX MOPOIMIKIB SizNa,
Al;03, SiC ta TepMiuHOi 00pOOKH;

— TEXHOJIOTIYHI PEKHUMH YJIbTPA3BYKOBOi yJapHOi OOpOOKM — aMmIunTyaa
yJIBTPa3BYKOBOTO MEPETBOPIOBAaYA, TPUBAIICTh Ta cXeMma (3CyBHa, CTaTUYHA) OOpOOKH,
XapaKTEPUCTUKHU MPOMDKHUX yJapHUX €JIEMEHTIB TOIIO — JJII MEXaHIYHOIO JIETYBaHHSI
MOPOIIKAMHU MTPUIMOBEPXHEBUX IIAPIB AOCTIKYBAaHUX CIUIABIB;

— BIAOpAIbOBaHI PEXUMH TEPMIYHOTO BIUIMBY, Kl B KomOiHamii 3 Y3YO
3a0€3MeuyI0Th KOMIUIEKC MOKPAIIEHUX MEXaHIYHUX Ta KOPO31MHUX BIACTUBOCTEH;

— cnocid ¢hopMyBaHHS 3aXMCHOTO TOKPUTTS Ha aTIOMiHIEBOMY cI1aBl AMr6, sikuii
BKJIIOYAE TMOMEPEAHE €JIEKTPOICKPOBE JIETYBaHHS TUTAaHOM 3 noganbinoo Y3VYO 3amns
HAHOCTPYKTYpYBaHHs C(hOPMOBAHUX IHTEPMETATIAHUX MIAPIB.

OcoOuctuii BHecok 3100yBaya. OcoOuctuii BHecOK 3700yBaya y poOoTax,
OITyOJIIKOBAaHUX Yy CITIBABTOPCTBI, KPIM y3arajibHEHHS OTPUMAHHUX JAaHUX, (POPMYBaHHS
TEKCTY Ta BUCHOBKIB IyOJIiKaliid, € HacTynHuM. B poboTax [1, 4, 9] aBTopoM npoBeneHO
aHasi3 MEXaHIYHUX BJIACTUBOCTEH, MOP()OIOTrii, CTPYKTYpPH 1 XIMIYHOTO CKJIay JIaTyH1
icTsl yIBTPa3BYKOBOI yaapHoi 00poOku 3 mopomikamu SiC (oxniei 3 ppakiriit) Ta Al,Os,
a TaKOX BU3HAUEHO TOBIIMHY Ta (a30BHUM CKJa] MOIU(DIKOBAHUX MOBEPXHEBUX IIApIB,
IpOaHaII30BaHO BIUIMB  cepenoBuina o0pobku. B pobori [2] mocmimkeHO
MIKPOCTPYKTYPY Ta KOPO3iiHI BJIACTUBOCTI CHHTE30BAHUX MOKPHUTTIB, 3aKOHOMIPHOCTI
T y31MHUX MPOLIECIB; BUSBICHO Ta OMUCAHO MO3UTUBHI €(PEKTH KOMILJIEKCHOI 00pOOKH
crutaBy AMr6. B po6otax [3, 13] cunTe30BaHO 3axucHI TOKPUTTS 3 mopomkoM Al>Os,

BU3HAYEHO TEPMOCTIMKICTh Ta KIHETUKY OKHCHEHHs cruiaBy BT6, 3ampornoHoBaHO
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MOJIEIbH1 YSIBJIEHHS IIOAO0 CTPYKTYpHOi Oya0BU MoaudikoBaHux mapiB. B poborax [5,
11] mocnimkeHo KOMIUIEKC MEXaHIYHUX BJIACTHBOCTEH MoBepXxHi cryiaBy BT6, a Takox
CTPYKTYpy Ta (a3oBuil ckiiag cuHTe30BaHNX BHacHiok Y3YO 3 nopomkamu Al,Oz, a-
SisN4 Ta B-SisNg 3axucHux mokputtiB. B pobortax [6, 13] BiampaiibOBaHO METOAUKY Ta
pexumu Y3VYO-cuHTE3y 3aXMCHHUX MOKPHUTTIB Ha cmiiaBi BT6 3 mopomkamu AlyOs,
Cr,03; mpoBeeHO MUKIIYHUNA BiJiNaa yIpoaoBxkK S0 roAuH Ta TpaBIMETPit0; JOCHTIIKEHO
MIKPOCTPYKTYPY Ta KOMIUIEKC MEXaHIYHUX XapaKTePUCTHK; BHU3HAYEHO BIUIUB
cepenoBuia 06pooku. B podorax [7, 8, 10, 12] po3BuHEHI HOBI METOIUYHI IMiIXOIN JIO
yJIBTPA3BYKOBOTO YJIApPHOTO 3MIITHEHHS MaTepialliB 13 PI3HUM THUIIOM KPUCTAIIYHOT
IpaTKH.

Amnpobanis pe3yabrTatiB aucepramii. Pe3ynpraT aucepTaniiiHoi poOOTH
3100yBayda ory0JIiKoBaH1 Ta 0OroBopeHi Ha 7 HaykoBux koHdepeniisx: [X Haykoo-
NpaKTUYHINA KOH(pepeHlli MoinoauX BUeHHX «MeTaneBl MaTepiaiy, iX BUPOOHUUTBO Ta
MEPCIIEKTUBU 3aCTOCYBaHHS B cyyacHii mpomucioBocT» (KuiB, Ykpaina, 2023); XV
MixHapoHIi HayKOBO-TeXHIUHIM KoHGepeHiii «HoBi maTepiasii 1 TEXHOJIOTII B
mammmHOOyxyBaHHI — 2023» (Kuis, Ykpaina, 2023); International research and practice
conference “Nanotechnology and Nanomaterials” (NANO-2022) (Lviv, Ukraine, 2022);
VI MixHapoaHiii HayKOBO-TpakTU4HIN KoHpepeHuii «CTpyKTypHa penakcauis B
TBepaux Tuiax» (Binnung, Ykpaina, 2018); XI ta XII MixnapoaHux KoH}epeHLisx
CTYJICHTIB, acIlipaHTIiB Ta MOJOJAUX BueHHUX «llepcreKTHBHI TEXHOJOTii Ha OCHOBI
HOBITHIX (D13UKO-MaTEPIAIOZHABYMX JOCHIJKEHb Ta KOMI IOTEPHOIO KOHCTPYIOBAHHS
matepianiBy (Kuis, Ykpaina, 2018, 2019).

3a pesynpTaTaMu gucepTalliiiHoi poOoTu omy0JikoBaHo 13 HaykoBUX pOOIT,
cepel SKUX: 6 cTaTel y MepioJUYHUX HAYKOBHX BHJIAHHSIX MPOIHAEKCOBaHUX y 0a3zax
WoS ta/abo Scopus Ta 7 T€3 HAyKOBUX KOH(PEPEHITIH.

Crtpykrypa Ta obcsr aucepraunii. Jlucepraiiiiina podoTa CKJIaaeThcs 31 BCTYIY,
I'SITA  PO3AUTB, 3arajlbHUX BHUCHOBKIB Ta CHHUCKY BHMKOPHUCTAHOI JITEpaTypu
(156 mxepen). 3aranpHuii 00CAT AUCEpTaIlii cara€ — 172 CTOPIHKH, 3 SIKMX OCHOBHHM

TekcT — 139 ctopinok. Jlucepraitist MicTUTh 53 pucyHkH Ta 23 TaOJIHIII.
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PO311JI1 1 JITEPATYPHUN orJisia
1.1 PizHOBHIM Ta MOKJIMBOCTi MeTOAIB IHTEHCHBHOI IUIACTUYHOI 1edopmanii

Benuka  yBara  OCTaHHIMH  pOKaMu  30CEpekeHa  Ha  MpoIecax
HAHOCTPYKTYPYBaHHS MOBEPXHEBUX IIapiB METAIIB Ta CIUIABIB 3a JIOMOMOTOI0 METO/IIB
iHTeHcuBHO1 tutactTuaHoi aedopmarii (ITIJ]). 3acTtocyBaHHs HaHOTO MIAXOAY T03BOJISIE
CYTT€BO MOKPAITUTH MeXaHO-(i3WyHI BIACTUBOCTI IIJIOT HA3KKA METAJIEBUX CILIABIB Ta
MarepiamiB [1, 2]. s npukiamy, 3a J0MOMOIO0 Takoi MoAu(ikalii MOKHA OTpUMaTH
MOBEPXHIO METAJIEBUX MaTepialliB 13 BHCOKOI MIIHICTIO Ta IUIACTHYHICTIO,
HAJ[3BUYAHHOI0 BTOMHOIO BUTPUBAIICTIO, & TaK0X MYJIbTU(YHKIIOHATIBHICTIO, KOJHU
OJIHOYACHO 3a0€3MeuyeThCsl TN KOMIUIEKC MOKpPAIleHUX BJIACTUBOCTEU. IcHye psin
(dakTopiB, KOTpPI CYTTEBO BIUIMBAIOTh Ta BHU3HAYalOTh PIBEHb BUIIE3TaJaHUX
BJIACTUBOCTEH, HAMpUKIA, (i3UUHI OCOOIMBOCTI (POPMYBAaHHS MIKPOKPUCTAIIYHOI
CTPYKTYypH, TOOTO CEpeIHiil po3Mip 3€peH, MEXaHIYHE JIETyBaHHS apMyIOUYUMHU
YaCTUHKAMM Yy IIpoleci Moau(ikamli, CTpyKTypa MeEX 3€peH, HasBHICTb XIMIYHHUX
HEOHOPITHOCTEH/miKkBaIii Tomro [3].

3aranpHl OCOOJIMBOCTI, SIKI TPHUHIMIOBO BIAPI3HAIOTH METOAU 1HTEHCHUBHOI
IJIacTUYHO1 Jedopmariii BiJ 3BHYAMHMX METOAUK MEXaHIYHOi OOpOOKM TOBEpXHi 1
MOBEPXHEBUX I11apiB METAIB Ta CIUIABIB, MEPEYCIM MOJISITAIOTh Y HA3BUYAMHO BUCOKUX
JOKaJIbHUX ~ CTYHEHsAX Jedopmariii, 10 JO03BOJSE CHHTE3YBaTH MOJPIOHEHY
MOAU(IKOBaHY CTPYKTYpy (HaBITh HAHOPO3MIpPHY) 3 OJIHOYACHUM 30€peKCHHIM
BUX1JHOI (pOpMU 3pa3KiB y mpolieci 00pOoOKH 3a paxyHOK CIEiaIbHOro 0OJiagHaHHS.
Bapto HaroisocutHu, 1m0 BUCOKMH TiAPOCTATUYHUN TUCK, KOTPUM BHUHUKAE Y MPOIECI
00poOkwH, 3amobirae pylHyBaHHIO Marepiany [4]. A BUCOKAa PIBHOMIPHICTh PO3MOJALTY
HAaBaHTAXXEHHA, nedopmallii Ta CTPYKTYpHUX Je(eKTiB y NPHUMOBEPXHEBUX IIapax
obpobmroBarux II1/] MeTaniB Ta crjiaBiB UM iX TpaglEHTHHM PO3IOJLI BiJl TOBEPXHI J10
00’eMy MeTany/CIulaBy, JIO3BOJIIE OTPUMYBATH KBa3i-CTPYKTYpHI KOMIIO3UTHI
MaTepiau.

3aranom, OJHUMH 3 HAUTIOMYJSPHIIINX Ta HAWTIOMIMPEHININX HAIMpPsSMIB, KOTPI

3aCTOCOBYIOTHCS JIJIsl ICTOTHOTO TMOJIIIIEHHS MEXaHIYHUX Ta (I3UYHUX BJIACTUBOCTEH
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MOBEPXOHb Ta TJIMOMHHUX IIapiB METaJiB Ta CIUIaBIB, LIO0 HaJeXaTh JO METOMIB
IHTCHCHBHOI IUTACTUYHOI AeopMaliii, — € 00’eMHa Ta moBepxHeBa Moaudikairis [2—4].

['onoBHa imes mepuioro HampsIMKy 0a3yeTbcs Ha IHTEHCHBHOMY IUTACTUYHOMY
nehopMyBaHHIO yChOTO 00’€My MaTepially 3 METOI JOCATHEHHS BHCOKOTO CTYTICHIO
JUCTIEpTYBaHHA 3€peH (3a3BUYail 10 MIKpO- Ta HAHO-/Alala3oHy), & TaKOX CHUHTE3Y
HAHOCTPYKTYpP 13 OJHOYACHHUM CTBOPEHHSM DPIBHOMIPHO PO3MOAUICHUX 3aJIUIIKOBUX
CTUCKAIOUMX HampykeHb. HampsiMm 00’€MHOiI 1HTEHCHBHOI IIaCTUYHOI Jedopmariii
0o0’€Hy€ HACTYIHI METOAWKHU: BiOpaliiiHe MexaHI4He OOTHCKaHHs, 0araTtoOchrOBa
nedopwmairisi, BceOIYHE KyBaHHS, pPIBHOKYTOBa KaHalbHA €KCTPY3id, BOJOYIHHSA,
pIBHOKaHaJIbHE KYTOBE IIPECYBaHHS, TBHUHTOBE MEXaHIYHE IPECYBaHHS, KPYUYEHHS
Matepianay IiJl BUCOKMM THUCKOM Ta Oararo iHmuX. Take nedopmaliiiHoO 1HIyKOBaHE
CTBOPEHHS HAHOPO3MIPHUX CTPYKTYp Ta HAHOPO3MIPHHUX KOMIIO3UTIB BIJIKpUBAE
YVHIKQJIbHY MOXUIMBICTh JUIsl 3HAYHOTO TMIJBHUILEHHS MEXaHIYHUX BIJIACTUBOCTEH Ta
PO3IIMPEHHS YMOB €KCIUTyaTallil KOHCTPYKIIIHHUX METaJliB Ta CIuiaBiB [4—5].

[Ipo1oBXKYyIOUM TEMY €KCIUTyaTalllifHUX YMOB BEITUKOI KUTBKOCTI KOHCTPYKIIIHHUX
MaTtepialliB, BapTO 3BEPHYTH yBary Ha BHUIAJKaX 13 0Oe3mocepenHiM (QpUKIITHUM
KOHTaKTOM Y BIMOBIIAJIbHUX BY3JIaX arperaTiB, B3a€MO/Iil y arpeCUBHUX CEPEAOBUINAX
Too. OTxe, BUHUKA€E OTpeda BUPILICHHS JaHUX MTPOOJIeM, IO NOJIArae y He0O0X1AHOCTI
MOKpAIlyBaTH HACTYIHI €KCIUTyaTalliiiHi BJIACTUBOCTI: KapOCTIMKICTh 1 KapOMII[HICTb,
BTOMHY BUTPUBAIICTH/MIIHICTh, TPOTUIII0 3HOUTYBaHHHIO, ()PUKIIIIHI BJIACTUBOCTI, a
TaKOX KOpO3iiiHy CTiiKicTh. [IpuyoMy BuIE mNepepaxoBaHi BIACTHBOCTI CYTTEBO
3aJie’xaTh Bl MOP(OJIOTii MOBEPXHI Ta MIKPOCTPYKTYPHUX OCOOJIMBOCTEH MOBEPXHEBUX
IapiB MaTepiany.

Tomy npyruii HampsiM CTOCYEThCS TOBEPXHEBHX METOJIB Mojaudikarii, sKi
MOJIATAI0Th Yy IHTEHCUBHIN TutacTuuHii aedopmaritii moBepxui (IITJIT) koHCTpYKIIHHUX
METaJIB 1 CIUIaBIB 3 METOIO MOKPAILIEHHS IXHIX MEXaHIYHUX Ta (PI3UYHUX BJIACTUBOCTEH.
Binomo, o moaudikaiis npurnoBepXHEBUX IIapiB MaTepialiB BIAIrpae KIHOYOBY POJIb
JUIS TIOKpAIICeHHS BTOMHHUX XapaKTEpUCTUK Ta TIOJIOBXKEHHS 4Yacy eKcIuTyaTarii
BIIMOBIJAIbHUX MEXaHI3MIB, 3’ €JJHaHb, JIETAJIe Ta KOHCTPYKIII MacCUBHUX arperaris.

OpHi€ero 3 OCHOBHUX TepeBar fanoro HanpsMky IT1J], mopiBHSHO 13 epImm, Ky BapTO
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BUJIUIUTH, € MOXKJIUBICTh OTPUMAHHS MIITHUX MTOBEPXHEBUX JIePopMaIliHHUX KOMITO3UTIB
32 YMOBH, 110 00’€M MeTally-MaTpHIli 3aJUIIAETHCS TIACTUYHUM, TOOTO Yy BUXITHOMY
ctani [6—7]. Came Take siBuIIE 3a0e3Meuy€e BUCOKUI PiBEHb 3alliKaBJICHOCTI BUCHUX O
nomryky HoBux TexHosorid ITTJII, y ToMy umcii 3a paxyHOK KOMOiHaIlll ICHYIOYHX 1
no0pe BiamparbOBaHUX METOIHK.

OTxe, pO3BUTOK, EKCIIEPUMEHTaIbHA 0a3a Ta OCIIKEHHS Y Taly31 IOBEPXHEBUX
MeTO1B MoaudiKaIlli CTPYKTYpH 3a JOIMIOMOT'0I0 IHTEHCHUBHOI TUIACTUYHOI 1eopmalriii €
BaYXJIMBOIO CKJIAZIOBOIO CYTTEBOTO MOKPALICHHS] MEXaHIYHUX Ta (DI3UYHUX BIACTUBOCTEH
MatepianiB (0COOIMBO MOKPAIICHHS! KOPO31MHOI CTIMKOCTI Ta MPOTHIi 3HOUTYBaHHIO),
mo BiAOyBaeTbCcs 3a paxyHOK IXHBOTO HAHOCTPYKTypyBaHHs [2]. HaitOunbin
e(pEeKTUBHUMU METOAMKAMH JIaHOTO HAINpsMKY € YJIbTPa3ByKOBa yJapHa oOpoOka,
yIbTPa3ByKOBa JIpoOoCcTpyMEHEeBa 00poOKa (V3]10), IpoOoCcTpyMeHEeBa
(xynpkocTpyMeHeBa) o0poOka (10O), ynapTpazBykoBa moBepxHeBa mpokatka (Y3IIII),
nickoctpymeneBa o0OpoOka (I1O), meron ¢pukuiitHoro nepemimryBanHa (MO®II),
KyJbKoBO-AepopMariitne momipyBands (KII), yneTpa3zBykoBa HaHoMoaudikailis

noeepxHi (YHMII) oo [4-7].

1.2 3acrocyBanusi metoaiB II1/] 1y mokpameHHs: MeXaHiYHUX BJIACTUBOCTE

MeTAaJIEBUX CILIABIB

MexaHi4Hl BJIACTUBOCTI, y TOMY YHCJII W BTOMHA BUTPHUBAIICTH MaTepiajiB,
BBQXKAIOThCS OJHUM 13 HAUBXKIUBIMMX (PAKTOPIB [JIi BUTOTOBJIEHHS IUIICHUX,
edeKTUBHUX Ta 0€3MeYHO (DYHKITIOHATIbHUX CTPYKTYPHUX KOMITIOHEHTIB, SIK1 MiITAI0ThCS
OaraTokpaTHUM MEXaHIYHUM Ha TEPMIYHMM HaBaHTaXEHHSIM. BTOMHa CTIHKICTh
XapaKTEPU3YETHCS 13 TOUKH 30py BIAMOBIIHUX MapaMeTpiB, 10 3aCHOBAaHI HA BUCOKO- Ta
MaJIOIIMKJIOBOMY BTOMHOMY HaBaHTa)KE€HHI. Yac BTOMHOTO JKHUTTS CKJIAIA€ThCA 13 IBOX
CTa/iil: YMCIJIO UMKIIIB, 1110 BUKJIMKAE 1HILIAIII0 YTBOPEHHS TPIILIMH Ta X MOLIUPEHHS. Y
MIPOIIeCi BUCOKOITMKIOBOI BTOMHM OCHOBHOIO CTaJIi€I0 € YTBOPCHHS TPIIIIMH, Y TOM Yac K
JUIS HU3BKOIIMKJIOBOI BTOMHM — IIOMIMPEHHS TPIMHWH. BTOMHI TPIMIMHM HE3MIHHO

IHILIIOIOTBCA Ha TOBEpPXHI CIUIaBy, caMe TOMYy TIOBEpXHeBa Moaudikaris
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BUKOPUCTOBYETHCS Il TOKPAIIEHHS BTOMHOTO JKHUTTS, 3aTPUMYIOYU MPOLEC
BUHUKHEHHs TpimuH [5-8].

Hampukinazn, ynprpasBykoBa IpoOOCTpyMeHeBa 00pOoOKa MOBEPXHI CYIEpCILUIaBY
IN718 3a paxyHOK HaHOCTPYKTYpYBaHHS ITOBEPXHEBOI'O Iapy CIIOBUIBHIOE MPOILIEC
3apO/KCHHSI BTOMHUX TPINIUH, Y TOW Yac SK BHYTPINIHS KPYIMHO3EPHUCTA CTPYKTypa
nepenkopKae ix mommpeHHto [8]. ABropu [9] cTBepmKyr0Th, mo BHAcHiIoK Y310
noAiOHUX MatepianiB GOPMYEThCS TOHKUM HAHOCTPYKTYPOBAaHHWM IIap, KU MOXKHA
Ha3WBaTH TMPHUPOJHIM KOMIIO3UTOM, 1 TIJABHUINECHHS BJIACTHBOCTEH  MIITHOCTI
0e3Mocepe/IHbO  3AJIEKUTh Bl 00 €MHOT YacTKM HAHOCTPYKTYpPHOI CKIIaJOBOi Y
MIPUIIOBEPXHEBIH 001aCTi.

VY po6orti [10] 3a 7OOMOror0 METOAY YABTPa3ByKOBOI HAHOMO AU (DiKaIlli TOBEPXHI
BJAJIOCS 3HAYHO IMIBUIIUTH BTOMHY BUTpuBaiicTh ciutaBy ATI 718 Plus. Jlocuth
MOKAa30BO, 10 NIBUAKICTh NOIIKMPEHHS! BTOMHHUX TPILIUH BUSABJISETHCSA HA 66% MEHIIOH0
st YHMIT o6GpoOneHoro 3pa3ky MOpIBHSHO 13 BUXIAHUM. OJHOYAcCHO 13 LIMM
3adikcoBaHE 3HAYHE MIABUIICHHS MIKPOTBEPAOCTI Ta PIBHIO 3AJIMIIKOBUX HAIPY>KEHb:
MIKpOTBEPICTh BUX1AHOTO 3pa3ky ctanoBuTh 6,3 ['Tla, a micns YHMII - 9,7 I'Tla, To6To0
3poctae Ha 44% [10]. Ananoriuanii edpext BrutuBy Y HMIT Ha MexaHi4Hi BiacTUBOCTI Ti-
Ni crutaBiB 3a3Hauaetbes B [11]: TBepaicTh 3poctae i3 220 HV no 410 HV, mBuakicTs
3HOCY 3MEHIIYEThCS Ha 25%, MOPIBHSIHO 13 HEOOPOOIEHUM 3pa3KoM, Ta KOEPILIEHT TEPTS
—Ha 10%.

JIns mokpalieHHs MEXaHIYHMX BJIACTUBOCTEH TOBEPXHI CIUIaBIB, TaKUX SIK,
3HOCOCTINKICTh, KOpPO3iiHA CTIMKICTh, MIKPOTBEPIICTh 3a3BHUYall 3aCTOCOBYIOTHCS
pizHomaHiTHI Metoam IIIJIII, ane ixHsa B3aemHa KkomOiHaris abo KomOiHaIlg 13
TPAAMIIIHHUMU TEXHOJIOTIIMA HAHECCHHS IIOKPUTTIB J03BOJIIE OTPUMATH JIOCUTH
cneru@ivHl BIACTHBOCTI 1 3HAYHO TOKPAIIUTA KOMIUIEKC TEXHOJOTIYHO BaXJIMBUX
BJIACTUBOCTEM.

s npukiiagy y po6oTi [12] mpoaHamizoBaHO BILIMB Pi3HHX METOAMK OOPOOKH
cram AISI 52100 na Tpubonoriuai xapaktepuctTuku. OCHOBHA CyTh TIOJIATA€ B

OTpUMaHHI OOpP-JEroBaHUX aJIMa30mNoAiOHUX ByrueneBux nmokputTiB (B-DLC) meromom
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MarHeTPOHHOTO IJIA3MOBOI'O PO3MUJIEHHS HAa HEOOpOOJEHUH 3pa3oK Ta 3pa3oK MIiCis
nonepeaHpo nposeaeHoi Y3YO.

BcranoBneHo, 110 TMOBEpXHEBI Mmapu KOMOIHOBaHO OOpOOJIGHHMX 3pa3KiB
CKJIQJIAIOThCA 13 OOp-JIEroBaHUX aJIMa3oIoI0HUX MOKPUTTIB Ta MoaudikoBaHoi Y3YO
HAHOKPHUCTATIYHOI CTPYKTYypH. BuMipu MiKpoTBep0CTI 3a TIMOMHOIO 3pa3ka MOKa3aiH,
10 oro MikpoTBepAicTh micis nonepeanboi Y3YO Ha 14% Buma (i3 760 HV 3poctae
1o 870 HV) nopiBHsHO 13 3pa3koM 0e3 Takoi 00poOku (BukiouHO B-DLC moxputts) i
el ePeKT CIOCTEPEKYETHCS 10 TIMOMHU 0r3bK0 250 MKM Bia oBepxHI. MOXIMBUM
MOSICHEHHSIM € 3MEHIIEHHS pPO3MIpYy 3€peH Ta IMiJBUIIECHHA TYCTUHHU JIUCJIOKAIIN
BHACIIJIOK OararokpaTHOi miactuuHoi nedopmartii. [lepexin 10 HAHOKPUCTAIIYHOTO
CTaHy 30UIbIIy€ MPOTSDKHICTh TPAaHUIb 3€PEH Ta MOXKE IOBHICTIO YCYHYTH a0o
YCKJIQAHUTH KOB3aHHS JUCJIOKAIlii BHACHIIOK 1HTEHCHdiKalii iX B3aemojii, mo 1
00yMOBIIIO€ MIABUILIEHHS TBEPAOCTI BiAMOBIAHO 70 edekTy Xona-Iletua [12].

[Tonepenuss Y3YO TakoX MNO3UTHBHO BIIMBAE HA 3HOCOCTINKI BIACTUBOCTI
crutaBy. [liBUIIIEHHS KOE(IIIEHTY TEPTS Ta 3MEHIIEHHS IBUKOCTI 3HOCY MOPIBHSHO 13
3pa3KoM 13 TIOKPUTTSAM, OTPUMAHWM MATrHETPOHHUM IUTA3MOBHM PO3MUJICHHSM,
ctaHoBUTH 01m3bko 20% Ta 30%, BIAMOBIAHO (32 CXEMOIO0 KOB3al0UOT0 KOHTAKTY). Ilix
yac UUKJIIYHOTO 3HOIIYBAaHHS B PEXUMI KOUYECHHS BTOMHA JIOBTOBIYHICTH (KUIBKICTh
HUKIIB Oe3 pyilHyBaHHSI) 3pOCTae y JI€KUIbKa pa3iB MOPIBHAHO 31 3pa3koM 0Oe3
nonepenHboi 00poOku. [lokpareHHs TpPUOOJOTIYHUX XapaKTEPUCTHK TOSICHIOETHCS
aBTopaMH [12] 3MEHIIEHHSIM PI3HUL 3HAYEHb TBEPIOCTI CIUIABY Ta MOKPUTTS 3aBISKU
edekTaM, K1 BUHHKaIOTh BHachiok Y3YO. BcraHoBieHo, 10 piBEeHb HAMPYXKEHb Y
BUXITHOMY 3pa3ky cTaHoBuTh -983 MIla, Ttomi sk micias mnomepeanboi Y3VYO
CIIOCTEPITa€EThCS IPAJAIEHTHUN PO3IOIIT 3AJMIIKOBUX HANPYKEeHb A0 rauouHu 200 MKM,
NpPUYIOMYy HAWBUIINE 3HAYCHHS 3aJMINKOBUX HarpyxkeHb -1650 MIla xapakrepue mis
noBepxHi. Taka CyTTeBa PI3HMIIS 3HAYEHb 3AJUIIKOBUX CTHUCKAIOUHUX HAMPYXKEHb 1 €
KJIFOUOBUM (DAKTOPOM MiABUIIEHHS 3HOCOCTIMKUX BIACTUBOCTEH.

Meron VYHMII 3 mnoganpmmM a30TyBaHHSM BHCOKOMiIHOI ctam  300M
3actocoBaHo B [13]. Koposiiini BiactuBocti ctaini 300M nenio mokpairyBaiduch MiCis

YHIIM 06poOku, a 104aTKOBE a30TYBaHHS JI03BOJMJIO JOCATTH HalKpamoro egexry,
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OCKUJIbKH TIOTEHII1aJl KOPO3ii MOPIBHSIHO 13 BUX1THUM 3pa3KoM, MiABUIINY€eThCs 10 -0,56 B
ta -0,46 B, BiagnoBigHo. Ha qomady, MBUAKICTH 3HOIIYBAHHS BHACIIIOK KOMOIHOBAHOI
00poOKM 3MeHIIyeThes Maike Basidi (3,4-10° mm®/H'm mopisasno i3 6,310 Mm®/H'm
JUIS1 BUX1JTHOTO 3pa3ky) [13].

Y poborti [14] mocnmimxkeHo BILIMB ApobocTpymMeHeBoi o0pobku, YHMII Ta ix
KoMOiHaIii Ha BTOMHI xapaktepucTuku cruiaBy AISI 304. BusBuiock, mo BTOMHI
XapaKTEPUCTUKU MOXKYTh OyTH nokpaimieHi JO, ane HaloBIIa BTOMHA BUTPUBATICTh
cnocrepiraerses micnst Y HMII. KombinoBana o6pooka JJO+YHMII 3aiimae npomixkue
micre mix JIO Ta YHMII [14].

[InsxoM ynbTpa3ByKoBOi ApobOCTpyMeHeBOi 00poOku MarHieBoro cmiaBy AZ31
BJIA€ThCA CHOPMYBATH HAHOKPUCTANIYHUNA IIAp Ta TPATIEHTHY MIKPOCTPYKTYPY
TOBIIMHOIO 0J113bK0 200 MKM [15] 1 CyTTEBO MOKpAIUTH KOPO3iiHI BIACTUBOCTI (BABIU1
3MEHIIUTHA MIBUAKICTh KOPO31i) BHACIIIOK YTBOPEHHS 3aXWCHHUX OKCHJHMX IUTIBOK Ha
MOBEPXHI CILIABY.

JHlpobocTtpymeHeBa 00poOka Ta KyJIBKOBE IOJIPYBaHHS EKCTPYAOBAHOIO
BHCOKOMIIIHOTO ~MarHieBoro craBy ZK60 copusitoTb 3MiHI  IPUIOBEPXHEBOI
MIKPOCTPYKTYPH Ta YTBOPEHHIO 3aJIMITKOBUX CTHUCKAIOUMX HAMPYXKEHb y MOBEPXHEBUX
mapax Marepiany [16]. Bromna minaicTs micas 107 qukiaiB BUIpoOyBaHb 3HAXOJUTHCS
Ha piBHi 150 Mlla, 175 MIla, 200 MIla gns Buxignoro, /IO ta KII 3pa3kiB, BiAMOBiAHO.
ToOto, BHacmigoK OOpOoOOK BiIOYBAEThCS MIJABUIICHHS OaraTOIMKIOBOI BTOMHOI
miHocTi Ha 15% ta 30%.

OTxe, METOJIM IHTEHCUBHOI IIACTUYHOI ieopMaliii MUPOKO BUKOPUCTOBYIOTHCS
U1t MOAM(DIKYBaHHS CTPYKTYPH Ta BIIACTHBOCTEH MOBEPXHI PI3HOMaHITHHX CIuiaBiB [17].
JlocuTh BaXJIMBUM € T1A01p ONTUMAIILHUX PEKUMIB 0OPOOKH, 0COOJIMBO KOMOIHOBAHOT,
JUIsl  3a0e3MeUeHHs HEOOXIMHOTO PIBHS (PI3MKO-MEXaHIYHUX BIACTUBOCTEH, aJKe
Hajummikosa II1J[ moxxe nmpu3BecTH 10 PO3TPICKYBaHHS MOBEPXHi, 3SMEHILIEHHS] BTOMHOL

BUTPUBAJIOCTI Ta MOTIPIIEHHS MEXaHIYHUX BJIIACTUBOCTEN 3arajioMm.
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1.2.1 Bnums ITIII Ha cTpyKTYpy i BJIACTHBOCTI AJIOMIHIEBHX Ta MiJHHUX

CILIABIB

AJIOMiHI€BI Ta Mi/IHI CTUIaBH IIUPOKO BUKOPUCTOBYIOTHCS y MAIIMHOOY/TyBaHHI Ta
IHIIMX Taly3sX NpoMucioBocTi. [Ipore gaHl CrulaBu XapakTepU3YIOThCS BITHOCHO
HEBHCOKMMH 3aXHCHUMH TTOBEPXHEBUMHU BIIACTHBOCTSIMH, TAKUMH SIK, 3HOCOCTIUKICTB,
XKapocTiikicTh 1 T.. ToMy mocuTh BaXIMBUM BOadaeThbcs BuBYeHHs BIUuBy II1J[ Ha
MEXaHI4YH1 BJIaCTUBOCTI MOBEPXHI caMe JaHUX METaJiB Ta CIUIaBIB.

Y po6orti [18] omineno BrumB YHMII Ha BracTuBOCTI Miji. BusBiseTses, mo y
npouieci YHMII BinOyBaeThcsi HAHOCTPYKTYpPYBaHHS MOBEPXHEBHX IIApIB MIfl 1, K
HACIIZIOK, — B 00JIAaCTI HAHOPO3MIPHUX 3€PEH MPUPICT MIIHOCTI Ta HAHOTBEPIOCTI
ckinagae Omu3bko 30%. Takox naHuWid BUJA TOBEPXHEBOI OOPOOKHM MIiABUILYE MEXKY
Teky4docTi miai Ha 20%.

s crinasiB cuctemu CU-ZN crocTepiraeTbes 1HOAI HEOHO3HAYHUIA BILTUB THX
yu 1Hmumx wetomiB IIIJAIT nHa ixumi BnactuBocti. s npuxinagy B poboti [19]
3a3HavaeThes, Mo xoua metonu IIT/IT cyTTeBO MiABUIIYIOTH TBEPIICTH Ta MIIHICThH
JaHUX CIUTaBiB BHACHTIJIOK YTBOPEHHS YJIBTPAAUCIEPCHUX Ta HAHOKPUCTATIUYHUX
MPUTMIOBEPXHEBUX 30H, ajie 3 1HIIOT0 OOKYy MOXYTh CIPUYMHHUTH YTBOPEHHS IIapiB 13
PI3BHOPO3MIPDHUMH 3€pHAMH Ta 3apOJKEHHS JBIMHHKIB, SIKI BIUIMBAIOTh HA KPUTHYHY
BEJIMUMHY MIITHOCTI Ha pO3TAT. THUM HE MEHII BJAJIMM TO€AHAHHSM JIETYBaHHS y TIPOIEC]
BUTOTOBJICHHS CIUIaBy 3 mojaibiioro IITIII MoxxHA D0CSITTH CYTTEBOrO MPUPOCTY
MEXaHIYHUX BJIACTUBOCTEN JAaHUX CILJIaBIB.

3acTocyBaHHS MICKOCTpyMEHEeBOi 00poOku crtaBy Cu-37Zn cripusie yTBOPEHHIO
IpaleHTHOT HAHOKPUCTAIIIYHOI CTPYKTYPH 1 TUM CaMHUM JIO3BOJISIE T1ABUIIIUTH 3HAYCHHS
XapaKTEPUCTUK MIITHOCTI Ta 3HOcocTikocTi [20]. BinOyBaeThcsi popMyBaHHS TPbHOX
CTPYKTYpPHUX pIBHIB y TIOBEpPXHEBHX Iapax. BepxHiii map (mepiiuii) TOBIIUHOIO
OJIM3BKO 5 MKM 3aBJIIKM BUCOKMM 3HAYEHHSAM CTYIEHIO Ta IIBUAKOCTI Aedopmarii mae
HAHOKPUCTAIIYHY CTPYKTYpy, sIKa 13 TJIMOMHOIO CTa€ MEHII piBHOBICHOMO. Jlpyruit
cepenHbo-1e(OPMOBAHUI MIAP BKJIIOYAE HAHOKPUCTATIYHI, YIBTPAKPUCTAIIYHI Ta
MIKPOKPHUCTAJI4HI 3€pHa 13 CyMIIIIII0 00’ €MOLIEHTPOBAHOT Ta OPTOPOMOIUHOI CTPYKTYP,

o 3 SABIAIOTHCA HA TinOuHl Big 5 MM 10 30 mxm. Ha rimOuai 15 MKM BUSBIIEHO
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BUTOHYEHY 00’ €MOIEHTPOBaHY KyOlUHY CTPYKTYpy Ta IeKcaroHajibHYy MAapTEHCUTHY
dazy. Tperiit BHyTpilIHIN map Ha TIMOUHI 60 MKM XapaKTepU3yEThCS MOJITOHATBHUM
KyTOM PO30piEHTYBaHHS 3epeH 8°—10°, po3Mip SIKAX BIJIITOBIIA€
yJIBTPaMIKPOKPHUCTATIYHOMY Ta MiKpOKpucTamiuynomy ctanam [20].

Opnnaum 13 HatieexTuBHImMX MeToiB ITTJII1 € yapTpa3BykoBa yaapHa 06pooxa [7,
17]. CyTb gaHOrO METOAY MOJSATa€ Y BUKOPUCTAHHI €HEPrii yIbTPa3ByKOBUX KOJIHBAHb
JUISL TIOKpAILEHHST MEXaHIYHMX BJIACTUBOCTEH 1 IHIIUX XapaKTepUCTUK OaraTbox
matepianiB. Y3YO o0O0yMOBIIO€ CTBOPEHHS HAaHOCTPYKTYpPOBAHOIO IIApy 3HAYHOI
TOBILUHM 13 MiJBUIICHUM PIBHEM 3JIUIIKOBUX CTHCKAKOUUX HANpyXeHb. Y poboTi [21]
[IMM METOJIOM YCIIIIIHO MPOBEACHO MOoAudIKaIliio OIMETaJeBOro KOMIO3UTY 31 CTajl
AISI 1020 (amwxus wactuna) ta CuC3Snll crmaBy (BepxHs wactmna). [lepemycim
c(pOpMOBaHO HAHOCTPYKTYPOBAHMH IIap TOBIIMHOK OsM3bko 180 MKM 13 po3Mipom
CTPYKTYpHUX CcKiIagoBux Omm3bko 30 HM—35 HM (po3Mip 3€peH BHXIJHOTO CIUIaBY
cranoBuTh Omm3pko 20 MkM—80 MkM). HlopcTKicTh MOBEPXHI 3MEHIIYETHCS Maibke
BJIB14l MOPIBHSIHO 13 BUX1IHUM 3pa3koM 1 cTaHOBUTH 0,26 MKM. CIIOCTEpITra€ThCSl TAKOK
CYTT€BE 30UIBLIEHHS PIBHS 3aJUIIKOBUX CTHCKAIOUMX HANpyXeHb BHacHiok Y3YO
MOPIBHSHO 13 BUXIAHUM cTaHoM, -412 MIla nmpotu -116 MIla, BiamoBigHO, a TaKOX
30uIbIIEHHST MiKpOTBepAocTi 10 3HadueHHs1 10 ['Tla mopiBHsiHO 3 4 I'Tla ay1s BUXiIHOTO
ctaHy. Ane HaironoBHime — miciga Y3YO cnocrepiraerbcs sBHa TEHJIEHIIS [0
MOKpaIeHHs] (PUKIIHHUX Ta 3HOCOCTIMKHMX BJIACTUBOCTEH MOCIIIKEHUX CILJIABIB:
xoedinient Teprs smenuyerses 3 0,34 10 0,20, a mBuAKicTs 3H0CY — 3 9.4:1071° MM /H M
10 4.2:10° mm¥H'Mm. Ha nmomauy, MOKpalyeThCsi CTIMKICTH JO MOSBHM HOAPAIMH Ta
TpimmH [21].

VYapTpasBykoBa yaapHa oOpoOka MIJHHUX CIUIaBIB € €(EKTUBHOIO HE TUIbKH B
MOBITPSHOMY, a 1 B iHIHX cepenoBuiiax. Tak Y3YO maryni JIC59-1 B cepenoBumi Ar
(aprony) oOyMOBIIIOE TTIIBUIIICHHS MiKpOTBEp10CTI moBepxHi A0 180% Ta HaHOTBEPIOCTI
JokanbHUX AUIAHOK a0 3,2 I'Tla mopiBasHo 3 1,6 ['Tla y BuXigHOMY CTaHi, a TaKoOX
XapaKTEePUCTHK 3HOcocTiikocTi [22]. B cepenoBuii pigkoro azory Y3YO chpuse
M1JIBUIIICHHIO MIKPOTBEPIOCTI MOBEepXHEBUX 11apiB JiatyHi JIC59-1 no 2-x pa3ziB (a oTxe

W TIIBUINEHHIO MIITHOCTI) Ta CYTTEBOMY 3MEHIIEHHIO po3Mipy 3epHa mo 10 pasiB 3a



32

PaxyHOK yTBOPEHHS BEJMKOI KIJIbKOCTI CTPYKTYPHUX Je(]EeKTiB, 30KpeMa JBIMHUKIB Ta
3CYBHHUX CMYT 13 BEJIUKOIO TYCTHHOIO JUCOKarii [23].

VY3YO BuUABASETHCS KOPUCHOIO 1 JUIsl MIABUINEHHS 3HOCOCTIMKOCTI (m0 15%) Ta
MikpoTBepAocTi (10 30%) MOPOLIKOBUX CIIEYEHUX MOKPUTTIB HA OCHOBI MIJTHUX CILJIaBiB
CuPb10Sn10, CuPb24Sn4 ta CuPb24Sn Ha moBepxHi ctam AISI 1010 [24].

[TomibHi1 mocmimkeHHS TpoBelAeHI 1 y poOoTti [25], Ae MOCHiKyBajau BIUIUB
BHCOKOIHTEHCUBHOI YJIbTPa3BYKOBOI KYJbKOBOI OOpPOOKM Ha pIBEHb TPHUOOJIOTTYHHX
BJIACTMBOCTEH CIIEYEHUX MOKPHUTTIB 13 MaTepiany Ha ocHOBI Mial CUC3Sn11 Ha noBepxHi
ctanmi SAE 1020. ABtopu BHUSBWIIM, IO Taka MOAMQIKaIlsS MO3UTHBHO BIUIMBA€E Ha
MJBUIIEHHS MIKPOTBEPIOCTI 10 25%, a TaK0X CYTTEBO 3MEHIIYE KOC(IIIEHT TEPTS 110
40%. Came 11 pe3yibTaTH MOACHIOIOTh 1 MIJIBUILIEHHS ONOPY 3HOIIYBAHHIO TOKPUTTS 32
CYXHX Ta 3MallyBajibHUX yMOB 10 10%—15% [25].

BmuuB ynpTpa3BykoBOi HAHOMOAM(IKAI[IT TOBEPXHI HA MEXAHIYHI Ta TPUOOJIOT14HI
BJIACTUBOCTI AaHAJIOTTYHOTO OIMETAIIYHOTO KOMITO3HUTY (IIOKPUTTS 13 MaTepialy Ha OCHOBI
migi CuCsSny; wa mosepxui ctam SAE 1020) mocmimkenuit B [26]. IlomioHo 1m0
BUILE3ralaHux poOIT, 3adikcoBaHe (POpMyBaHHS HAHOCTPYKTypHOro (64 Hm)
MOBEPXHEBOTO IIApy TOBIIMHOIO 0sin3bK0 200 MKM (BUXITHUN PO3MIP 3€peH — /7 MKM).
MikpoTBepAiCTh MOBEPXHEBUX LIAPIB BHACIIIOK 00p0oOKHM 3pocTae 10 4 pasiB, TOOTO 13
2,2 T'Tla no 8 ['Tla—9,5 I'lla, mpu 11bOMY 3MEHIITY€THCS MOPCTKICTh TOBepxHi 3 0,52 MKM
1m0 0,32 MKM Ta MOPUCTICTh MPUINOBEPXHEBUX IMapiB. CKIEPOMETPUYHI JOCIIHKEHHS
MOKa3aJId 3HAYHE 3MCHINCHHS TJMOWHM Ta TOBIIMHM YTBOPCHUX KaHABOK, IIO
Oe3rmocepeIHbO MATBEPKYE IMJABUIIEHHS 3HOCOCTIMKMX BiacTuBocTei. IlIBHakicTh
3HOCY, 32 CyXOTO Ta 3MalllyBaJbHOTO PEKUMIB, NI HEOOPOOJIEHOTO 3pa3Ka CTAHOBUTh
11-10 " mm®/H ™ ta 0,4:1071 Mm3/H M, BignosingHo. A 1711 06po6IeHOro 3pa3ka —
4-10 " mm®/H'm 3a aGcomoTHOi BimcyTtHocTi 3HOCY. IlpM nBOMy KoediLieHT Teprs
cTaHOBUTH B cepeanboMy 0,75 ta 0,43 mis HeoOpoOaeHoOro Ta 0OpoOJIEHOro 3pa3KiB,
BiIOBiTHO [26].

3acTocyBaHHS METOJIB IHTEHCHBHOI TJIACTUYHOI jJedopMaliii J03BOJISIE JOCITTH
noAiOHUX pe3yJIbTAaTiB 1 sl allfoMiHIEBUX cIuiaBiB. Jlo mpuxiagy, y poboti [27]

JOCITIIKEHO MOXKJIUBICTD 3MilHeHHs uucTtoro Al intepmeramiaauvu yactuakamu TIAl
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3a JIONIOMOTOI0 PIBHOKAHAJBHOTO IMpecyBaHHSA. BcTaHOBIEHO, 110 1HTEHCHUBHI
nedopMalriiiii IpoIecH JI03BOJISIIOTH JOCSATTH OJHOPIAHOTO PO3MOJAUTY apMYHOYHX
YaCTMHOK 3a YMOBH LIUTKOM 3aJJ0BUIbHOT aaresii 13 MetagoM-matpuieto. [Ipuuomy mexa
TEKY4YOCT1 KOMIIO3UTHUX MaTepiaiiB 3pOcTae 13 30UIbIICHHSIM YKciia IpoxoiB (10 75%).

VY pobori [28] mociimkeHo BILTUB YIBTPa3BYKOBOI yAapHOT 00pOOKH HA TIOBITpPi Ta
y CEpEeIOBHUIIl apTOHY Ha MEXaHIYHI BIACTHBOCTI TIOBEPXHI aTlOMiHI€EBOTO CcTuiaBy 2024.
BcTranoBneHo mocuTh I1ikaBui (DakT, 110 BUCOKOEHEPIeTUYHI O0araToKpaTH1 31TKHEHHS
Oolika 13 apMKO-3a1i3a i3 00poOIIOBAHOIO TTOBEPXHEIO CIITIaBy O0YMOBIIIOIOTh MEXaHIUHE
JIETYBaHHS OCTaHHBOI 3aJ1130M BHACIIIJIOK TBEPAOTIIILHOTO 3BapIOBaHHS MaTepiaiy Ooiika
13 antoMiHieM. BusBieHo, mo y mpoieci oOpoOku BiiOyBa€ThCS YTBOPEHHSI OKCHJIHO-
IHTEPMETAIIITHOTO IIapy TOBIIMHOO B1J 15 MKM 70 35 MKM 13 MIKpPOTBEPAICTIO OJIU3BKO
4TTla-9 I'Tla micns oOpoOOK B aproHi Ta Ha MOBITP1, BiAmoBiAHO. Ilpu 1BOMY
NOJISIpU3AlliiHl TECTU MOKa3ajiu, 10 CUHTE30BaHI IIApU XapaKTEPU3YIOThCS MEHIIUMU
IIBUJIKOCTSIMA KOPO31i Ta OIbII €JIEKTPOINO3UTUBHUMHU 3HAYCHHSIMHU TMOTEHIlIAIIB
KOpO3ii, MOPIBHIHO 13 BUXIIHUM CILJIABOM, a HaWKpaluid pe3ysbTar 3adikKCOBaHUM s
Bunaaky ¥Y3VO Ha noBitpi [28].

VYabpTpa3BykoBa HaHoMoAudiKallisi MOBEpXHI altoMiHieBoro cruiapy Al6061-T6
n03BoIsIE C(hOPMYBATH TIPUTIOBEPXHEBHA HAHO- Ta CYO3epEHHUH MIap JOCHTH 3HAYHOI
TOBIIUHU ~ 70 MKkM [29] 1 chpusie CyTT€EBOMY MOKpAIICHHIO KOEQIIEHTY TEpPTd Ta
3HOCOCTINKOCTI cruiaBy (110 25% MOPIBHSHO 13 BUX1THUM CTaHOM).

JocnipkeHHs  BIUIMBY — YJBTPAa3BYKOBOi  ApOOOCTpyMEHEBOI OOpOOKHM Ha
HU3BKOIMKIIIYHY BTOMHY IOBEIIHKY altoMiHieBOro cruiaBy 7075 mokasano, 1o 3MiH
dazoBoro ckiagy He BiAOYBa€TbCS, NPOTE CIOCTEPITAEThCS HAHOCTPYKTYpH3aLlis
MOBEPXHEBUX IIAPIB CIIABY (CEpEe/IHIN po3Mip 3epeH micias 0OpOOKH CTaHOBUTH 18 HM—
20 uM, opiBHSAHO 13 78 MKM 1t BuxigHoro criaBy) [30]. Takox BusiBneno, mo Y310
MO3UTUBHO BIUIMBA€ HAa BTOMHY MIIHICTh CIUIaBY, OCOOJIMBO 3a HU3BKUX aMILTITY/I
nedopmartii. g  npukiany, KUIbKICTh IUKJIIB, KOTpPl BUTPUMYE 3pa3oKk 3a
HU3bKOAMILTITY JTHUX YMOB HaBaHTaXCHHs TpUBAIICTIO 60 ¢, 3MiIHIOEThCA 13 478 pa3iB st
BUXIJIHOTO cIuiaBy a0 13226 pasziB. 3arajoM HaWlCyTTeBillle MiBUILEHHS BTOMHOI

BUTPUBAJIOCTI criocTepiraeThes st 3paska micis Y310 tpuBamictio 180 ¢ (HaitBuma
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KUTBKICTh HUKJIB — 14544, 13 moganbIIMM MiABUIIEHHSIM TpUBasiocTi 00pooku a0 300 ¢
KUIBKICTh IUKJIIIB Pi3Kko 3MeHInyeThes g0 6401) [30].

B nexinbkox BumiB IIT/II1 ta Tepmiunoro nmazepnoro 3mimaenHs (JI3) Ha
MEXaHIuHl BJIACTUBOCTI aoMmiHieBoro cruiaBy 7075-T73 mnpoanamizoBano B [31].
BceranoBneno, mo JI3, JIO, Y310 Ta xymekoBe mnomipyBanus (KII) mo-pizHOMY
BIUIMBAIOTh HAa MIOPCTKITH TOBEPXHI: [UIsI BHUXIJHOTO TMOJIPOBAHOTO 3pa3ka BOHA
ctaHoBUTH — 1 MkMm, micis KIT — 5 mxwm, micns JIO — 18 mxwm, micinsa Y310 — 9 mxwm, micas
JI3 — 20 MM, TOOTO BCl BuAM OOpPOOKM MIABUINYIOTH PIBEHb HIOPCTKOCTi, MPOTE
HAWUTMIOMITHIIIUN BIUIMB BUKIWKAaE came JazepHa oOpoOka. BusiBieHe i cyTreBe
HIIBUILICHHS TBEPAOCTI MOBEPXHI Ta MPUIOBEpXHEBUX obOyactei criaBy Al 7075-T73
nicas ycix BUAIB 00poOok. s mpukiiaxy, MIKpOTBEPAICTh Ha PI3HUX BIJCTAHAX BiJ
MOBEPXHI 3a Pi3HUX MeToAiB 00podOku ckianae: KII Ha moepxui — 176 HV, KII na
rmouHi 400 mxm — 173 HV; 10 ma moepxui — 173 HV, 10 na rmmbuni 400 MKkM —
163 HV; Y310 na moBepxHi — 184 HV, Y3JIO na rioubuni 400 mxm — 164 HV; JI3 Ha
noBepxHi — 177 HV, JI3 na rmu6uni 400 mxm — 162 HV. Takox nmokasaHo, 1110 TJIMOHWHA
MOIIMPEHHS 3AIMIIKOBUX CTUCKAIOUMX HampyskeHb MeHma 1ig /O ta Y3/10 nopiBHSAHO
13 JI3 ta KII: KIT — 360 MIIa, 10 — 250 MITIa, Y310 — 260 MIla, JI3 — 300 MIla [31].

Hocutb yacto Y3V O 3aCcTOCOBYETHCS K albTEPHATUBHA TEXHIKA 1JIs MOKPAILEHHS
CTIMKOCTI Ta BUTPHUBAJIOCTI KOHCTPYKIIM 3 JIETKMX MeETaliB (a TaKoX iX 3BApHUX
3’€JlHaHb), B OCHOBHOMY II€ CTOCY€ThCS 3alOOITaHHs PO3BUTKY TPIMIUH T dYac
TUHAMIYHUX HaBaHTaXeHb. [[pbOMy chopuse BUHUKHCHHS 3aJUIIKOBUX CTHUCKAFOUHMX
HaIpY>KeHb B IPUIMIOBEPXHEBUX IIApaX, AKE, HATPHUKIA/L, I03BOJISE M1IBUIIATH MEXaHIYH1
BJIACTUBOCTI amroMiHieBoro ciiaBy AJl-31 Bracminok Y3VYO mo 24% [2]. YioBUIBHEHHS
PO3BUTKY BTOMHMX TpinuH micist Y3YO xapakrepHe 1 41 antoMiHieBoro ciiaBy 2024-
T3 [32]. IIpoTe icHYIOTH MEBHI 0OCOOIMBOCTI, a/)Ke MEHIII IHTCHCUBHUH nedopMariitHuii
BIUIMB 1HOJAI MOXE CHPUATH JOCSITHEHHIO Haikpamoro edekry. OTxe, BuUOIp
ONTUMAJIbHOTO pekuMy Y3YO TMOBHHEH NPOBOIUTHCH I KOKHOTO KOHKPETHOTO
BUIIAJIKY, SIK 1€ MPOJIEMOHCTPOBAHO JIJII BUCOKOMIIIHOTO aJTIOMIHIEBOTO CIuiaBy 7AS2
B [33]. A 3aranom 3a gonomororo Y3YO MoHa JOCSTTH ITiABUILICHHS BTOMHOI MIITHOCTI

3BapHUX 3’€aHaHb 10 32%. Ilpuuomy pana oOpoOKa TakoX CIPHUSIE CYTTEBOMY
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MOKpaIeHHI0 MOP()OJIOTii MOBEPXHI, MOJAPIOHEHHIO 3€pHA Ta CYTTEBOMY II1JIBUIIICHHIO
MIKPOTBEPAOCTI 32 pPaXyHOK CTBOPEHHS 3AJIMIIKOBUX CTUCKAIOUUX HANpyxeHb [33].

Cnig 3a3Ha4uTH, U0 METOAU YJBTPa3BYKOBOI TMOBEPXHEBOI Moaupikarii
3HaXOJATh CBO€ 3actocyBaHHs y 3D-ramysi. Tak y po6oti [34] BCTaHOBJIEHO, IO
yJIbTpa3ByKOBa HAHOKpUCTATiuHA MoOAU(DIKAIlS TOBEPXHI aIIOMIHIEBOTO CIUIABY
AlSi10Mg, BUTOTOBJICHOT'O METOIOM IIPSMOTO JIA3EPHOTO CIIKaHHS, CITPHSE 3MEHIIICHHIO
HIOPCTKOCTI MOBEPXHi 3 18 MKM 110 3,5 MKM, a TaK0K 3HAYHOMY 3MEHIIIEHHIO TOPUCTOCTI
noBepxHi. BBaxkaeThcs, Mo Takuii MeTo] OOpOOKH J03BOJSE MiABUIIUTA BTOMHI Ta
3HOCOCTINKI XapaKTePUCTUKHU MOAIOHUX aTIOMiHIEBUX MaTepiaiiB [34].

Moxna migcymyBatd, mo wetroau III/I1 mo3BoifA0OTE HE JUIIE CYTTEBO
MOKPAIIUTA MEXaHIYHI BJIACTHUBOCTI aJIOMIHIIO, MiJll Ta iX CIUIaBiB, a ¥ MPOBECTHU
MEXaHIYHE JIETYBaHHS IMOBEPXHEBUX IIAPIB JUCIEPCHUMHU TMOPOIIKAMU 13 METOIO

AOCATHCHHA KOMIIJICKCY YHiKaJ'IBHI/IX BJIIACTUBOCTEH.

1.2.2 Biuius IIIAII Ha cTPYKTYpY Ta BJIACTHBOCTI THTAHOBOTIO ciiapy BT6

TuTaHOBI CIJIaBU XapaKTEPU3YIOThCS JOCHUTh BUCOKHM DPIBHEM MEXaHIYHUX Ta
¢b3uuHMx BractuBocTed. Came TOMYy BOHU HIMPOKO BUKOPHCTOBYIOTHCS Yy SIKOCTI
KOHCTPYKIIMHUX MaTepialliB Yy PI3HOMAHITHUX BAXKJIUBUX Tally3dX HMPOMHCIOBOCTI,
TaKHX SIK, aBla- Ta MalIMHOOyAyBaHHs. [IpoTe HaBITh TaKi CIUIaBH MAIOTh PsiJ] HEJIOJIKIB,
10 YHEMOJXKJIUBITIOE X BUKOPUCTAHHS, 30KpEeMa, Yy BIAMOBIJATBHUX BY3JIaX KOHCTPYKITIN
Ta arperaTiB. ToMy HOCHUTH aKTyaJIbHUM HaMpSIMKOM JOCTIKEHb € MOAUQIKaIlis
BJIACTUBOCTEN TUTAHOBUX CIUIABIB PI3HOMAHITHUMHU 00 €MHUMU a00 TMOBEPXHEBUMHU
metoaamu ITT/1.

BapTto Bkazatu, 110 TUTaH Ta HOTO CIUIaBH 3a3HAIOTHh TIEBHOTO PiBHSI OOMEKEHB B
o0nacti TpuOOJIOTii 32 paxyHOK BHUCOKOTO KOE(ILIEHTY TEpTsS Ta BIIHOCHO HHU3BKOI
3HOcocTiKOCTI [35]. MeTomamu IT1J1, 3okpema YHMII, MmoxHa 3HaYHO MIABUIIUATH JaH1
XapaKTEePUCTHKU, a caMe 30UIBIIMTH MIKPOTBEPAICTh, BTOMHY MIIHICTh Ta
3HOCOCTIMKICTh. Tako KOMOIHAIlISA 13 IHIMMMH METOJaMH, TAKUMH SIK, TEPMOOOPOOKa,
a30TYyBaHHS 1 T.M. CIOPHUS€ TOAATKOBOMY MOKpAIIEHHIO KOMIUIEKCY BilacTUBOCTEH [35].

Hampuknan, xomOiHAI€l0 YIBTPAa3BYKOBOI YIapHOi OOpOOKH 3 €JIEKTPOICKPOBUM
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JIETYBaHHSAM PEalli3yeThCsl MOXKIIMBICTh CHHTE3Y iHTEpMeTaaiaHoro mokpurrs Ti-Al Ha
noBepxHi TutaHoBoro cmay Ti-6Al-4V [36]. logatkoBa Y3YO crpusie mmiaBUILICHHIO
MIKpOTBEPJIOCTI CHHTE30BAHOIO OKCHAHO-THTEPMETATIIHOTO TOKPUTTS 3a pPaxyHOK
HAKJICTTyBaHHA Ta CTBOPEHHS 3aJMIIKOBUX CTUCKAIOYMX Hampy>keHb. B pesynbrari
M1IBUIIY €THCSI 3HOCOCTIMKICTh Ta BTOMHA BUTPUBAJICTH [36].

VY po6oTi [37] BUBUEHO BIIMB METOJy YIbTPA3BYKOBOI TOBEPXHEBOI MPOKATKH HA
BTOMHI XapaKTEepPHCTUKH TUTaHOBOrO ciiaBy Ti-6Al-4V B mporeci nedopmaliii BUTHHY.
Bceranosneno, mo YIIII cripusie yTBOPEHHIO 30HU 3aJUMIIKOBUX HANPYKEHb CTUCHEHHS
n0 raubouHu Omm3bko 530 MM (13 MakcuMaidbHUM 3HadYeHHsM ~ 930 MIla), mro
OOyMOBJIIOE CYTTEBE MiJIBUIIEHHS MIKPOTBEPAOCTI (10 25% TMOPIBHAHO 13 BUXIIHUM
CTAHOM) Ta OIOPY J0 BTOMHOTO pyiHyBaHHsS Ha 72%. Jlo Toro  gaHa o0poOka cripusie
YIOBIJIBHEHHIO POCTY BTOMHHX TPIIIMH i1 BILIABOM HaBaHTaXeHb [37].

[Micns ynpTpa3BykoBoi ymapHoi 00poOku crutaBy Ti-6Al-4V y moiTpsHOMY
CEPENOBUII CIIOCTEPIraeThCs MiABUILEHHS BTOMHOI MIITHOCTI 10 60% Ta TepMiHy HOro
CITy>KOM Ha 2 OPAAKH BEJIMUUHH 32 TIPUKJIaICHUX HaBaHTakeHb Omn3bko 400 MITa [38].
Jlanuii e(eKT MOXkKe 4aCTKOBO OyTH MOSCHEHUW 3HAYHUM IT1/IBUILIEHHSIM MIKPOTBEPIOCTI
— 110 65%. Jlo Toro x, BHacaig0K Y3YO CcyTTEBO 3MEHIIIYETHCS IIOPCTKICTh TOBEPXHi (10
4 pa3iB) Ta MOBHICTIO 3HUKAE TOPUCTUCTH Yy 1api 3aBToBIIKU 0113bK0 200 MkMm. Y3VO B
CEepPEelOBUII  PIAKOTO  a30Ty JOAATKOBO CIHpHUSE MIJABUIIEHHIO TOBEPXHEBOI
MIKpOTBep0CTI TUTaHOBOTO cruiaBy Ti-6Al-4V 1o 3-x pasiB 3a paxyHOK YTBOPEHHS
KOMITO3UTHOTO IIapy, IO CKJIAJA€ThCS 3 YABTPAAUCIICPCHUX 3€PEH, HITPUAIB Ta
OKCHUHITPHIIB KOMITOHEHTIB cIuiaBy [39].

Binomo, mo Meroau moaudikallii MoBepxHi € JOCUTh MPOTPECUBHUMHU 3 TOYKHU
30py 3MEHIIEHHSI KOE(QILIEHTY TEpTS Ta MOM’ SKIICHHS MOIIKO/KEHb, MOB’S3aHUX 13
pyHHYBaHHSAM 3a MexaHi3MoM «dperTunry». Mera pobotu [40] — mnokparieHHs
3HOCOCTIMKOCTI «(PpPETTUHTY» Ta (PPUKIIHHUX XapAKTEPUCTHK KOMEPLINHOTO YUCTOTO
tuTaHy Ta ciiaBy T16Al4V metomom YHMII. 3aranom CTidKIiCTh 10 3HOCY «DPETTHHTY
BHACIIIOK 00poOKku Baanocs miaBumuth 10 25%—50% s 060x 3paskiB. KoedirieHT
TepTs HeoOpoOIeHOTO 3pa3ky Ti ckiamae B cepeaabomy 0,46, Tomi sk micis YHIIM Bin

nocsrae 0,37. Ins Ti6AI4V monibua kaptuna: 0,44 — myst Heo6pobrenoro ta 0,32 — micis
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00poOku. KanaBka 3HOCY 3a JllaMeTpOM Ta INIMOMHOIO MPOHUKHEHHS 1Sl MOAM(IKOBAHUX
3a gjonomororo YHMII 3paskiB Habararto apiOHia, Hix 11 HeoOpoosieHoro [40].

Oxpim Toro, YHMII o00yMmOBIIIO€ 3MEHIIEHHS pO3MIpy 3epHa 4YUCTOro 11 i3
35,5 mkm 10 200 HM, a 11 TiI6AI4V — noapioHenHs o- Ta B-da3 i3 9,9 MM Ta 3,8 MKM
no 1,2 mxm Ta 0,8 MxM, BignosigHo. [ToBepxHeBa TBepmicth Ti Ta cmmaBy Ti6AlI4V
3poctae i3 146 HV mo 193 HV Ta 13 328 HV no 379 HV, BignoigHo, micas YHMIL
HaiiGinpir moBepxHEBl CTUCKAIOYl 3aJIMIIKOBI HampyKeHHs 3paskiB micias YHMII
BUHUKAIOTh Y BUIIUX TOBEPXHEBUX MIapax 1 cTaHOBIATH 1279,4 MIla ta 1142,7 MIla nns
Ti ta criaBy Ti6AI4V, Bignosinuo [40].

JlocuTh IIiKaBi pe3yJbTaTH CTOCOBHO KOPO3iifHOT moBemiHku cruiaBy T16AI4V
miciist 00poOku moBepxHi MexaHIYHUM ctupanHsaM (MC) otpumani B [41]. BeranoBieHo,
mo BHachizok MC BimOyBaeThcst (OPMYBaHHS HAHOKPHUCTATIYHOTO/OKCHIHOTO
MOBEPXHEBOr0 IIapy, MPU 1bOMY TOTEHIIa]l KOpO3ii 3MIHIOETHCS 10 OUIbII
enekTpono3uTuBHUX 3HaUeHb (-330 B mis HeoOpobiienoro 3paska Ta -235 B miust MC
3pasKy, BIANOBIIHO), a CTPyM KOpo3ii 3MeHIIyeThes 13 52 HA/eM® 10 22 HA/em®. Takox
BUSIBJICHO 3MIHM PO3NOAUTY €JIEMEHTIB y IMOBEPXHEBUX Ilapax CIUIaBy A0 Ta Micis
00poOKH, 30KkpeMa 30UTBIIECHHSI BMICTY KHUCHIO y MOBEpPXHEBUX Iapax 3 8% mo 22%,
10670 MC 00yMOBIIIOE 3pOCTaHHSI OKCUIHOT IUTIBKM HA MOBEPXHI CIIaB. MakcuMaibHe
3HayeHHs MikpoTBepaocti miciust MC — 450 HV (mns BuximHOTO 3pasky OJIM3BKO
300 HV) [41].

[IpencraBisitoTh iHTEpeC 1 KOMOIHOBaHI MeToau 00poOku. Jlo mpukiangy, y
po6ori [31] Bcranosaewo, 1o JI3, J1O, Y310 Tta KII crumaBy Ti6Al4V y OimbinocTi
BUIIAJIKIB 3HAYHO HE 3MIHIOIOTH IMIOPCTKOCTI MOBEPXHI, SIKa ISl MOJIPOBAHOTO 3pa3Ka
ctanoBuTh — 0,5 mkm, micig KIT — 1,5 mxwm, micis JIO — 8 mxm, micas Y30 — 4 MxwM,
micast JI3 — 18 mxm. Ha BiamiHy Bifg MeXaHIYHUX BUIIB OOpOOKH, TEPMIYHHMI BIUIUB
BUKJIMKA€E JIOCUTh 3HAYHI 3MIHU HIOPCTKOCTI MOBEPXHI, 10 MOXe OyTH MOB’S3aHO 13
IpoliecaMy OKMCHEHHS Ta TEPMIYHOTO BiAIIapOBYBaHHS HOBOYTBOPEHMX OKcuiB [31].
[Io cTocyeThCs MPUMOBEPXHEBUX 3ATUIIKOBUX CTHCKAIOUUX HAMpYyXKeHb, TO micis JJO
ta Y3/10 crutaBy Ti6Al4V Bonu Oyiu BUIIMHU, HIX micis JI3, oHaK HAWBHUIUN PiBEHb

3anuIKoBUX HarpyxkeHb 3a0e3neuye KII (KII — 820 MIIa, 1O — 720 MIla, Y310 —



38

750 MlIa, JI3 — 570 MIla). Takox BUSABJICHO 3HAYHE MiABUIIEHHS MIKPOTBEPIOCTI JJIs
yCIX MEXaHIYHHUX METOAIB 0O0poOKkH. I3 muM mOB’sA3aHI HACTYIIHI Pe3yJbTaTH: Yac
BTOMHOTO JKUTTS Ta 3HOCOCTINKICTh OyJIM HalO1IbII TTOMITHO TiaBuieHi metogom KII,
3a axuM caiayots JJO ta Y3J10, Toai sk Biaryk Ha JI3 OyB HecyTTeBUM [31].

ABtopu [42] Manu 3a METY IEpEBIPUTH BILIHB JICKIILKOX BHIIB KIHIIEBHX 00POOOK,
Takux sk TepmooOpoOka (TO), ynbprpasBykoBa moBepxHeBa mpokatka (Y3IIII) Ta
yJIbTPa3BYyKOBa MOBEPXHEBA MpoKaTKa 13 nocTiiHuM ctpymMom (Y 3IIII-nic) Ha MexaHiuH1
BJIACTUBOCTI 3pa3KiB TUTAHOBOTO cIutaBy T16Al4V, oTprMaHOTO CENEKTUBHUM Ja3epHUM
IJIaBJIeHHSIM. Pe3ynbraty nokasytots, mo Y 3IIII ta Y3IIII-nic cnpusitoTh 3MEHIIEHHIO
IIIOPCTKOCTI TIOBEPXHI TMOMEPEIHHO OOPOOJIECHOTO 3pa3ka, IO IMOSICHIOETHCS JyXkKe
IHTEHCUBHOIO IUJIACTUYHOIO Jedopmarlieto moBepxHi, Ha BiaMiHy Big TO 3paska.
[IpuyoMy HarpiBaHHs MOCTIMHUM CTPYMOM CIPHUSTIMBO BIUIMBA€ Ha 3aJIKOBYBaHHS
MIOBEPXHEBUX JIe(DEKTIB MATPUYHOTO CIIaBy [42]. ABTOPH CTBEPIKYIOTb, IO TIOTIEPE THS
JazepHa o0poOka TpaHchHOpMy€E TrojidacTi MAPTEHCUTHI BKJIIOYEHHS B IUIACTHHYACTY
cymim o+f, sika B nogaibiioMy po3ouBaetrhcs BHachigok Y3IIIT ta VY3III-nc Ha
HAHOCTPYKTYPH 13 BUCOKOIO HIUIHHICTIO CIUTYyTAHUX JUCIIOKAIlIH, 13 pO3MIPOM CKJIaIOBUX
omu3bpko 65 HM. TBepaicTh monepeaHr0 00pobIeHNX 3pa3kiB miaBuIIyeThes 13 3,3 I'Tla
no 3,9 I'Tla ta 4,25 I'Tla, Bracmigok Y3IIIT ta V3IIII-nic, BiAMOBiAHO, a PO3TATYIOUI
3aJIMIIKOBI HAMpPY>KEHHS BUXIJHUX 3pa3KiB HIBENIOIOTHCA MICIA TEPMOOOPOOKH Ta
MEePETBOPIOIOTHCA Ha 3aJTUIIIKOBI HAMPY>KEHHS CTUCKaHHS BHACIOK noAanbioi [T/, mo
€ TIEPEeTyMOBOIO JJIsI MiABUILEHHS 3HOCOCTIMKUX BIacTUBOCTEH [42].

Y mnomanmemiomy mnokazano, mo micis Y3IIII-nic cmocrepiraerbest HaiimeHIa
wBKMAKICTs 3HOomyBanHa 1°10° mM®/H'Mm, mopiBrsno i3 Buximaum (4:10° M3 /H M),
TepMoobpobrernM (2-10° myv®/H-m) ta Y3IIII 3paskamu (5-10° mm3/H'M). BignosingHo
710 3MIH IIBUJIKOCTI 3HOIIYBaHHS, KO€(ILIEHT TEPTS TAKOXk MOCTYNOBO 3MEHIIYETHCS.
Take momiTHE MOKpAIIEHHSI 3HOCOCTIMKOCTI 0OpOOJIEHUX 3pa3KiB aBTOPU MOSICHIOKOTH
Moau(diKali€ro 3a 3MallyBaJbHUM MEXaHI3MOM, IIJBHUIICHHSIM MIKPOTBEPAOCTI Ta
3JMIITKOBUX CTUCKAIOYMX HAMpYKeHb. binbin Toro, 3nococtiiikicty Y3IIII-mic 3pa3kiB
3MEHIIYETHCS 3a MIMOMHOIO MPUIMOBEPXHEBUX IIAPIB BHACIIAOK €()EKTy IpaJl€HTHOTO

3MIITHEHHS 200 Hakiemny [42].



39

Hocaimkennio BrumBy YHMIT Ha edektuBHICTh a30TyBaHHs civiaBy T16Al4V 3a
temnepatyp 700 °C ta 800 °C npucssueno [43]. Buacininok YHMII dopmyeThbest 30Ha
IHTEHCUBHOI ITACTHYHOT JedopMaliii TOBIIMHOK OJu3bK0 10 MKM 13 BUCOKMM BMICTOM
HaHopo3MipHuX 3epeH (30 HM—130 HM), 1110 0OYMOBITIOE MMOTOBIICHHS HITPUIHOTO HIAPY
Ha 0,264 Mxm—0,278 MKM miciisi a30TyBaHHA 3a 00paHUX TeMmmeparyp. MiKpoTBepIiCTh
3paskiB micias YHMII 3pocrae no 411 HV y nopiBHsHHI 13 BuxigauM cranom (314 HV),
a micnsa a3zotryBaHHS — 10 482 HV ta 515 HV gna 700 °C ta 800 °C, BiamoigHO.
Komb6inoBana o6poOka 36inbmrye mi 3HaueHHs a0 591 HV ta 602 HV. Pesynbratn
cBimyaTh, mo mnonepeaHs YHMII migBumnye amcopOiiro a30Ty Ta MOro peakiiiHy
3JIaTHICTb 32 PAXYHOK MPOIyKYBaHHS BUCOKOI IIIJILHOCTI IMCIIOKAIINA Ta TPAHUIb 3€PEH,
K1 € e(PeKTUBHUMHU KaHaJlaMH MpuckopeHoi audy3ii a3oTy. Bapro Haromocutu, 1o
azoTyBaHHs 3a Temrepatypu 800 °C mMOMITHO MIABUIIYE PO3MIP 3€pHA, IO
CYTPOBO/IKYETHCSI 3HEMIITHEHHSM THTAaHOBOTO CIUIABY, & TAKOX 3MCHIICHHSM ajare3ii
MDXK HITPUIHUM IApoM Ta cyOcTpatoM. ToMy BUOIp oNTUMalbHUX PEKUMIB OOPOOKH €
aKTyaJbHUM 3aBJaHHAM [43].

PoGora [44] mnpucBsaueHa MAOCIIPKEHHIO BIUIMBY KOMOIHAIll JOKaJIbHOIO
tepmiydHoro BrummBy (JITB) ta YHMII Ha mexaniuni Ta TpuOOJIOTIUHI BJIACTUBOCTI
criaBy Ti6Al4V. Tlpouec JITB 3a pisHUX Temreparyp CynpoBOIKYETbCsS (POPMYBaHHMS
OKCUJIHUX TAaCHUBYIOUMX IUTIBOK aJllOMIHIIO Ta TUTaHy, SIKI B MOJAJBIIOMY 3a3HAIOTh
nepedynoBu BHachiok Y HMII (pylinyBaHHs 13 CymyTHIM TOJIPIOHEHHSIM Ta TTOAATTBIITUM
YTBOPEHHSIM HOBOT'O KOMIIO3UTHOTO OKCHJHOTO mapy). Po3mip 3epua YHMII 3pazkis
3MEHIIIYETHCS Y TIOPIBHSHHI 13 HEOOPOOICHUMHU, 1110 MATBEPIKYETHCS PEHTI€HIBCbKUMU
JaHUMH. 3T1aHO J10 piBHAHHS Xoma-IleTya, MOYKHA cKazaTH, 110 MEHIITUI PO3MIp 3epHA —
BUIIIA TBEPAICTh Ta MiHICTH [44]. IIlopcTKICTh MOBEPXHI MiciisE KOMOIHOBaHOT 0OPOOKH
3MEHIIIYEThCS Ha JIEKUIbKA COTUX MKM MOpPIBHSIHO 13 BuKIIOYHO JITB mis koxHOT mapu
nocmiaaux 3paskiB — 0,39 mxm s JITB 3a temneparypu 400 °C, 0,33 Mmkm — s
JITB+YHMII 3a Tiei x TemmepaTypud. 3HA4YE€HHS MOBEPXHEBOI MIKPOTBEPAOCTI
MBUIYIOTECA 13 3pocTanHsM Temmneparypu JITB, a momamema YHMII oGymosimtoe
noaatkose 3MiiHeHHs: JITB 3a Temneparyp 400 °C, 600 °C, 800 °C — 510 HV, 550 HV,
700 HV, Bignosiguo, a JITB+YHMII — 615 HV, 910 HV ta 935 HV, BinnosigHo [44].
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KombiHoBaHa 00po0Ka y KOKHOMY BHUITQJIKYy 3a0€3Meuy€e 3MEHIIIEHHS KOS(IIEHTY TePTS
Ha 0,05 — 0,1 onunHMIe, a cepeani 3HadeHHs — 0,73 ta 0,68 oauHMIB, BIAMOBIIHO.
CTOCOBHO 3HOCOCTIHKOCTI, TO HANCyTTEBIIIA PI3HUIIS IIBUIKOCTI 3HOCY BUSBIICHA AJIS
3paskiB 3a Bumux Temmnepatyp 600 °C ta 800 °C, xe 7,5-10°mm*/H M 1a 6,810 mm®/H M
— nna JITB 3paska, Ta 1,3-10°mm*/H'Mm 12 1,1-10°MM3/H'M — ngns komGinOBaHOTO
BIUTHBY [44].

OcTaHHIM YacoM JOCHIIKYEThCS TaKOX MOXJIUBICTh MoAu(iKaili MoBepxHI
TUTAHOBUX MaTepialliB, IO BHUTOTOBJICHI HE 3a JOMOMOTOI0 TPAAMIIIHHUX METOIIB
JUBapHOro BUpOoOHUIITBA, a 3D-npykom. Tak aBropu pobotu [45] BUBYAIM MOKIIUBICTh
3actocyBanHsa Y HMII st mokparnieHHs: KOMIUIEKCY MEXaHIYHUX BJIACTUBOCTEH CILIaBY
Ti6Al4V nanpykoBanoro Ha 3D-mpuHTEpi METOAOM MPSIMOTO JA3€PHOTO CITIKAHHS
(TJIC), amxke, Ha Kajb, JAHOMY TUITY MaTepiaiiB MpUTaMaHHa HU3bKa SAKICTh MOBEPXHI,
BHCOKI 3aJIMIIKOBI PO3TATYIOUl HANpPyKEHHS Ta 3HA4YHA MOPUCTICTh. BeTaHOBIEHO, 10
YHMII 3Ha4yHO miABMILY€E SKICTh MOBEPXHi, IIUIbHICTh MHPUIIOBEPXHEBHUX MIAPIB Ta
MOAU(IKy€e 3aTUIIKOBI HANpPYKEHHS Ha CTHCKal4i (0 JIOCUTh BUCOKHUX 3HAYEHb -
1644 MlITa). Sk HACTITOK — MiJABUIILYETHCS TN KOMIUICKC MEXaHIYHUX BIIACTHBOCTECH,
30KpeMa 3HaA4YHO MOKPAIIyIOThCS BTOMHI XapaKTEPUCTUKH I/l Yac 3TUHY Ta Kpy4YEHHS.
JlocsirHyTO 301JIbILIEHHS BTOMHOI JIOBFOBIYHOCTI Maii’ke A0 3-X pa3iB MpHU LUKITYHUX
HaBaHTaxeHHsX 400 MIIa, a Takok 3MEHIIIEHHS MOPUCTOCTI Ta MIOPCTKOCTI MMOBEPXHI J0
69%.

ABtopu [46] TakoX BHMBYAIM BIUIUB YJIBTPA3BYKOBOI yaapHOI 0OpoOKHM Ha
BJIACTUBOCTI TUTaHOBoro cmiaBy Ti-6Al-4V, BurotoBneroro wmetogom ITJIC.
3a3Ha4a€ThCsl MOKIIUBICTD I1JBHUINCHHS BTOMHOI JIOBrOBIYHOCTI Ha 192% MOpiBHSAHO 13
BUXIJTHUM CTaHOM (3a HMKJIIYHOro HaBaHTaxkeHHd 400 MIIa) Ta 3MeHIIEeHHS IOPCTKOCTI
MOBEPXHI 710 3-X pasiB.

Moxna mnigcymyBatu, 1o wmetonu I/l 103BOJNAIOTE CYTTEBO MiABUIIUTH
MEXaHIYH1 BJIACTHUBOCTI TE€XHIYHO YHCTOrO TUTAaHy Ta MOT0 CIUIaBiB, a ONTUMI30BaHa
KOMOIHAIlIS JEKIIBKOX METOMIB OOpOOKH — 3a0e3MeunuTH OTPUMaHHS KOMILIEKCY
YHIKQJIbHUX BJIACTUBOCTEH, IO MOXE CYTTEBO PO3MIMPUTH CHEeprd BUKOPUCTAHHS

TATAHOBUX CILJIABIB.
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1.3 3axucCHi NOKPUTTHA Ta METOAHU IX HAHECEHHS

IcHye Oarato MeTOAIB MiABHILEHHS pecypcy AeTaneld KOHCTPYKIH 3a paxyHOK
JIETYBaHHs (TepMIYHE, €JIEKTPOICKPOBE, MEXaHIYHE JIETYBaHHs), HAHECEHHS 3aXHCHUX
HOKPUTTIB, Tomo. EdekTuBHUM MeToAOM  MOKpameHHS  (i3MKO-MEeXaHIYHUX
BJIACTMBOCTEH CILJIaBIB € CHHTE3 3aXHMCHUX MOKPUTTIB, SKI MPUUHATO MOAUIATH Ha
nudy3iiiHi Ta KoHAeHcamiHi [47, 48]. Jdudy3iiHl npeacTaBisitoTh COOO 3axHUCHI
MOKPUTTS, B MPOLIECI CHHTE3y Ta MOAAJBIIOrO BiANAady SKUX, BiOYBAa€ThCS B3aEMHA
audysis MK XIMIYHIMH eJieMeHTaMH MaTepiany-ocHoBu (Ti — y Bumaaky criutaBy BT6)
Ta Marepiaiy, IO OCaKYEThCSI HA MOBEPXHIO OCTAHHBOTO. TOOTO, XIMIYHUHM CKIIaJ, a
OTXe, 1 KOMIUIEKC BIACTUBOCTEW MAHMX 3aXMCHUX MOKPUTTIB BH3HAYAETHCS HE JIHUINE
MaTepiajoM, 0 0CAHKYEThCS, ajle i CKJIaZloM MaTepialy-OCHOBH.

HalinomwupeHini MeToAu OCaIKEHHS AUQPY31MHUX 3aXMCHUX MOKPHUTTIB [47]:
nudy3iiiHe HaCHYCHHS MOBEPXHI, HATPHUKJIIA/1, BAKYYMHUM OCa/PKEHHSIM a00 IMITy IbCHUM
METOJIOM; HUTIKEPHUN METOJ; 30J1b-T€Ib METO/I; Tapsiue 3aHyPEHHS AeTalell 10 pO3IlIaBy
3aXMCHOTO MaTepiaiy; eJIeKTPOXIMIUHI Ta XIMIYHI METOJIU, €IEKTPOICKPOBE JIETYBAHHSL.

Konpencarriiini 3aXMCHI IMOKPHUTTS MPEACTABISIIOTh COOOK0 MOKPHUTTS 13 SICKPABO
BUPAKEHOIO MEPEXITHOI0 30HOK0 MiXkK OCA/IP)KYBaHUM MaTepiajioM Ta MaTepiaJioM OCHOBHU.
ToOTo, CTpyKTypa Ta CKJIaJ JaHUX MOKPUTTIB BUSHAUAIOTHCS BUKIIOUHO MATEPiaIoM, 1110
OCaJKYEThCSl Ta TEXHOJIOTIEID HAHECEHHsS JaHOro Matepiany. B 1mimomy Meroau
OTPUMaHHS KOHJEHCAUIMHUX 3aXMCHUX MOKPUTTIB 3a3HAJIM OUIBIIOT MOUIUPEHOCTI, HIXK
nudy3iiiHl, BHACIIOK MOJIMBOCTI 3MIHU (KepyBaHHS) (DI3UKO-XIMIYHUX Ta (hi3UKO-
MEXaHIYHUX BJIACTUBOCTEW TMOKPUTTIB, a TaKOXX CHHTE3y OaraTolmapoBHX,
KOMOIHOBaHHUX Ta KOMITO3UIIMHUX TOKPUTTIB [28, 38, 47]. BapTo nomatu, 1o came 3a
paxyHOK HaHECEHHS KOHJICHCAIIMHUX TMOKPHUTTIB BiIOYBA€THCA CYTTEBE 301TBIICHHS
YKAPOCTINKUX BIACTUBOCTEH 00POOIEHOT AeTaTl.

Hait6inpm mommmpeHi B MPOMHUCIOBOCTI METOJIM HAaHECEHHS KOHJICHCAIlIMHHUX
NMOKPUTTIB [47]: TepMiuHE BaKyyMHE BUITAPOBYBAHHS;, KaTOJIHE PO3MOPOIICHHS; 10HHO-
TUTa3MOBE Ta TUIa3MOBE OCAKEHHS; €IEKTPOHHO-TIPOMEHEBE OCa/PKEHHS Ta 1HIII.

Takox NEepCrNeKTHBHUM HANPSIMKOM 3aXHCTy METaJleBUX BHUPOOIB € CHHTE3

TIOMIHIJTHUX APOCTIMKUX MOKPUTTIB Ha iX moBepxHi. OCHOBHUM BEKTOPOM PO3BUTKY
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JTAHOTO METOJy € MOKPAIIeHHS BJIACTUBOCTEW MOKPUTTIB 32 PaXyHOK YCKJIQJHEHHS iX
XIMIYHOTO CKJIaay Ta MEPEXo/y BiJ OJHOIIAPOBUX MOKPHUTTIB 10 OararomapoBux. [Ipu
IbOMY JIaHUW METOJ HAHECEHHS MOKPHUTTIB HEMOXXJIUBO BIIHECTH 10 AUQY3IMHUX 4u
KOHJICHCAIIIMHUX  OKPEMO, OCKUIbKM BIH  MICTUTh KOMOIHAII0O  JCKUIBKOX
MaTepiaTo3HaBYMX MPOIIECIB.

lupokoro 3acTtocyBaHHS 3700yB METOJ MiABUIICHHS KAPOCTIMKOCTI IUISXOM
HACUYCHHS TOBEPXHI KOHCTPYKIIM y MOPOIIKOBUX cyMmimax. Bapto BigMITUTH ¥ 1HIII
MONIMPEHI METOU TTOKPAIICHHS XKaPOCTINKUX BIACTHBOCTEH: Ta30TepPMIiuHE OCAHKCHHS
Ha TOBEPXHIO TOPOIIKIB 13 0araTOKOMIIOHEHTHUX CIUIaBIB; €JIECKTPOHHO-IIPOMEHEBE
OCa/KEHHSI IOKPUTTIB 3 TIapoBoi ¢aszu [47, 48].

Takox OJTHMM 3 HAMTOIMMUPEHIIINX METOIB 3aXUCTy MaTepiajiB Ta MiABUILIECHHS iX
(b13MKO-MEXaHIYHUX BIIACTUBOCTEH € €JIEKTPOICKpOBeE JieryBaHHs. Jlo mpukiany, y pooori
[49] musxom HanecenHs mokpuTTs Cr Ha moBepxHto ciuiaBy Fe +2,5% Cr (mac.) Branocs
niaBUIMTH MikpoTBepAicTs A0 10,6 I'Tla. Ii >k aBTopu [50] mokazanu, o JeryBaHHs
cram Ct.3 migaio Cu ta Cr cnipusie MiJIBUILIEHHIO 3HOCOCTIMKOCTI MOBEPXHI /10 4 pa3iB
MOPIBHSHO 13 BUX1JHUM CTaHOM.

MoskHa TIACYyMyBaTH, IO OUIBIIICTh CYYaCHHX METOJIIB CHUHTE3Y 3aXHCHHX
MOKPUTTIB HAJIEKUTh 10 JOPOTOBAPTICHUX Ta CKIAJHUX TEXHOJOTIYHUX MPOILECIB 13
NEBHUM piBHEM oOMexeHb [47, 48]. Tomy Ha yBary 3aciayroByrOTh METOJIHU CTBOPEHHS
3aXMCHUX TOKPUTTIB, skl 0a3ytorbes Ha II1J] moBepxHI 3 BUKOPUCTAHHSM IOPOIIKIB

OKCHUJIB, HITPHU/IIB Ta IHILIUX CHOJYK.

1.3.1 3axucHi mokpurtst Al;O3, SizN4, SiC

Oxcu aMrOMiHII0 — HEOPTaHIYHA CIIOJTYKa ATFOMIHIIO 3 KHCHEM CTEX10METPUYHOTO
ckiaany Al,Os. Mae temmneparypy miasiaeHHs 2044 °C. He B3aemojie 3 BOJOMO,
MPAKTUYHO HE PO3UMHSETHCS KHUCIOTaMH, Ma€ BHUCOKY KOPO3IMHY CTIHKICTh. Y
IPOMUCIIOBOCTI BUKOPUCTOBYETHCS JJI 3aXMCTy METaliB BiJl KOpO3ii, BUTOTOBJICHHS
Kepamiku Ta iHmmx mited [51, 52]. Takoxx Moke 3aCTOCOBYBATHCS IS BUTOTOBJICHHS
KOMITO3UIIIMHUX MaTepialliB 3a JIOMOMOTOI0 IOPOIIKOBOI METalyprii, HampuKiaj,

Al/Mg/CulTi, apmoBanoro uwactuakamu Al,O3 [53]. ¥V npomy Bumnanky 30iabIIeHHS
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BMICTY OKCHAY atoMiHiI0 10 15% (Mac.) 3yMOBIIO€ pi3Ke 3pOCTAHHHS MIKPOTBEPIOCTI
Ta MOKPAIEHHS MEXaHIYHUX BIACTUBOCTEN 32 YMOB JIOCTaTHBO PIBHOMIPHOTO PO3IOALTY
gactuHOK Al,O3 B xommo3uTax Ha ocHOBI Al Ta Cu. IloniOHi pe3ynbTaTd OTpUMaHi y
po6orti [54], B gKiii AOCTIIKEHO MOXJIHMBICTh MOKPAIICHHS MEXaHIYHMX BIACTHBOCTEH
KOMITO3UTY, OTPUMaHOro MeronoMm rapsiaoro mpecyBaHHs CroOs, Al ta Ti. iiicHo,
JOJJaBaHHS YaCTUHOK OKCHUAY AQJIIOMIHIIO OOYMOBIIOE 3HA4yHE  IiBUIICHHS
MIKPOTBEPAOCTI Ta 3HOCOCTIHKOCTI TAaHOTO KOMITO3HTY.

Hait6inpm  mommwmpennm  metogom  IIIJ]  moBepxHi ans  BTUIGHHS 70
MIPUIMIOBEPXHEBUX I1apiB 00pOOIIIOBAHOTO MaTepiany aucnepcHux nopomikis € M®II, B
SAKOMY IMJIIHIPUYHUM CTPHXKEHb CHEIlianbHOi (OpMH, BTUIIOETHCSA, 00EpTAETHCA 1
HIEPEMIIY€E€ThCS B3IOBK IMTOBEPXHI 3a IEBHOTO HaBaHTaxeHHS [55]. 3a qomomororo MOI1
3 mopoimkoM okcuay AlO; Bmagocs BTpHYl MiABHIIUTH MIKPOTBEPIICTh MOBEPXHI
amoMiHifoBux cruiaiB 6082 [56] 1 J{16 [57].

Hitpug xpemHilo — OlHapHa HEOpraHiyHa XiMIYHA CIIOJIyKa KPEMHIIO Ta a30Ty
SisNy. Icnye mekinbka Mogudikamii B npupoxi. Hainommpewini 3 Hux — a-SisNg Ta B-
SizN4 [58]. B 0cHOBHOMY BUKOPHCTOBYETRCS JIJIS ITiIBUIIICHHS 3HOCOCTIMKOCTI arperariB
Ta jJeraned KOHCTpyKIiii. Takok marepiaau Ha ocHOBI SisN4 HaOyJM 3acTOCyBaHHS B
XIMIYHOMY MamMHOOYAyBaHHI, TypOOOyyBaHHI Ta €JIEKTPOHII[, 3aBIASKH BHCOKOMY
PIBHIO MEXAaHIYHUX Ta (PI3UKO-XIMIYHUX BIACTUBOCTEM.

BapTo BiaMiTHTH, 110 HaWNEPCIEKTHUBHIIINM BEKTOPOM 3acTocyBaHHs SizNg €
BHCOKOTEMIIEpaTypHe MalIuHOOyIyBaHHsS. [IporHo3yerbes, 1mo OUIbI CHUCTEMATUYHI
JIOCITIJIPKEHHS Ta MOKPAIIECHHS BIACTUBOCTEH HITPUAY KPEMHIIO CIIPUSTHME CTBOPEHHIO
KAPOCTIMKUX Ta >KapOMIITHUX MarepiajiiB, KOTpl 3MOXYTh MpPAIIOBATH 3a TEMIIEpaTyp
~ 2000 °C [58]. 3aranom HITpUA KPEMHIIO MOXE€ BUKOPHUCTOBYBATUCS SIK IOMOMIKHHM
MaTepial KOMITO3HTIB, 10 Mpukiaamy, B [59] cTBopeHO KOMITO3UIlifiHMI MaTepiaa Ha
ocHoBi AgCUTI 30araucHuii HaHO-4yacTUHKaMu SizN4. [laHuii Matepian npuaaTHul 1is
HaHECEHHS KepaMiK{ Ta CTBOPCHHSI 3BapHUX 3’ €THAHD.

HaneceHHss TOKpUTTS 3 HITPUAY KPEMHII0O HAa THUTAH METOJOM IMIUIAHTAIli
npoBeieHe B [60] s 3amo0iraHHs BAHUKHEHHS OKCUJIHUX IUIIBOK TUTaHY 13 MOTaHOIO

aAre3i€r0 B TMPOIECI BUTOTOBIEHHS 3yOHMX TpoTe3iB. Take TMOKPUTTS CIYTye
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edexkTuBHUM Oap’epoMm s audy3ii KUCHIO 10 TUTAaHOBOI MATpHIl, IO CYTTEBO
MOJIIIIITY€ TPOIIEC 3’ €IHAHHS TUTAHY Ta KEPaMiKH.

Kap06in kpemHiro 3 BHUCOKOIO Temmeparypor TuiaBieHHs (2730 °C), BHCOKOIO
tBepaicTio (29 I'Tla) 1 Hu3bkoro HIIBHICTIO (3,21 T/cM3) € my»e mpuBaOIUBHUM 1 MOXKE
OyTH TEPCIEKTUBHUM MaTepiajioM B SKOCTI 3MIITHIOBAIBHOI (Da3u AJIs ITiIBUIIICHHS
3HOCOCTIMKOCTI Ta 1HIMX BIJIACTUBOCTEH 3aBIJKH WOTO BHCOKIH KapOMIIIHOCTI,
OKaJIMHOCTIMKOCTI, XIMIUHIM Ta pajmiamiiHiid cTidkocTi. JlaHuii maTepian yYCIIIIHO
BUKOPHCTOBYETHCS 11 MOAUGiKallii TOBEPXHEBUX IIapiB KOHCTPYKIIMHMUX CIJIaBIB Ta
CTBOPEHHSI KOMITO3UIIITHMX TTOKPUTTIB Ha iX moBepxHi. Jo npukiamy, B [61] mokasaHo,
0 apMyBaHHS MOBEPXHEBHUX MIapiB airoMiHieBoro criaBy AMr6 uactunkamu SiC
JIO3BOJISIE MIABUINMTH MIIHICTE Ta 3HOCOCTIMKICTE 10 ~ 60%.

st hopmyBaHHs AedOopMallitHIX HAHOKOMITO3HUTIB Ha MOBEPXHI aJTIOMIHIEBOTO
criaBy 116 metonom Y3VYO y [62] Bukopuctano aucnepcHi mopomku Al,Os, B4C, BN
3 po3mipoM yacTUHOK 20 MKkM—30 MkM. OOpoOKa MpOBOIUIIACH B IHEPTHOMY CEPEIOBULIL
3 METOIO TFaJIbMYBaHHS MEXaHOXIMIYHHX MPOIIECiB OKUCHEHHS. [TopiOHEeHHs Ta BTIJICHHS
YAaCTUHOK TIOPOIIKIB 3 OJHOYACHOK HAHOCTPYKTYPH3AIMIEID MATPUYHOTO CIUIABY
JIO3BOJIMIIO IOCSATTH MaKCUMAaJIbHOTO 3MilTHEHHS 10 350% Ta 3pocTaHHs 3HOCOCTIHKOCTH
10 7-Mu pasiB moBepxHi criaBy J[16 3a ymoB apmyBanus yactiHKamMu Al,O3 1 B4C.

B po6oti [63] nopomiok SiC (¢ppakis 0,7 MkM) HaHOCHBCS 3a gormomMoror MOII
Ha TIOBEPXHIO aOMiHIHOBOTO criaBy 5083 y BUMIISALI CyCIeH31T HAa OCHOBI METaHOIY.
ChopmoBanuii kommno3uTHuid map ToBmMHOKW 50 MkM—200 MkM 3 00’ €MHOIO
KOHIIeHTpaIii€ero yacTuHOK SiC 65m3bK0 27% 3a0e3neuye no/iBiitHe 3MIIHEHHS TTOBEPXHI.
A BHacnmiok BukKopuctanHs mopoiiky SiC (mouatkoBuit po3mip 0,5 MkM) mig yac
00pOOKH MOBEPXHI AIIOMIHIIO CTaJIbHUMU KyJIbKaMH, PO3MIIIIEHUMH B YIbTPa3BYKOBOMY
CTaKaHi, OJIep>KaHO TTOBEPXHEBHM KOMITO3UT TOBIIMHOI 30 MKM 3 00’€MHOIO YaCTKOIO
kapO1ay 61u3bko 10% 13 BTpuYl BULIIOIO MIKPOTBEPIICTIO [64].

ApMyBaHHS Mil YaCTUHKaMM KapOimy Tutany 3 BukopuctanHim MOII cnpuse
YTBOPEHHIO JIPiOHO3EPHUCTOT MOBEPXHEBOI CTPYKTYPH 3 piBHOMIpHUM posmoaiaoMm TiC

B MiJl Ta 3aJ0BUIBHOIO aire3icl0 [65]. B pesynbraTi CHOCTEpIraeThesi CyTTEBE
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MIJBUIICHHS MIKpoTBepaocTi 10 ~ 2 paziB (117 HV npotu 65 HV) Ta 3meHmieHHs
IIBUJIKOCTI 3HOITYBaHHSI MOPIBHSHO 13 YHCTOIO MIIIO.

AmHayoriuHi pesynpTatH OTpuUMaHi B [66] mimg uac 3actocyBanHs MOII 3
yactuakamu B4C, Al,O3, TiC, SIiC mis mokpallieHHs MEXaHIYHUX BJIAaCTUBOCTCH Miji.
JlocsITHYTE CYTTEBE TIOKPAIICHHS 3HOCOCTIMKHUX BIACTHBOCTEH (3MEHIIICHHS IIBUIKOCTI
3HomryBaHHs 710 80%) Ans BCIX JOCHIDKYBaHMX BHUMAJAKiB. BHacmigok apMmyBaHHs
nopoikoMm B4C 3nauenHs MikpotrBepaocTi 3poctae a0 135 HV nopiBHAHO 3 BUXITHUM
ctaHoM ~ 75 HV.

B Ta6nuii 1.1 HaBeaeHO MeXaHIUHI BJACTUBOCTI ACSKUX MOIIMPEHUX MaTepiaiB,
K1 BUKOPHUCTOBYIOTHCSI JUIsl CHHTE3Y KOMIO3MIIMHUX IMOKPUTTIB PI3HUMU METOJaMU

T,

Tabmuns 1.1 — MexaHiuHi BIaCTUBOCTI MaTepialliB, III0 BAKOPUCTOBYIOTHCS IS

CHHTE3Y KOMITO3UIIHHUX MOKPHUTTIB [67—73]

Marepian HV, I'Tla Kic, MITa/mY2
Al,O3 ~ 22 2,8-3,9
a-SizN4 ~15 49-55
B-SizNg4 ~14 54-6,1
SiC ~29 3,44

MexaHi4H1 BJIACTHBOCTI JAHUX MaTepialliB 3aJekaTh Bl METOAY OTpHUMaHHS,
OJIHAaK, TOPOIIKM TaKOTO CKJIaJy MaloTh HU3bKY TPIMIMHOCTIMKICT, TOMY MOXHA
OYIKYBaTH 1X 3HaYHOTO MOJAPIOHEHHS B MPOLEC] IHTEHCUBHOI TUIACTUYHOT Aedopmallii, a
TaKO0 BUCOKOT 3HOCOCTIMKOCTI CHHTE30BaHUX IMOKPUTTIB 3BaKAIOYHM HAa BUCOKI 3HAYEHHS
MIKPOTBEPAOCTI. AHaII3 JTiTepaTypHUX HDKEPET CBIIUUTS, 110 3arajioM PiBEHb 3MIITHEHHS
noBepxHeBux I1apiB 3a ymoB II1/] BU3HayaeThCcsi po3MipoOM Ta BMICTOM apMyBaJIbHUX

HYaCTHHOK.
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1.3.2 ®opmyBaHH KOMIIO3UTHHUX IMOKPHUTTIB 3a jaonomororw Y3YO 3

MOPOIIKAMH

Binomo, mo wmeromu IIIJ], y tomy umcmi ¥Y3YO, € n0oCUTh THYYKUMH 3
TEXHOJIOTIYHOT TOYKM 30pH 1 TOMY MOXKYTh 3aCTOCOBYBAaTHUCS HE JHIIE JUJIs
6e3nocepeHbOT 00POOKH MOBEPXHEBUX IIAPIB JIeTalell TOTOBUX KOHCTPYKIIii, 3BapHUX
3’€/IHaHb, a 1 ISl CHHTE3y KOMIIO3UTHUX (KOMITO3UIIHHUX) TOKPUTTIB 3 BUKOPUCTAHHSIM
MOPOIIIKOBUX MaTepiaiB.

Posrnsnemo moxiuBocTi BUKOpucTaHHS Y3YO it CHHTE3y KOMITO3UTHUX
MOKPUTTIB Ha TMPHUKIAJl alIOMIHIHOBUX CIUIaBiB, KOTPlI BHKOPUCTOBYIOTHCS V
MaIlIMHOOYAIBENIbHIM Ta aBiamiiiHii mpomuciaoBocTax. Jlo mpukmamy, pobora [74]
npucssiaena Y3YO-moaudikamii moBepxHeBux mapiB komepiiiitao yuctoro Al (cp-Al)
gactuHkamMu 11 ta AlCuFe. ABTopaMu BCTaHOBJICHO, IO PE3yJbTATOM MEXaHIYHOTO
JIETYBAaHHS € YTBOPEHHS BIIHOCHO PIBHOMIPHUX KOMITO3UTHHX IIApIB y TPUIIOBEPXHEBUX
30Hax Cp-Al i3 po3mipom 3eper Omu3pko 0,1 MKM—2 MKM, TPUYOMY JJIS BHITAIKY
apMyBaHHs T1 BiOyBa€eTbCs YTBOPCHHs iHTepMeTaligHux 3’enHaHb Ti3Al. BussieHni
OCOOJIMBOCTI IOSCHIOIOTH 3HAYHE IMABHUINEHHS MIIHOCTI, 3HOCOCTIMKOCTI Ta
mikpoTrsepaocti g0 1,3 I'Tla nopiBHsHO i3 BuxigHuM ctanom Cp-Al (0,28 I'Tla) [74].

Ti x aBtopu [75] nmoenu edektuBHicTh Y3YO monudikauii Ta apMyBaHHS
gactuakamMu AlCuFe amominieBoro cruiaBy Al-6Mg. ®opMyBaHHS KOMITO3UTHO-
MOAM(IKOBAHOTO APy TOBIIMHOIO OJM3bKO 40 MKM 13 PIBHOMIPHO PO3MOIIJICHUMU
apmyBasibHUME 4yacTuHKaMu AlCuFe cynmpoBOIKYy€ThCS CYyTTEBUM  IIiIBHIICHHSIM
mikpotBepaocti 1o 1,13 I'Tla ta 2,09 ['Tla 3a paxynok Y3YO ta Y3YO-apmyBaHHS,
BIIMOBIAHO, TOpiBHAHO 13 BuXigHuM ctaHoMm (0,75 I'Tla). 3anumkoBi cTHCKaro4i
HaIpy> KeHHs MPU LBOMY 3HaxonasThcs Ha piBHI -108 MIla Ta -138 MIla. Takuii Bua
0o0poOku 3abe3medye JOCUTh BHCOKY IUIACTMYHICTh Ta CTIAKICTh JO BTOMHHUX
TIOIITKOJIKCHB/ Y TBOPSHHS TPIIIHH, a OTKE IMIIBUIIICHY BTOMHY MIIHICTB [75].

MexaHivHe JIeTyBaHHS TPUIIOBEPXHEBUX IIApiB aloMiHieBoro cruiapy Al-6Mg
uuixoM Y3YO 3 uactmakamu AlgCuzsFe;; 3actocoBano takoxk B [76]. Baacmigok
MEXaHIYHOTO 3MILITYBaHHS METay-MaTpUIll Ta ApMYIOUUX KBA31KPUCTATIYHUX YACTUHOK

AlgsCuzsFer;, a TakoXk 3HAYHOTO JMCIEPTyBaHHS KOMIIOHEHTIB  yTBOPHOIOTHCS
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KOMIMO3UTHI Iapu TOBIIMHOK 40 MKM—50 MKM 3 BHCOKOIO TOMOI'€HHICTIO PO3IOILTY
KBa314aCTUHOK, KOTpI HIUIbHO “BOMTI” A0 mMaTpwuii. JlaHi mapu MICTIATh TOMOTEHHI
npiono- (0,5 mkM—3 MkM) abo rpybOoaucrepcHi (0au3bko 15 MKM) KBa3iKpUCTaTIYHI
YACTHUHKH 13 00’ €MHHM BMICTOM TIpuOIM3HO 9% Ta 22%, BianosiaHo. Y3YO o0ymMoBIIIOE
3poctanHst mikporBepaocTi (1,13 I'Tla), a qomaTkoBe apMyBaHHS KBa3iKpUCTATIYHUMHU
YaCTHMHKaMH JIO3BOJIAE JTOCSATTH BJABIYI BUIMUX 3HaYeHb MikpoTBepmaocti: 1,91 I'Tla Ta
1,78 I'lla, BigmoBimHO, mopiBHSAHO 13 BuXigHUM cTaHoMm (0,84 I'Tla). HasBHicTb
3QJIMIITKOBUX CTUCKAIOYMX HampykeHb (Big -115 MIla go -155 MIla) y amtoMminieBomy
criaBi Al-6Mg micns apMyBaHHs 3a gonoMoror Y3YO CBIIYUTH MPO IMiABUIICHHS
OIOpy MaTepiayly 3HOIIYBaHHIO. BaXIMBUM BHCHOBKOM € T€, IO IOKpPAIICHHS
3HOCOCTIMKMX BiactuBocted cruiaBy Al-6Mg BinOyBaeTbes 3a paxyHOK apMyBaHHS
BUKJIFOYHO JP1OHOJUCTIEPCHUMH KBa31KPUCTATIYHUMH YacTUHKaMu [76].

3a monionux ymoB Y3YO B [62] cuHTEe30BaHO KOMIIO3MINHHI IMOKPHTTS Ha
amoMiHiioBux cruraBax 1060 Tta Al-6Mg. Apwmyroui cywmimi criagamucs i3
kBaszikpuctamiyHux ¢a3 aBox cuctem — AlgsCuzsFer, (QC1) Ta AlgsFesCr,Ti; (QC2), a
takok mopomky SiC. Ilokazano, mo apmyBaHHs kBazidactuHkamu QCl Ta QC2
MOKpaIIy€e€ 3HOCOCTIWKI BIACTUBOCTI MarpuyHoro criaBy 1060 na 20% Tta 50%,
BIJIMOBITHO. A 3HOCOCTIHKICcTh criaBy Al-6MQ 30ibIyeTbest 10 5 pasiB 3a CTaTHYHUX
YMOB BHUIPOOYBaHHS Ta Ha MOPSANOK BEIMYMHHM 33 JMHAMIYHMX YMOB, MOPIBHAHO 13
BUXIJTHUM cTaHOM [62].

Takoxx BapTO BKa3aTH, M0 MeXaHiuHEe JeryBaHHS kBasiyactmHkamu QC2 i
nopomkoM SiC 3abesredyye MOCUTh OJNM3BKUN PIBEHb 3HOCOCTIMKHMX BIIACTHBOCTEH
(62%). [lpu 1pOMY YACTHHKH TOBHUHHI OYTHM SIKOMOTAa MEHIIOrO0 PO3Mipy, Oa)kaHo
HaHomacIiitabHoro. He3Bakarouu Ha JIyKe HU3bKY B SA3KICTh KBa3iKPHCTAIIB IIiJ 4ac
pYWHYBaHHS, HAaHO-YaCTHHKMA MOXYTh TMIATPUMYBATH JIOKQJIbHY IUIACTHYHICTb,
3a0e3mneuyBaTy Kpairy Mixga3Hy B3a€EMO/II0 Ta BUIILY 3MIITHIOBaHICTh [62].

TakuM YMHOM HaBITh CTUCIHMHA OTJISAA JITEPATYPHUX JAHUX CBITUUTH, IO IS
CIUTaBIB aJIOMIHIIO 3acTOCyBaHHS MeToay Y3YO 3 mopoimkamu J03BoJisg€ chOpMyBaTH
3HOCOCTINKI KOMIO3UIIMHI MOKPUTTS Ta JIOCATTH CYTTEBOI'O MOKPAIIEHHS MEXaHIYHUX

XapakTepucTUK. [IopiBHIHO 3 METOOM (PPUKIIHHOTO TIEPEMINTYBaHHS, SKUH TIOTpeOye
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3aCTOCYBaHHs 1HIEHTOPIB crerianbHoi ¢dopmu, Mmeron Y3YO Moxe OyTH HOBOJI
e(CKTHUBHOIO Ta TPOCTOI albTepHAaTHBOK [62, 63]. OmHak poOIT, MPUCBAYCHUX
JOCITIKEHHIO CTPYKTYpHUX Ta (Pa3oBUX mMepeTBOpeHb 32 yMOB Y3YO 3 mopomkamu

IHIITKMX CIUIaBIB, HAIIPHUKJIA] HA OCHOBI TUTAHY Ta MiJli, JOC1 HE TPOBOJAMIOCH.

BucnoBkmu 10 po3aiay 1

[IpoBeneHo aHaimi3 JITEpaTypHUX JOKEpeNl I0A0 €()EeKTUBHOCTI BIUIMBY Ha
CTPYKTYpPY Ta KOMIUIEKC MEXaHIYHUX BIIACTUBOCTEH MiTHUX, TATAHOBUX Ta aTFOMIHIEBUX
CIUIaBIB TAaKUX METOJIB I1HTEHCHUBHOI IUIACTMYHOI JaedopMariii MOBEpPXHi, 5K
yJIbTpa3BykoBa yjaapHa oOpoOKa, yibTpa3ByKoBa JpoOOCTpyMEHEBa 00pooOKa,
npoOocTpymMeHeBa oOpoOKa, yiabTpa3ByKOBa MOBEPXHEBA IMPOKATKa, MICKOCTPYMEHEBA
00poOka, MeTo ] PPUKIIIHHOTO TIEPEMIIITYBaHHSI, KYJIbKOBO-ehopMaIlliiine nojipyBaHHs,
yJIbTPa3ByKOBa HAHOMO I (iKallis OBEPXHI TOLIO.

[Toka3zaHo, 1110 Ha CHOTO/IHI CUHTE3 KOMITO3ULIMHUX MOKPUTTIB 13 3aCTOCYBaHHAM
noBepxHeBux MmeroniB II1/] BBakaeThCs AOCUTH MEPCHEKTUBHUM HAIMPSMKOM 3aXUCTY
KOHCTPYKI[IHHUX CIUJIaBiB, 30KpeMa IMOKpaIleHHs 3HOococTiiikocTi. OaHak podoTH,
MPUCBAYEHI BUKOPUCTAHHIO 3 Mi€t0 MeTor Y3YO MaroTh €mi30Ju4YHUi XapakTep 1 B
OCHOBHOMY CTOCYIOTBhCSl aJIFOMIHIIO Ta JAesIKUX 3 Horo cruasiB. Ilpu 1mpomy BuOip
ONTUMAJIbHUX PEXUMIB 3MIIHEHHS 1 HaHOMojau(ikauii NOBEpPXHI, SK MPABUIO,
TPYHTY€ETbCSI Ha BCTAHOBJICHHI KOPUCHOTO €(eKTy 1 BUMIpaxX CTYINEHIO HaKJeMmy 3a
JaHUMH TBEPAOCTI a00 3aTHUIIKOBUX CTUCKYIOUUX HAIMPYKEHb.

BiacyTHicTh JAeTanbHUX JOCHIIKEHb €BOJIOIIT CTPYKTYpPU Ta (Pa3oBOTO CKIIATY
MPUMOBEPXHEBUX IIAPIB  PI3HUX METAJIEBUX CIUIaBIB, MEXaHIYHO JIETOBAHMX
JIpiOHOUCIIEPCHUMH MOPOILIKaMH 3 BUKOpUCTaHHIM Y3VYO, € cTpuMmyrounm (HakTopom
aKTUBHOTO PO3BUTKY IbOTO Hampsmy. OcoOIMBOCTI TEPMIYHOTO BIUIMBY B KOMOIHAIIIT 3
VY3VYO Takox HE MOKHA BBaKaTHU OCTATOYHO BCTAHOBJICHUM.

Tomy nocrapiieHa B poOOTI 3a/1auya BUBHAYEHHS CTPYKTYPHO-(Da30BUX CTaHIB, SIKI
3a0e3MeuyloTh TOKPAIICHHS MEXaHIYHUX Ta KOPO3IWHUX BIIACTUBOCTEH IMOBEpPXHI
cruiaBiB Ha ocHoBI Ti, Cu, Al nuissxom  yJabTpa3ByKOBOIO YAapHOTO CHHTE3Y

KOMIO3UIIITHUX NOKPUTTIB, € aKTYaJIbHOIO JUIsl CYYaCHOTO MaTepiajio3HaBCTBA.
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PO311)12 METOANYHA YACTHHA

2.1 Meroau wmoaudikauii mnoBepxHi agedopManiiHUM, TEIJIOBUM TAa

KOMOIHOBAaHUM BIUIMBOM i3 IUCNEPCiHHUM 3MIlTHEHHSIM 200 JIeryBaHHAM

3arajioM, MeToaM Moaudikalii TOBEPXHI € JOCUTh TOIIMPEHUMHU Ta
pizHoMaHiTHUMH. [IpoTe, cuparourch Ha HU3KY MOCTABIEHUX B POOOTI 3aBaHb, OyJ0
BUKOPHCTAHO JI€KUJIbKa METOAMK KOMOIHOBaHOI Mojau(ikaiii MOBEpXHEBUX IIapiB
craBiB Ha ocHOBI T1, Cu, Al 171 cUHTE3y BUCOKOMIITHUX ITOKPHUTTIB, a came:

o yJIbTPa3BYyKOBa yaapHa 0OpoOka 3 JpiOHOJUCIIEPCHUMHU TOPOIIKAMHU 3a
KBa31-TiIPOCTATHYHOIO CXEMOIO yIapHOTO HAaBAHTAXECHHSI 3aJ1s1 CYyTTEBOTO ITiABUIIICHHS
MexaH14HOi eHeprii Ta hopmyBaHHS AehOpMaIITHUX HAHOKOMIIO3UTIB IIJITXOM BTIJICHHS
apMyBAJIBHUX YaCTHHOK JI0 TIOBEPXHEBUX IMapiB CIUIABIB;, B I[bOMY BHIAAKY
3aCTOCOBYBaJIaCh JI0JAaTKOBO BUCOKOTEMIIEpAaTypHa TepMiuHa 00poOKa Ha MOBITPI;

o BHCOKOTEMIIEpaTypHE EIEKTPOICKPOBE JIETyBaHHS TUTAHOM Ta BOJIb(hpamom
3aJUIsl CHHTE3Y IHTEPMETANIITHUX CIONYK 3 TOJAibIION YJIBTPa3ByKOBOIO YyIApPHOIO
oOpoOKOI0 32  KOHTAKTHO-3CYBHOIO  CXEMOIO  HABaHTAXEHHS 3  METOIOo
HU3BKOTEMIIEPATYPHOI MEXaHIYHOT HAHOCTPYKTYpHU3aIlii chOpMOBAHUX MMOKPUTTIB.

VY apTpa3ByKoOBY yaapHy 00poOKYy JOCIIIHUX 3pa3KiB MpoBeeHo Ha nprtaai ¥Y3I'-
300, mpuHLMIIOBA CX€Ma SIKOTO MpeacTaBiieHa Ha puc. 2.1. YacTora yibTpa3ByKOBOTO
remepaTopa CTaHOBUTH Onm3bko 21 kI, moTyxHicTh reneparopa — 0,6 kBt. [ns
CYTTEBOIO MiJBUIICHHS 1HTEHCUBHOCTI OOpOOKM Ta €()EeKTUBHOCTI Ta €()EeKTUBHOCTI
Moaudikaiii MOBEPXHEBUX IIApIB  apMYBAIbHHUMH YaCTUHKAMH  BUTOTOBJICHO
¢GikcyBanbHy A0y Ta MAacUBHUM yaapHui Ooilok miametrpoM 13 MM, KOTpi
3a0e3MneuyoTh 30IBbIIIEHHS TIJI0M1 MOAM(IKOBAHOT TOBEPXHI.

[Tlim wac o0OpoOKM BWHUKAIOTH OOEPTATHLHO-KOJIHBAIBHI KOMIIOHEHTH PYXY
yaapHoro 0oiika, 10 y CBOIO YEPTy JI03BOJISIE 3/IIMCHIOBATH 1HTEHCUBHY JAchopMalliiHy
Moaudikaiio TOBEpXHI 31 3HaUYeHHAM dyactotn Omm3bko 3 k[ [77]. Ilpuuomy
oOepTaibHa KOMIIOHEHTa pyxy Oolka 3a0e3mnedye BHCOKHI pPIBEHb PIBHOMIPHOCTI

00OpoOKH B aBTOMaTU30BAHOMY PEXKUMI.
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6 B

1 — crin-cTabinizaTop, 2 — cTabin3aTOpHAa OCHOBA YCTAHOBKH, 3 — KPIMWJIBHUM €IEMEHT
KpPOHIIITEHA, 4 — ONIOPHI €JIEMEHTH, 5 — HU3bKOYAaCTOTHUI BIOpaTOp, 6 — KPIMHIbHI
00nTH, 7 — MacUBHA IUIMT, 8§ — CIIOJIy4YHA JI€Tajab OJIOKY 3pa3KiB 13 HU3bKOYACTOTHUM

BiOpaTtopom, 9 — criostyuHuid kabenb JIs )KUBJICHHS YIbTPa3BYKOBOTO MEPETBOPIOBAYA,

10 — ynbTpa3BykoBuii reHeparop, 11 — ynpTpa3ByKoBHil epeTBOpIoBay, 12 — KijbIe-

KPIIJIEHHS yJIbTPa3BYKOBOTO NIEPETBOPIOBaya, 13 — ynapHuii 60iok, 14 — yuiiasHoBay-

TpUMay 3pa3ky, 15 — miakiIaguHKa mija 3pa3ok, 16 — qocniguuii 3pa3ok, 17 — rymoBa
MMIKJIaIAHKA
a — OJoK-cxeMa; 0 — KBa3i-riipocTaTuyHa 00poOKa; B — KOHTAKTHO-3CyBHA 00poOKa

Pucynok 2.1 — [Ipunmunosa cxema ycraHoBku st Y3YO [78]

BapitoBaHHSIM aMIUTITYIM YJAbTPAa3BYKOBUX KOJMBAaHb TOPLS KOHIIEHTPATOpa,

BEITMYMHU OCHLOBOTO 3MIIIEHHS 3pa3ka, MIBUIKOCTI OOEpTaHHS yaapHOro Ooiika Ta
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TPUBAJIOCTI BIUIUBY MOYKHA JOCSITTH HEOOX1JHOTO CTYNEHO AedopMaliiifHOro 3MiriHEHHS
MMOBEPXHEBUX IIapPiB METAIIB Ta CIJIABIB.

@®i3uuHI OCHOBU TMPOIECY TOJATAIOTH Yy TOMY, IO €HEpris 10 yJapHOTO
Oolika MmepeaeThCsl 32 PaXyHOK KOJMBAaHb TOPIS KOHIEHTPATOPY, BHACIIJIOK YOrO
BiIOyBA€ThCS 3HAYHA TUIACTHYHA jaedopMallis, a oTKe W MoaudiKailis MOBEPXHEBUX
IapiB IOCIHIIKYBaHOTO MaTepiainy. Takok HaaMipHHIA eperpiB/0X00KEHHS MOBEPXH1
3pa3ka, M0 MPOJIYKYEThCS HAATO TPUBAIOI OOPOOKOIO, KOHTPOJIIOETHCA MOJAYEHO
HOBITPSA JI0 30HU 0OPOOKH Yepe3 0XO0JI0IKYBallbHI KaHaJH.

VYapTpasBykoBa yjapHa oOpoOka 3 ApiOHOJAMCIEPCHUMH IMOPOIIKaMHM 3a KBa3i-
T1IPOCTaTUYHOIO CXEMOIO Nepedadae yCyHEHHs 3CYBHOT KOMIIOHEHTH HaBaHTa)KEHHS 32
pPaxyHOK 3aCTOCYBAaHHSI MACUBHOT'O YAAPHOTO 00iKa (3 BEJIMKOK KOHTAKTHOIO IJIOLICHO)
Ta MaiOu-TpuMayda, ska HaJaidHO (ikcye 3pa3oK, 3MEHIIYIOYM KHOTro NpPYXHY Ta
IJIaCTUYHY JedopMalilo 'y TOpU30HTalbHIM T1uiomuHl (pucyHok 2.1, 6). IHmmMwu
cjoBaMH, Oe€3MocepeHbO i 4Yac YJIbTPa3BYKOBOiI MoAuQikalii JOCTIIHUN 3pa3ok
nepedyBae y 0OMEXEHOMY MPOCTOP1 1 yCsl MEXaHIuHA €HEPTisd BUTPAYAETHCSI BUKIIOUHO
Ha Ae(pOpMyBaHHS MOr0 MOBEPXHEBUX LIAPIB Ta BOMBAHHA JUCIEPCHUX MOPOLIKIB.

VYapTpa3BykoBa ynapHa oOpoOKa MOBEpPXHEBHX INApiB MaTepiaiy, MOMEpPEeaHbO
neroBanux 3a pgonomorow EIJI, mpoBommiacs 3a KOHTaKTHO-3CYBHOKO CXEMOIO
HaBaHTaXeHHs (puc. 2.1, ). ['ooBHA BiIMIHHICTH BiJ TOMEPENIHBOT CXeMH OOpPOOKH
MOJIATAE Yy TOMY, IO 3pa30K (DIKCYyeThCs y TpUMadi 3 HU3BKOYACTOTHUM BiOpaTOpOM,
KOTpUil y mporeci o0OpoOku 3a0e3neuye 3BOPOTHHO-TIOCTYMAJBHUM  PyX B
NEePIeHANKYJIIPHOMY HaNpsIMi 0 yAapHOi 1ii Ooika/yaapHuX iMIybciB. Takuii miaxif
CYMPOBOJIKYETHCSI CTBOPEHHSIM BHCOKOI 3CYBHOI KOMIIOHEHTH YJapHHX IMITYJIbCIB, IO
3abe3reuye BUIIMK piBeHb IU(PY31HHOI B3a€MOJIl MaTepialy JIETOBAHOTO IIapy 3
MaTPHIICIO, & TAKOXK CYTTEBE 3MEHILICHHSI IOPCTKOCTI MOBEPXHI Ticis 00pooku [78-81].
3 iHmoro OOKy, yJIapHUH PI3HOCIPSMOBAaHUN XapakTep IMITYJIbCHOTO HAaBaHTaKEHHSI
TAKOXX CIpHUSE€ HAHOCTPYKTYpPYBaHHIO TMPHUIMOBEPXHEBUX IIapiB Ta yTBOPCHHIO
IHTEpPMETAITHUX CIOJYK.

EnexTpoickpoBe JieryBaHHS — METOJ, IO JO3BOJIIE CYTTEBO IIiIBUIIUTH

3HOCOCTIHKICTh Ta MIKPOTBEP/IICTh METAJIEBUX TTOBEPXOHb KOHCTPYKITIH, TeTajIei MaluH
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Ta BaXJIMBUX arperariB i3 METOI 30UIbIIEHHS iX JOBTOBIYHOCTI, €KOHOMIYHOCTI Ta
3aMIHH CIIeIiaTi30BaHuX Je(PIIIUTHUX METaJIIB UM CIUIaBIB JEHIEBIIUMH aHajoramu [82].

JlocTeMeHHO BiZIOMO, IO MPW MEBHIA TyCTHHI CTPYMy MDK Pi3HOMaHITHUMU
CJICKTPOJAaMH y TIPOIIECl KOPOTKOTO 3aMUKAHHS BiOYBAETHCS PO3IUIABICHHS JESIKOTO 1X
00'eMy, BHHHMKA€ TaK 3BaHUM PIAMHHUN MICTOK 1 TEpPEpO3NOALT/IepEMIlTyBaHHS
pO3IUIaBICHUX JUITHOK Ha iX moBepxHsx [83]. TumoBa cxema YCTaHOBKH st

IIPOBEJCHHS €JIEKTPOICKPOBOTO JIEryBaHHs 300paxkeHa Ha puc. 2.2 [82].

+

olost—0& ], 1

a §)

1 — xaTon (oOpoOroBaHa MOBEPXHS), 2 — aHOJ (HaCHUyIOUui MaTepiai), 3 —
reHepaTop IMIYJIbCiB, 4 — eJIeKTpOMAarHiTHUH BiOpaTop (3abe3neuye nepiognaHuit
KOHTAKT €JIEKTPOIIB JIJIsl CTIMKOTO 1 €(PEKTUBHOTO JIETYBaHHs), 5 — ICKPOBUU po3psia, 6 —
MO (IKOBAHHI 1IAP
a — cXeMa YCTaHOBKH; O — cxeMa MPOIeCy €JIEKTPOICKPOBOIO JIETyBaHHS

Pucynok 2.2 — TunoBa cxema yCTaHOBKH JIJISl €JICKTPOICKPOBOTO jieryBaHHs [82]

3aranom mij yac nepiogMYHOTO BUBUILHEHHS €1EKTPUYHOI €Heprii (IMIyJIbCIB) 3a
JIOTIOMOT'00 TeHeparopa IMIyJbCiB (3) yTBOPIOIOTHCS €IEKTPOICKpPOBI po3psan (5)
MIOMIXK JIBOX €JICKTPOiB, a¢ Katoj (1) — oOpobiroBana moBepxHs Ta aHo (2) — MaTtepial,
110 MPU3HAYEHUN JIJIs1 JIeTyBaHHA [84].

besnocepennbo B mporieci JeryBaHHs, y MPUITOBEPXHEBUX IIapax 00pOOITIOBAHOTO

Martepiairy BiI0yBa€eTbCs psiji mpolieciB (puc. 2.2, 6), a came:
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1. OrutaBreHHST TIOBEPXOHb KaTOAy Ta aHOAY MpH IXHROMY 30JFIKEHHI 3a
PaxyHOK MPOXO/KCHHS EJICKTPUYHOTO PO3PSIAYy 3 YTBOPCHHSM JIOKATBHUX JiJITHOK
SJIIEKTPOEPO3IHHOTO pyHHYBaHHS (PO3TUIABICHHS).

2. Enextpuuna epo3is 3 BHUIAPOBYBaHHSIM MaTepiajiB 3 MOJAJIbIIUM
OCaKEHHSIM JIETYIOUOTO €JIEKTPO/Ia Ha TOBEPXHI KaToja (00po0II0BaHOTO 3pa3Ka).

3. XiMiuyHa B3a€MOJis MaTepialliB KaToxy W aHOAy 3 MepeOiroM aKTUBHUX
ndy31HHUX TIPOIIECIB.

[cHy€e nekinbka Mojenelt mpoIiecy eIeKTPOICKPOBOTO MEPEHOCY OJHUX MaTepialliB
Ha 1HIII, 10 MOSCHIOITh OKpeMi ekcnepuMeHTa bHi (haktu [85-87]. BBaxkaerbes, 1110
nepedir  mporecy

IICPCHCCCHHA  PpCUYOBHUHHU

aHoly 10 KaToay 3a YMOBHU
€JIEKTPOMEXAHIYHOTO KOHTAKTy 3aJieKUTh BIJ HACTYNHHX (DAKTOpIB: TeMIlepaTypH,
€JIEKTPOOIIOPY €JEKTPOJIB, TYCTUHY CTPyMy JIETYBaHHS, TEIUIONPOBIAHOCTI, TEIJIOTH
IUIaBJICHHS Ta BUIAPOBYBAHHS €JEKTPOJHUX MaTepialiiB, TEMIEPATYPHOI 3aJIEKHOCTI
emicli, MAar”iTHOTro CJIEKTPOJUHAMIYHUX  YMHHUKIB,

ABTOEJIEKTPOHHOIL 10JI4,

HOTIEPEIHBOT0 HacHYCeHHS Toio [88].

2.2 O0’€KTH I0CTIIKEHHS TA PesKUMH 00POOKH

VY naniit po6oTI poBeAeHO KOMOIHOBaHY OOpOOKY TakHX CILIaBiB, sk BT6, AMr6

ta JIC59-1, 3 MeTOI0 MOKpAIIeHHS iX MEXaHIYHUX Ta KOPO3IMHUX BIACTUBOCTEH.

2.2.1 TuranoBuii crias BT6

BT6 — onuH 3 HaWMOMMPEHIMIUX TUTAHOBUX CILIABIB, IO MPEIACTaBIISIE COOOIO
cymin a- Ta B-da3. YV tabnuii 2.1 HaBeneHo xiMiuHui ckiaj cruiaBy BT6. Jlanuii crias

Mae TeMrneparypy miasiaeHHs 0au3bko 1640°C—-1680°C.

Tabmuis 2.1 — Ximiununii ckian ciwiasy BT6 y 00’ emuunx % [89, 90]

Ti Al Vv Si N Fe C O Zr H
86,45 | 5,3- 3,5~ | 00,1 i (o) 100,5 | 100,1 | 10 0,2 | 10 0,3 i (o)
-90,9 6,8 53 0,05 0,015
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Came nBodazHa cTpykTypa 3abe3neuye OAHOPIIHICTh XIMIYHOTO CKJIaay CILJIaBy
BT6, Han3Bu4aifHO BUCOKY TEXHOJIOTIYHICTh Ta 3HWYKEHY YYTIUBICTD 10 KOHIICHTPATOPIB
HanpyXeHb. [l [aHoro CIlaBy CHOCTEPIraeThCsl MOMIMOP(HE MEPETBOPEHHS 3a
temriepatypu ~ 950 °C, To06TO 10 11€i TeMIepaTypu CTPYKTypa CKIAIa€eThes 3 a-hasu 3
reKCaroHaJ bHOIO IITFHOMAKOBAaHO rpaTkoio (a = 2,951 A, ¢ = 4,679 A) ta B-¢pazu 3
KyOi4HOI0 00’ €MOLEHTPOBAHOI TIpatkold a = 3,269 A. 3a Bumux TemmepaTyp
BiJI0OYBA€TLCSA CTPYKTYPHE MepeBopeHHs o + B — P-daza. [Ipuduomy TemmepaTypa Takoi
CTPYKTYpHOI MOAU(DIKAIT CYyTTEBO 3MIHIOETHCS 3@ IOTIOMOTOIO JI0/1aBaHHS JOMIIIOK Ta
JICTYIOUUX €JIEMEHTIB, 10 MIPUKJIaAY, aloMiHito un BaHaito [90].

AJIOMIHIHN, SIK OJMH 3 OCHOBHUX JIETYIOUMX EJIEMEHTIB, CHpPHUSIE IiBUIICHHIO
MUTOMOI MILIHOCTI CIIABY 3 OJHOYACHUM 30€pEKEHHIM HOT0 330BUIBHOI ITACTHYHOCTI,
TaK0XX JT03BOJISIE MOKPALIUTH KapOMILIHICTh CIUIABY Ta CYTTEBO 3MEHILUTH CXUJIBHICTb
710 BOJTHEBOTO KpuxKoro pyinyBaHHs [90].

JleryBaHHg BaHAJIEM Yy CBOIO 4epry OOYMOBIIIOE JOJATKOBE ITiJIBUIIICHHS
AKAPOMIITHOCTI Ta ’KAPOCTIMKOCTI TUTAHOBOTO CIUIaBY, a TAKOX MOJIETUIY€E 3BAPIOBAHHS
KOHCTpYKIid. He MeHIm BaxiIuBO, HI0 BaHAIId CHOPHUSE TEPMIYHO 1HIYKOBAHOMY
3MIITHEHHIO  CIJITaBy 3a OJHOYACHOTO 30epeXeHHS BHUCOKOTO PpIiBHS  HOTO
mwiactrnaHocti [89, 90].

Bucoka TeXHOJIOTIYHICTh, OJHOPIAHICTh XIMIYHOTO CKJIAay Ta MiABULIEHUH OMip
70 pyWHYBaHHS 1 BUHUKHEHHS KOHIIEHTPATOPIB HAMpYyKeHb 3a0€3MeUyI0Th IIUPOKE
BUKOPUCTaHHA 11bOTO cruiaBy [90]. Bimomo, 1o BijicoTKoBa J0Jisi (ceped TUTaHOBHX
CIUIaBiB) MOT0 BUKOPUCTAHHS Y BIAMOBIJAIBHUX Tally3sX MPOMHCIOBOCTI, 30Kpema
aBiaOymyBaHHi, ckiamae Omu3bko 50% [90, 91]. Came B 1bOMYy HampsIMKY BiH
3aCTOCOBYETHCS JJIs BUTOTOBJICHHS PI3HOMAHITHUX 3BAPHUX Ta PO30IPHUX KOHCTPYKIIiH,
KOPITyCiB, KOXKYXiB aBialliiHux arperariB/amapatiB. OcobimuBe wicie cmiaB BT6
3HAXOJAWTh Yy BUPOOHUUTBI aBlallifHUX JBUTYHIB, 30KpeMa Tra30TypOIHHOMY
MIPOEKTYBaHHI, ¢ oro BMicT Moxe csratu 40% Big Baru asuryHa [91]. Takox BiH
JIOCUTH YCIIIIITHO 3aCTOCOBYETHCS Yy PaAKETOOYIIBENbHIM Tamy3i, 30Kpema s
BUTOTOBJICHHSI OQJIOHIB BUCOKOTO TUCKY MaJMBHUX CHUCTEM P13HOMAaHITHUX pakeT [89—

91]. Hapsiny 13 uuM, 3aBJSIKM BUCOKOMY OIIOPY JI0 KOPO31HHOTO pyiHYBaHHS Ta 4yA0BIN
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CTabITPHOCTI 32 yMOB JIOBFOTPUBAJIOTO BHUKOPUCTAHHS Yy JIOCUTh arpeCHBHOMY
MOPCBKOMY CEPEIIOBHIII, JaHWW CIUIaB 3HAXOIUTHh CBOE MICIE Yy CYAHOOYIyBaHHI,
30KpeMa y BUPOOHHMIITBI JIONIATOK POTOPIB Ta CTATOPIB ABUTYHIB MOPCHKUX cyaeH [91].

Ane 3 iHIIOro OOKy, HE 3Ba)Kar0yW Ha BCI IepeBarv, iCHYIOTh 1 JIOCUTh CYTTEBI
HeoaiKku. OCHOBHUM HeAoJIiKoM ciutaBy BT6 € mepebir iHTEeHCMBHUX OKMCHUX MTPOLIECIB
3a temneparyp Bunux 400 °C i3 BTpaTor0 HEOOXITHUX BIACTUBOCTEH.

OTxe, MOYKHA BHOKPEMHUTH OCHOBHI XapaKTepUCTHKH ciiaBy BT6, Taki sk BHCOKa
TEXHOJIOT1YHICTh, TUTOMA MIIHICTh Ta OJHOPIIHICTh XIMIYHOTO CKJIAAy, IiABUIICHUI
Omip 10 pyHHYBaHHA MiJ BIUIMBOM KOHLEHTPAaTOpPIB HAampy>K€Hb, IHTEHCUBHE
BHUCOKOTEMIIEpAaTYpHE OKHCHEHHS, WLI0 OOMEXye TeMIepaTypHUil 1HTepBaid ioro

BukopucTtanusa 1o 400 °C.

2.2.2 Jlatyns JIC59-1

baratokomnoHeHTHHI cCIIaB Ha OCHOBI Miai — JjatyHb JIC59-1, ocHOBHHMM
JIETYIOUMM €JIEMEHTOM SKOTO € NUHK. XIMIYHHUM cKiaja jaTyHi BusHadaetrbes 3a JICTY

['OCT 15527:2005 (ta6:a. 2.2). Jlaauii crutaB Mae Temriepatypy miasienss ~ 900 °C.

Tabmuus 2.2 — Ximiuauii ckaax JIC59-1 (Bar. %) [92]
Cu Zn Pb Fe Sn P Bi Sb
57-60 | 37,05-42,2 | 0,9-1,9 0,5 0,3 0,02 | 0,003 | 0,01

CrtpykTypa 1IbOTO CIUIaBY MpeAcTaBiIeHa CyMino ABoX (a3 — a ta B. [{ikaBo, 110
o+p MigHUM CIJIJaBaM BJIACTHBA JIOCUTH IIMPOKA 30HA (32 MIABUINEHUX TEMIEPATyp)
BHUCOKOT IJITACTUYHOCTI, 1110 Y CBOIO YEPTY BIIKPUBAE MOMKIMBOCTI JI0 MOJIETTIICHOT Tapsuoi
0o0poOku. [laHe sBHINE MOSICHIOETHCS BUIIOK TUIACTUYHICTIO B-(ha3u, MOPIBHAHO 3 O-
¢azoro Ta repedirom ¢azoBoro nepeTBOpeHHs o — o+ [93].

Bapro Bkasarw, 1110 J1JaHa JJATyHb € BACOKOTEXHOJIOTTYHOIO, aJKE JIETKO ITiIIa€ThCS
pizaHHIO ¥ (¢pe3epHUM omepamisM Ta 3aJ0BUIBHO 0OpPOOIOETHCS  XOJIOTHOIO
nedopmaitiero. BapTo BIAMITUTH, IO JIETYBaHHS CBUHIIEM CIPHUSE JI0JATKOBOMY

MOKpAILIEHHIO 00pOOIIOBAaHOCTI pi3aHHAM (L€ J03BOJIIE BUKOHYBAaTH TaKky oOpoOKy Ha
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JTy>K€ BUCOKHUX IMBUJKOCTSX ), TEXHOJIOTTYHOCTI, 30Kpema JedopMmaliiitnoi 00poOku (amxe
CBUHELIb YTBOPIOE OKpeMy (a3zy), a II0 € HE MEHII BaXJIUBUM — MiJABUIICHHIO
aHTU(QPUKIIMHNX BIIACTUBOCTEH (KOe(DIIiEHT TepTs 31 3Ma3Ko Ta O€3 CKIaIaroTh,
BianoBigHo 0,0135 Ta 0,17). CamMe 11 SKOCTI I03BOJISIOTH 3aCTOCOBYBaTH JaTyHb JIC59-
1 y BUpOOHHUIITBI arperaris, 110 MPAIIOI0Th 32 BUCOKODPUKIIIITHIX yMOB [93].

OTXe, OCHOBHUMH €IIEMEHTaMH, KOTpi BHUTOTOBJSAIOTHCS 3 jnaTyHi JIC59-1 €
I AMMITHAKA KOB3aHHS BIAMOBIAAIBHUX MEXaHI3MIB Ta MalIuH. J[0 TOro * CTIHKICTH 10
3HOIIYBaHHS/CTUPAHHS JIO3BOJSIE PO3MMUPUTH cepy T 3acTOCyBaHHA 3 METOIO
BUTOTOBJICHHS HAIPSMHUX BEPCTATIB PI3HOMAHITHOTO Mpu3HaueHHs [92—94].

Onnak, 6ararodasHa CTpyKTypa JaTyHI BHOCUTH 1 CBOi HEJOJIKH, 30KpemMa, I1e
MiIBUIIEHA KPUXKICTh Ta IMOTaHa y/1aHa B S3KICTh, 110 YHEMOKJIUBIIIOE i1 BUKOPUCTAHHS
y AKOCTI HECy4MX BIAMOBIIAJILHUX KOMIIOHEHTIB, OCKIJIBKM 3a 3HAYHOTO THUCKY Ta
yAApHOI B3a€EMO/I1i BOHU MOXKYTb 3pyiHyBaTHuCs [93].

Bigomo, mo JIC59-1 mputamanHa kpamia KOpo3iiiHa CTIMKICTh MOPIBHSHO 3
IHIIUMHU  JIATYHSIMH, TPOTE BOHA 3aJIMIIAETHCS BIIHOCHO HEBHUCOKOI, TOMY HE
PEKOMEHIYEThCSI BUKOPUCTOBYBATH 11 JJII BUTOTOBJICHHS KOMIIOHEHTIB, KOTPI MAarOTh
OesrocepeHii KOHTAKT 13 3aJi3HUMHU, aTIOMIHIEBUMH YHM ITUHKOBUMH €JIEMEHTaMHU.
Oxkpim Toro, JIC59-1 O6yne 3a3HaBaTH KOPO31MHOTO pyWHYBaHHS 3a YMOB OJITHOYACHOTO
BIJTUBY BHUCOKOT BOJIOTOCTI Ta TUCKY UM MPSIMOTO KOHTAKTY 3 >KHPHUMH/MiHEPATBHUMHU
KHCJIOTaMK a00 CIpKOBOIHEM, a TAKOXK 3a MOCTIHHOT B3aeMoii i3 xmopuaamu [92—94].

Otxe, mocuTh mupoka oOnacTe BUKopucTaHHA JaTyHl JIC59-1 mosicHroeTbes
BHUCOKOIO €KOHOMIYHICTIO (HEBUCOKOIO BapTICTIO), 33/I0BIILHUMHU 3HAYECHHSIMU TBEPIOCTI
Ta MIIHOCTI, HQJI3BHYAMHOI NPHUAATHICTIO 10 00poOKku pizaHHsM. Lle 1 mo3Boise
BUTOTOBJIATA PI3HOMAHITHI €JIEMEHTH 3y04acTUX 3’€IHAaHb, BTYJKH, KPIMWIbHI
€JIEMEHTH, TPYOHu Ha KOXKYXH 13 JJAHOT'O MIJTHOTO CIUIaBYy.

[IpoTe BIIHOCHO HEBUCOKA KOPO31MHA CTIMKICTb, @ TAKOXK CXUJIBHICTH 10 OKUCHOTO
pyiiHYBaHHS 3 YTBOPEHHSIM TOKCUYHOTO OKCHUy UMHKY ZNO miJ BIUIMBOM IiABUIIEHUX
TEMIEPATYP € CYTTEBUM HEAOIIKOM, III0 3HAYHO 3MEHIIY€ 00JIaCTh 3aCTOCYBaHHS JIATyHI

JIC59-1.
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2.2.3 AmomiHiioBuii cmiiaB AMré6

CmmaB AMr6 — amoMiHIEBUN CIUIaB, IO XapaKTEPU3YETHCS TOCUTHh BUCOKUM
PIBHEM IUIACTUYHOCTI 13 OJHOYACHUM 30€pEKEHHSAM XOpOIIoi MIIHOCTI. OCHOBHUM
JETYIOYHM €JIEMEHTOM € MarHii, KOTPUil CIIpUsi€ MiIBUIIEHHIO XapaKTEPUCTUK MIITHOCTI
CIUIaBY Ta MOKpAIIEHHIO Horo 00pobiroBaHocTi pizanHsM (Tadmn. 2.3). [lanuii cruiaB Mae
Temnepatypy miasieHHs ~ 660 °C. A iioro cTpykrypa npeacTaBieHa 3epHaMu TBEPIOTO

posuuny Al-Mg i3 BKIIFOUEeHHSIME HEPO3YHMHHUX (Da3 TOMIITKOBHUX €JIEMEHTIB.

Tabmurs 2.3 — Ximiunuii ckian ciuiasy BT6 y 06’ emanx % [95]
Al Mg Mn Ti Si Fe Cu Be Zn
91,1- | 5868|0508 0,1 | 100,4 | 100,005 | 100,1 | 100,005 | moO0,2
93,68

JleryBaHHs MapratiieM CIIpHsI€ IMiIBUIIIEHHIO MEXaHIYHUX XapaKTEPUCTHK CILIABY,
30KpeMa MOBEPXHEBOI TBEPAOCTI Ta OMOPY 3HOIIYBAaHHIO. A JO/aBaHHS IIMHKY MOXE
CTIPUSATH MIJBUIIECHHIO MEXKI TEKY40CTi criaBy [95].

Bapto Haronocutu, mo AMro6 € 10CUTh JETKHUM CIUIaBOM 3 TYCTHHOIO 2,65 1/cm?,
IO J03BOJISIE BUKOPHUCTOBYBATH HOTO [JIsl BUTOTOBIICHHS JIETKUX KOHCTPYKIIM Ta
netaneil. MoxHa BUIITUTH OCHOBHI TEpeBaru JaHOTO CIUIaBy, TakKl SK JIETKICTb,
BIJIHOCHO BHCOKa Mexa MinHocTi ~ 340 MlIla (cmiBpo3mipHa 3 JESKHUMH CTAJISMH),
TBepaicTh ~ 650 HB Tta 3amoBimbHa 3HOCOCTIMKICTH. [IpoTe i1HOAI TakOTO pIBHIO
XapaKTEPUCTHK MIIIHOCTI BUSABISEThCS 3amaiio [95].

Takox 3 HEAOJIKIB BaPTO BUILIUTH CXUJIBHICTH A0 KOPO31MHOTO pyHHYBaHHA 3a
nigsuieHux Temmneparyp (monazn 330 °C). 3 inmioro 60ky, 00poOka JaHOTO CIUIaBY TEXK
BUKJIMKAE JedaKkl TpyaHoun (mig dac jgedopmarii Moke BigOyBaTHCs BTpara
MJIACTUYHOCTI, @ TAKOXK €JIEKTPO- Ta TEIJIOMPOBIAHOCTI).

3aranom, amoMiHiI€BUN cruiaB AMro6 10CUTh MIMPOKO BUKOPUCTOBYETHCS Yy aBia-
Ta PaKeTOOyIiBEIbHIN TPOMHUCIOBOCTSIX 3 METOI0 BHTOTOBJICHHS MAJIMBHUX €MHOCTEH,

KOXYXiB. A 3aBASKH HEMOTaHIA MIITHOCTI Ta MOMJIMBOCTI pOOOTH 332 YMOB MOCTIHHUX
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HaBaHTAXEHb MO)KE€ BUKOPHUCTOBYBATHCS JUIS BUTOTOBJIGHHS TMEBHUX KOHCTPYKLIH Ta
eJIEMEHTIB 3aJ1i3HUYOT0 TPAHCIIOPTY.
OTxe, OCHOBHMMHU HEJOJIIKAMH JaHOTO CIUIaBY, KOTP1 HEOOXiTHO MOKPAILIUTH €

B1JIHOCHO HEBHCOKI KOpPO3iifHa CTIHKICTH 32 IMIJIBUIIICHUX TeMIIepaTyp Ta 3HOCOCTIUKICTD.

2.2.4 Pe:xxumu 00poOKH JOCTIIKYBAHUX MaTepiasiB

3arajioM, OCHOBHOIO 1JIe€10 JJaHOT PoOOTH OYJIO 3aCTOCYBaTH KOMOIHOBaH1 METOIU
nedopMaIifHOr0 Ta TEIUIOBOTO BIUTUBY IS TMOKPAIICHHS KOMIUIEKCY BJIACTUBOCTEH
oOpaHuX CIUJIaBIB Ta YCYHEHHS HEIOMIKIB, KOTPl OOMEXYIOTh 00JIacTi iX 3aCTOCYBaHHS.
Jlo mpukiagy, 1€ MiJABUILIEHHS CTIMKOCTI JO BUCOKOTEMIIEPATypPHOIO OKHMCHEHHS Ta
3HOCOCTIMKOCTI TUTAaHOBOTO cIiaBy BT6, mokpailieHHsI KOpO314HO1 Ta OKUCHOI CTIMKOCTI
natyni JIC59-1 uum nomaTtkoBe 3MilHEHHS cIulaBy AMr6 3 oJHOYaCHUM YCYHEHHSIM
po0sIeM KOpO31iiHOro pyiHYBaHHS HOTO OBEPXHI.

VYapTpa3BykoBy yaapHy oOOpoOKYy 3pa3kiB pI3HHUX CIUIaBIB TPOBEJACHO Y
HOBITPSHOMY CEpEIOBUIL, K JJIs1 BUNIQAKY J10JIaTKOBOT'O €JIEKTPOICKPOBOTO JIETYBAHHS,
TaK 1 apMyBaHHs JAMCIEPCHUMHM mopoikamu. OntumanbHl pexxumu Y3YO s pi3HUX
CIUIaBIB 3HAXOWINCh B Mexax: TpuBaiicTh Bix 30 ¢ 1o 300 ¢, mBUAKICTH OOEpTaHHS
yaapHOi TOJIOBKM Tpumada Ooiika — 10 00/c, a ammiiTyga KOJIMBaHb TOPUSA
KOHIIEHTpaTopa KoJuBaHb — 15 MkM—25 Mkm [79].

TexHosoris BUTOTOBJIEHHS Ta OOpOOKM 3paskiB, Oe3mocepenHbO, ISl PI3HHUX
KOHCTPYKIIMHUX CIUIaBIB JAEIIO BIApi3HsAJAcA. Y BUINAAKY TUTaHOBOro cruiary BT6
3pa3ku HUAIHAPpUYHOT dhopmu (miameTpoM 13 MM Ta BHCOTOIO 5 MM) BUTOTOBJISUIH 13
KaTaHux npyTkiB. [lepea oOpoOIeHHAM MPOBEACHO pEKpUCTATI3aLIHII BlANaN 3pa3KiB
(3a Temmneparypu 750 °C ymnpoaoBX TOAWHHU) JJIsi 3HEMIIHEHHS MICJS TMPOKATKH,
HIBEJIIOBaHHSI BHYTPILIHIX HANpy>KeHb Ta MIABHUILEHHS TuiacTuyHocTi. Hamami 3pazok
po3mintyBaBcsl y (iIKCyrOUii 11aiidi 1 HOoro MoOBEpXHsS MOKPHUBAIACh IIUIBHUM IIIapOM
3MILHIOIOYOI0 MOPOIIKY Ta MiAjgaBajiacs 1HTEHCUBHOMY JedopMaliiHOMY BIUIMBY 3a
paxyHOK YyJbTPa3BYKOBOi yJapHOI OOpOOKM 3 METOK HACHMYCHHS MOBEPXHEBUX IIAPiB
JTUCTICPCHUMHU YaCTUHKaMHU Ta CTBOPEHHSI TMOBEPXHEBOTO Kommo3uty. CymapHa

TpUBANIICTh 00pOoOKHU y naHoMy Bumnajaky craHoBmia 300 c, mo 150 ¢ 3 koxHOrO OOKY B
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JTUCKpPETHOMY pexuMi (ToOTO 5 1ukiiB 3 TpuBamicTio 30 ¢ 13 MOBTOPHOIO IMOJAYEr0
apMyIOYMX IOPOINKIB 70 30HH IHTCHCHBHOIrO JAe(OpMAIliiHOTO BIUIMBY/KOHTAKTY).
OOpoOJIeHHS POBOINIIN MIUTIHAPUIHUM O0oitkoM 31 ctami [IX15 3 ammiiTymoro Topiis
KOHIIEHTpaTopa = 25 MKM.

Jst migHoro crutaBy  JIC59-1 micnms  pekpucTamizalliifHOTO —Biamamry 3a
temriepatypu 500 °C BukopucTOBYBaacs aHayoriavaa metoauka ¥Y3YO nuiie 3a ogHi€l
BIJIMIHHOCTI — KOHTaKTHO-JedopmMalliiiHa B3aeMojis BinOyBajacs 3 OJHOrO OOKy, a
pO3Mip 3pa3KiB CTAaHOBUB OJIM3BKO 15 MM 3a miaMeTpoM Ta 8 MM 3a BUCOTOIO. TpuBasticTh
00poOku ctaHoBUAa 150 ¢ y TUCKpPETHOMY PEXHMI, TOOTO 5 UKIIIB 00OPOOKH TPUBAIICTIO
30 ¢ 13 TOBTOPHOIO MOAAYECIO MTOPOIIKY JI0 30HU 0OPOOKH.

KapnunansHo BiiMiHHY MeToauKy Y3Y O 3acTocoBaHO Jyisi MOU(DiKallii MOBEpXHI
aoMiHIioBOTO criaBy AMr6. 3pasku BUTOTOBISUIMCS Y (OPMI IMITIHAPIB J11aMETPOM
omm3pko 18 MM Ta BucoTor0 — 10 MM. 3 METOIO 3HSATTSI BHYTPIIIHIX HaNpyKeHb, 110
BUHUKIIM y 3pa3Kax y MpoIieci MPOKATKU 1 pi3aHHs, MPOBEIECHO HEJJOBIOTPUBAIUN BiAMAI
3a temrepatypu 320 °C 3 mojanbiino BUTpUMKORO 3a Temmeparypu 250 °C 6iu3bK0
roaunu. [licas goro 3pazku Oy MOBIIBHO OXOJIOJKEHI 10 KIMHATHOI TEMIIEPaTypH.

[Ipore y manoMy BUMAJKy, 3aMiCTh MOJadl apMyIOYUX YACTUHOK/TIOPOITUHOK O
30HM JedopMalliitHoi 0OpoOKH, MPOBEICHO TOMEPEAHE HAHECEHHS Iapy JIETYIOUOro
€JIEMEHTY METOJIOM €JIEKTPOICKpOBOi 00poOku. Jlanuii eran mMoaudikaiii MOBEpPXHI
CIUTaBy TpoBeaeHo Ha npuiaai ‘Emitpon 22A° [96, 97] y NOBITpSHOMY CEepEIOBHIII 3a
IIUTOMOI 1HTEHCUBHOCTI 0OpOOKM Gnu3bko 1 XB/CM?, a TaKoK TPHMBAJIOCTi, €HEprii Ta
YaCTOTH MPOXOJKEHHS €NIEKTPUYHUX IMITYJIbCiB Oyn3bko 200 mkc, 1 JIx ta 50 + 3 I,
Bi/MoBiIHO. Ha mpoTuBary nomnepeaHiM BUIaakam, MoAaIbIIANA TPOIIEC YIbTPa3BYKOBOT
MoAu(QIKaLlil TPOBEIECHO CEMU-OOWKOBUM YyJIapHUM IHCTPYMEHTOM 3a KOHTaKTHO-
3CYBHOIO CXEMOIO HaBaHTaxeHHs [98, 99], mpuyomy pexuMu OOUpaTHCh EMITIPUYHO 13
ypaxyBaHHSIM MAaKCUMaJbHUX TMOKa3HUKIB MIIHOCTI Ta MIHIMAJbHUX TlapaMeTpiB
IIOPCTKOCTI TTOBEPXHEBUX ITapiB 00poOIrOBaHOTO Matepiany. B pesynbrari amrumtyaa
KOJINBaHb yAapHOTro 0oiika — 15 MkMm, a 3aranpauii yac Y3YO — 6aussko 30 ¢ [100].

@dopMyBaHHA KOMIIO3UILIMHUX TOKPUTTIB 3a0e3leuyBajocs 3a PaxyHOK

Bukopuctanusa mi yac Y3YO ximiudo uuctux nopomkis: AlyO3 3 dpakiiero 20 MKkM—
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120 mxMm, SizNg (o Ta f Mmogudikarii) 3 ppakmiero 0,3 mxm—20 MM, SIC 1BoX (dpakiiii —
28 mxM—40 MM 1 160 Mxkm—200 mxMm Ta mix gac EIJT — enextpoay Ti.

Jlesiki  XapaKTepUCTHKU TMOPOIIKiB, BUKOPUCTAHMX JUIS CHHTE3y IOKPHUTTIB,
HaBejieHO B Ta0u. 2.4. Hu3bki 3HaUeHHS KOSDIMIEHTY TPIIIUHOCTIMKOCTI K¢ COPUSIOTH
CYTTEBOMY TIOJIPIOHEHHIO 3MIITHIOIOYHX MTOPOITHHOK B TIPOIIEC] IHTCHCHUBHOI TNIACTUYHOT

nedopwmartii 3a ymoB Y3VYO.

Tabnuus 2.4 — BractuBocTi BUKOpUCTaHUX mopomkiB [67—70, 101]

Marepian | MikpoTBepaiCTh Koedimient ®Dpakiisi MOPOUIKIB,
HV, I'Tla TPIIUHOCTIHKOCTI Kic, MKM
MIla/mY2
Al,O3 ~20-22 2,8-39 20-120/30-50
a-SizNg ~15 4,9-5,5 0,34
B-SisNy ~14 5,4-6,1 0,5-20
SiC ~30 3,545 28-40/ 160-200

JlonatkoBa TepMmiyHa OOpoOKa 3pa3kiB MPOBOAWIACS 3 METOK OKHCHOIO
3MIITHEHHSI apMOBAHOTO Mapy 1 (OpMyBaHHS MIUIBHOTO OKCHJIHOTO TOKPUTTS (ISt
BUIIAJIKy TUTAaHOBOTO cruiaBy BT6) Ta mpuckopenHs nudy3iiHUX IpoLeciB, IMOBIPHOTO
CHIKAaHHS Ta CXOIUIEHHS I1HTEHCUBHO MOJAPIOHEHUX HAHOYACTHMHOK IOPOIIKIB 3
MmatepianoMm-Marpuiiero (sk ans BT6, Tak 1 nmatyni JIC59-1). Otxe, TepMiuHMiA Biaman
YIPOJOBXK 5 TOJWH TUTAHOBOTO ciiaBy BT6 npoBoauscs 3a temneparypu 650 + 25°C, a
natyHi JIC59-1 — 3a remnepatypu 550 + 25°C.

Takox 3a71s1 BCTAHOBJICHHS PIBHS IPOTHU/IIT BUCOKOTEMITEPATyPHOMY OKHCHEHHIO
crutay BT6 micis komOGiHOBaHOT 0OpOOKH MPOBEIEHO LIMKIIYHE BUCOKOTEMIIEpATypHE
OKUCHEHHSI 3Pa3KiB y CEPEOBHUIIl TOBITPS y HACTYITHOMY DPEXKHMIi: «HArpiBaHHS —
130TepMiyHa BUTpUMKa 3a Temmeparypu 650 + 25°C — oxonomkenss». IIBuaKicTh
HarpiBaHHs ckiagana 12 °C/xB., TpUBaIICTh KOXKHOI 130TEPMIYHOI BUTPUMKH — 5 TOJIHH,
a cyMapHa TpUBaJICTh qocmipkeHHs — 50 roauH. OX0J0MKEeHHS TPOBOUIOCH 3 TIYUI0

(mBuakicts = 1°C/c).
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Oco0611BOCTI KOMOIHOBaHMX 00POOOK, 3aCTOCOBAHUX Y JIaHii poOOTI, HACTyMHI: 1)
Pi3HI CXeMH YJapHOTO HAaBaHTAXCHHS — KOHTAaKTHO-3CyBHA Ta KBa3i-TiPOCTATUYHOTO
CTHCHCHHS 3pa3Ka; 2) eJIEKTPOICKpOBE JIeTyBaHHs 11 abo MOpIIiifHa 1Mojja4a IMOPOIIKiB
Al;O3, SisNg(o- ta PB-mommdikariii), SIC g0 30HM AeoOpMamiHOIO BIUIUBY; 3)
BIJICYTHICTh €MYJIbCIH, MOBEPXHEBO-AKTUBHUX 1 IHIIKUX MOMIOHMX PEUOBMH TiJ dYac
00poOKu; 5) mpoBeAEHHS TePMIYHOI 0OPOOKK Ha MOBITPi A 1HTEHCH]IKAIli OKUCHUX
MPOIIECIB Ta YIIUIBHEHHS CHHTE30BAaHUX IMOKPHUTTIB; 6) MeXaHO- 1 TEPMOIHAYKOBaHA
iHTeHcudikamis Audy3iifHUX MPOIECiB y MOBEpPXHEBUX MoAU]iKoBaHUX Imapax; 4)
YHIBEPCAIBHICTh  3alPONOHOBAHUX  MIJXOMIB  JUIsi OOpOOKM  IHIIMX  JIETKUX

KOHCTPYKIIIHHUX CIJIaBiB.

2.3 MeToau pocJaiakeHb

3aasis mMATBEPKEHHSI pOOOYHMX T1MOTE3 Ta BUPIIIEHHS YCIX MOCTAaBIECHUX Y POOOTI
3aBJaHb BUKOPUCTAHO KOMIUIEKC Cy4YacHUX (PI3UYHUX METOAIB  JOCIHIKCHHS

BJIACTUBOCTEHN Ta CTPYKTYpH MaTepialiB.

2.3.1 Mikpo- Ta HAHOAIPOMETPUYHNH aHAII3

BusznaueHHs1 MiKpOTBEpPAOCTI MPOBEJAEHO 3a JoroMororo npuiany “IIMT-3M” 3a
MeToankoro Bikepca 13 BukopuctanHsm HaBaHTaxkeHHs Bif 0,05 H 1o 2 H. lle no3Bomunio
3MEHIIUTH IUIOIlYy OTPUMAHOIO BIAOUTKY 1 BHU3HAYUTH MIKPOTBEPAICTh IEBHUX
JIOKQJIbHUX JIJSTHOK MOBEPXHI YM OKPEMUX CTPYKTYPHHUX BKJIIOYEHb Ta BUIUIECHD TOILLO.

3araqoM JaHM METOJ TPYHTYETbCS Ha MNPEUU3IMHOMY BHU3HAYEHHI PO3MIPY
BIIOUTKY (32 JOTOMOTOI) ONTHYHOTO MIKPOCKOITY), KOTPUH 3aJHINAETHCA TICISA
3arJauOJIeHHs aJIMa3HOI MipaMiIKK 3 KyTOM TpH BepiuHi 136° 10 moBepXHEBUX IIapiB
JOCITIKYBAaHOTO Marepiaily MijJl Ji€l0 HABaHTAXXEHHS YMPOIOBXK JCSIKOrO MPOMIKKY
yacy. AHai3 MIKPOTBEPOCTI JOCTIAHUX 3pa3KiB MPOBOIUBCS SIK JJIA BUX1THOTO CTaHY,
TakK 1 MicJig PI3HUX PEKUMIB 0OPOOKH 3 METOIO BU3SHAUYEHHS i1 €PEKTUBHOCTI.

VY nauiii poboTI cepeHs BeIMYMHA MIKPOTBEPJOCTI BU3HAUAIACH K HA IMOBEPXHI

njoHaiiMeHine 3a 10-Ma BUMIpIOBaHHSIMHU, TaK 132 TITMOMHOIO TOBEPXHEBHX MIapiB. Takox
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BCTAHOBJICHO ONTHUMAaJbHE HABAaHTAXEHHS JJII KOXKHOI cepii JOCHIJ)KyBaHUX CILIaBIB.
AJKe, TOCUTHh BaXXJIMBUM (AKTOPOM € YCYHEHHS BIUIMBY CTOPOHHIX YMHHHUKIB Ha
XapaKTePUCTHKU MIKPOTBEPJOCTI MaTepialy, 3 METOI0 BU3HAUCHHS e(DEeKTy 3MIITHCHHHS
3a paxyHOK Mopau®ikallii MOBEPXHEBUX IIapiB, TOOTO 0€3 BILIMBY Marepialy OCHOBH.
besnocepenne BUMipIOBaHHS MIKpPOTBEPIOCTI MOBEPXHI TUTaHOBOTO cruiaBy BT6 micis
MoM(piKyBaHHS BUKOHYBAJIOCS 3a MPUKIIAICHOr0 HaBaHTakeHHs 150 T, a 3a TOBIIMHOIO
HAHECEHOTO MOKPUTTS/MOIU(DIKOBAHOTO Iapy — 25 r. Y BUIaKax allOMIHIEBOTO CIIABY
AMr6 Ta natyni JIC59-1 MIKpOTBEepIiCTh MOBEPXHI BHU3HAYANACh 3a MPHUKIAIEHOTO
HaBaHTaxxeHHs 100 r, a 3a rmubuHOI0 MoaudikoBaHoro mapy — 20 T.

30BHIIIHIA BUIIISLL Ta Oy10Ba puitaay-mikporsepaomipy “TIMT-3” HaBeseHi Ha

puc. 2.3.

1 — ocHoBa, 2 — TyOyc, 3 — MaKpoOKyCyBalbHUN I'BUHT,
4 — Mikpo(OoKyCyBaJbHUM I'BUHT, 5 — OKYJISIP-MIKPOMETp, 6 — JJaMma-oCBITIIIOBaY,
7 — 00’exTuB, 8§ — OJIOK HaBaHTAXXCHHS, 9 — CTPUKEHb HABAHTAXKYBaUiB,
10 — ingenTop/ma3; 11 — pydka HaBaHTa)XyBaHHsI, 12 — IpeIMETHUN CTOJHK,
13 — rBUHTH perynroBaHHs, 14 — pydka ISl pyXy IMPEAMETHOTO CTOJIHKA,
15 — rBuUHTHU UEHTpYBaHHs, 16 — TapyBabHUIN TTpUIaj

Pucynok 2.3 — 30BHiIlIHIMi BUTIIA 1 cxeMa MikpoTBepaoMipy “TIMT-3” [102]
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BcTranoBneHHsI piBHSI MIKPOTBEPIOCTI 3BOJAUTHCS 0 PO3PAXYHKY CIIBBIIHOIICHHS
MiX TPHUKITAICHUM JI0 TIOBEPXHi 3pa3ka HaBaHTAXKCHHSM 1 IJIOMICIO MMOBEPXHi-KOHTAKTY
BIIOMTKA IHJEHTOpA IIC/SA 3HATTS HABaHTAXCHb Ta 3HAXOJUTHCA 3a (opmyrnoro [102,
103]:
. (24
F 0,204Fsina—

= —= 2 = 2
HY =< — 0,189F /d?, (2.1)

ne F — maBanTakeHHs, 110 NPUKIAACHEe 10 iHAeHTopa/3pasky, H; S — ymoBHa
IJIOIIA IMOBEPXi-KOHTAKTY BiIOMTKa iHaeHTopa; d — miaroHaab BiAOWTKAa-KOHTAKTY
iHIGHTOpa, MM; 0L — KYT TIpY BEpIIMHI HAaKOHeUHHKa-iHaeHTopa (136°) [103].

Bukopucrano Takok METOJl HAHOIHACHTYBaHHS 3a METOJMKOI bepkouya (KyT
IHAEHTOpa NpHU BEPIIMHI CTaHOBUTH 65°) 13 HaBaHTaKeHHAM S50 rc Ta MIBUIKICTIO
HaBaHTaxeHHs 5 rc/c [104, 105]. 3oswimnid Burmsa npuiagy “Micron-Gamma”, 3a

AOIIOMOI'0OIO AKOI'O ITPOBOIUIINCAA I[OCHiI[)KCHH?I, MMpcaACTAaBJICHO Ha pHUC. 2.4,

Pucynoxk 2.4 — 3oBHimHii Burisg npwiaay “Micron-Gamma” [104]

BigmiHHOIO 0OCOOJMBICTIO JAHOTO THUMY JOCIIIKEHb (METOXy Oe3NepepBHOTO
BJIABJIIOBaHHS 1HAEHTOPA) € 3aCTOCYyBaHHSA AUGEPEHIINHOTO AaTyuKa 13 NMpeuu3iiHuM
cnocoboM mepemimieHHs. [IpuHumn i#oro poGOTH TMOJATaE y aBTOMAaTHYHOMY
BUMIPIOBAHHI HABAHTAKCHHS Ta TIIMOMHU MPOHUKHEHHSI 1HICHTOPA BIIHOCHO MOBEPXHI
JOCTIIKYBAaHOTO 3pa3Ky, a He CTAaHWHU MPUIaLy, K 3a3Buyail. [Ipu oMy pesynbTaTu

IHACHTYBaHHS OTPUMYIOTBCS y BUIJISAL AiarpaMu (puc. 2.5) BAaBIrOBaHHS, [0 € O1IbIII
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iHpopMaTHBHUM CITOCOOOM BU3HAUYCHHS (PI3MKO-MEXaHIYHUX BJIACTUBOCTEHN MaTepiaiy,
y TIOPiBHSIHHI 3 KIIACHYHUMHU METOJIaMHU.

AHani3 giarpaM J03BOJISIE BCTAHOBUTHU P1BEHb MIKPO- Ta HAHOTBEPAOCTI, a TAKOXK
PI3HOMAHITHUX MapaMeTpiB, TaKuX SK MOJYJb IPYXKHOCTI, MpOaHaTi3yBaTH
ocobimBocTi MikpoaehopmyBanus Tomo [104, 106]. Baxnmuso, mo o6poOka miarpam
MO>K€ TIPOBOAUTHCS 3a JOTIOMOTOI0 IPOrPAMHOI0O 3a0€3MeUeHHsI B aBTOMAaTU30BAHOMY
pexxuMi 3a Mmetoaukoro Omniepa i @apa [107], koTpa npuiiHATa B IKOCTI MIXKHAPOTHOTO

crangapty [108].

h — MakcuMmainbHa TIMOMHA BAABIIOBaHHS, Ny — TIMOMHA BIJHOBIIEHOTO BiOUTKA;
h.— KoHTakTHa TTMOMHA; Ns— 3MIIIEHHS KOHTAKTHOI TOBEPXHI MPHU
BIABJIIOBaHHI; Ne — Ipy’kHE BiIHOBJICHHS BiIOMTKA; 28 — PO3MIp BiZOMTKA Ha
MOBEPXHI MICJI HABAHTAXKEHHS; ¢ Ta 0 — KyTH MIXK BICCIO Ta TPaHHIO MPU
HaBaHTAKEHHI 1 MICJIS 3HIATTS HaBaHTAKEHHSI, BIAOBIIHO.

Pucynok 2.5 — /liarpama BAaBItOBaHHS 1HACHTOPA Ta CXEMAaTUYHE MPEICTABICHHS

HEBIJTHOBJICHOTO Ta BiHOBIJICHOTO BimOUTKIB [104]

Ananiz cxemu (puc. 2.5) mokasye, 110 KOHTAaKTHa TJIMOMHA TMPOHHKHEHHS
1HJICHTOpa PO3PaXOBY€ETHCA SK:

hc=h —hs. (2.2)

3MillleHHs] TIOBEPXHI KOHTaKTy Yy Tpoleci BhaBioBaHHS hs 00ymoBIcHE

BUKPUBJICHHSM TTOBEPXHI HABKOJIO BIIOUTKA. J{aHuil mapamMeTp 3aJIeKUTh BiJl TeOMETPil
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1HJICHTOpA 1 BU3HAYAETHCS SIK:
hs=¢ (P/S), (2.3)
ne S = dP/dh — koHTakTHa »OPCTKICTh, KOTpa PO3PAaXOBYETHCS 332 METOJIOM
JIHIAHOT ampoKcHUMaIlli Ha IUISHIN, IO JOPIBHIOE OJM3bKO 1/3 BeIMYMHH KPHBOI
pO3BaHTaXEHHS (BH3HAYAETHCS SIK ITOXIJIHA JIO KPUBOI pPO3BaHTaXyBaHHS); € —
koedimieHT Gpopmu inAeHTOpa (175 mipamian bepkosuya € =0,75).
3rinno 1SO 14577-1: 2002, TBepAICTh IHCTPYMEHTAIBHOTO 1HJAEHTYBaHHSA HiT €
BIJTHOIIICHHSM MAaKCHMAJBHOTO TPHUKIAJEHOTO HAaBAaHTAXKEHHS 1O IUION[I OTPUMAaHOI

NPOEKIIIT BHACIIOK KOHTAKTY 1HIACHTOpA 3 TOCIiKyBaHUM MaTepianiom [108]:

Pmax
Hir = A, (2.4)

ne Pmax — MakcuMalibHEe HaBaHTaXXEHHs; A, — IUIOIIA MONEPEYHOro Mepepizy
KOHTAaKTHOI TOBEPXHI MK 1HIEHTOPOM 1 JOCHIIHUM 3pa3KoM, fKa BHU3HAYAETHCS
HacTyrmHuM yrHOM [108, 109]:

A,=24,5hs. (2.5)

TakoX METOJ J03BOJIsIE BU3HAUYUTH KOHTAKTHUM MOMYJb MPYXKHOCTI (JIaHUM
napaMeTp BpPaxOBY€ MPYKHY B3a€MOJi0 MaTrepiany 3 IHIACHTOPOM) 3a HACTYITHOO
dhopMyI1010:
_VEs
= 2

ne = 1,034 — koedimieHT (monpaska) 11 iHAeHTOpa bepkopuya.

E (2.6)

J10J1aTKOBOFO TIEpEBAror0 MbOT0 METOJTy € MOXJIMBICTh BU3HAYCHHS IJIACTHYHOCTI
Oa MaTepiay 0e3mocepeaHbo i Yac MPOBEACHHS 1HCTPYMEHTAIBHOTO 1HJECHTYBaHHS

(BU3HAYAETHCA 3 aHAII3Y JlarpaMH BIABIIIOBAHHSA):
Oy = —=1-——=, (2.7)

ne Ap, Ae, Ai, — poboTa, KoTpa HeoOX1Ha /Il Iepediry MmiIacTUYHOI, MPYKHOI Ta
3arajbHOI nedopmartii BiAMOBIIHO, i yac BaaBiIoBaHHs iHAcHTOpa [110].

[Ipuyomy BOHA BH3HAYA€THCS OE3MOCEPETHBO IMiJI Yac KOHTAKTy 1HJEHTOpa 3
MOBEPXHEIO0 3pa3Kka Ta He NOTpeOdye BU3HAUCHHS JIOJATKOBUX IMapaMeTpiB, KOTpi

BHOCATH JI0JJaTKOBY NMOXMOKY (Hampukia, koedinient [lyaccoHa yu TBEpIICTb).
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Bapto  BigMITHTH, 110  TBEpPAICTh  IHCTPYMEHTAJIBHOTO  1HJEHTYBaHHS
(HaHOIHJEHTYBAHHS) XapaKTEPHU3ye 3/IaTHICTh MaTepiajly YMHUTH OIMIp BJIaBIIOBAHHIO
1HJCHTOpa B OJHINA JIOKaJbHIM TOUIl CTPYKTYpPHHUX CKJIQJOBHUX 332 MaKCHMaJIbHOTO
HaBaHTakeHHs [109].

JInst ycepenHEeHHsI TaHWX, a OTXKe, 1 MIABUINCHHS TOYHOCTI aHaJi3y, a TaKOX
BUKJTIOUEHHS MTOXHOOK OyJ0 371MICHEHO MO IeCATh BUMIPIOBAHb 13 KPOKOM 50 MKM Mixk
BIIOUTKaMU 1HJACHTOpa. TakoX aHajii3 1 00poOka OTpUMaHMX PE3yJIbTaTiB, 30KpeMa
3apeECTPOBAHMX JliarpaM 1HACHTYBaHHS, B TOMY YHCJI1 IHCTPYMEHTAIbHOI TBepaoCTI Hi,
Ta BpaxyBaHHA MEPIIOTO KOHTAKTY MOAM(PIKOBAHOI MOBEPXHI 3 1HIEHTOPOM, MPOBECHI
3a EMITIPUYHO 0OrpyHTOBaHUMH MeToaukamu [111, 112].

Bapto nomaTkoBo BKazaTu, IO JaHUM MpUiIag Ma€ psl CyTTEBUX IMepeBar Moo
JOCITIJIKEHb MEXaHIYHUX XapaKTEPUCTUK METAIB Ta CIUIABIB, 10 MPUKIIATY, MOKIUBICTh
(diKCyBaTH 3MiHYy MOBEIIHKM Mareplajay 3a MpUKIagaHHS MOCTIMHOIO MaKCHMaJbHOIO
HABAaHTAXEHHS Jla€ MOXJIMBICTh OILIIHUTH/BU3HAUUTH OIIp Marepialy Mpolecy
“X0JI0AHOT” TIOB3y4YOCTi, a Oararopa3oBe 1HJCHTYBaHHS B OAHINA TOYIll 13 MOCTIMHUM
HAaBAHTA)KEHHAM  JO3BOJIIE  3pOOMTHM  BHCHOBOK  WIOJI0  MEpediry  IMpoleciB

nedopmarliitHoro 3MilHEHHS, IIMKJIIYHOT TOB3YYOCTI Ta BTOMHOTO PYHHYBaHHS.

2.2.2 PacTpoBa eJIEKTPOHHA MiKPOCKOIIif, XIMIYHUH aHAJI3

OauH 13 HaWNOMIMPEHIMUX Ta 1HGOPMATUBHIIIMX METOMIB JIOCHIIKEHHS
MOBEPXHEBUX IIapiB MATEPialiB Y PI3HOMAHITHUX THKEHEPHHUX Tally3sIX — 1€ PacTpoBa
esniekTpoHHa Mikpockornig (PEM). Jlanuii MeTo1 XapakTepu3y€eThCsl HU3KOIO MepeBar npu
JOCHIKEHHI MIKPOCTPYKTYPHUX OCOOJIMBOCTEN Ta XIMIYHOTO CKJIaJy TOBEPXHI
PI3HOMaHITHUX MaTepialiB, Y TOMY YHCJII METaJIB 1 CIUTaBiB, TOPIBHSIHO 31 CTAHIAPTHOIO
ONITHYHOO MiKpocKotier/meTanorpadiero [113-116].

di3yyHa OCHOBA JAaHOTO METOMY JIOCHIUKEHHsS TMOJsrae y B3aeMOJll
3(poKyCOBaHOIO €JIEKTPOHHOTO MPOMEHIO 13 TOBEPXHEIO Ta, 30KpEMa, IPUIOBEPXHEBUMHU
mapamu J0ciipKyBaHoro matepiany. [lepeBaramu PEM mopiBHSIHO 31 CTaHIapTHUMHU
ONTUYHUMU METOJaMU €: BEJIUKa PI3KICTh Ta YITKICTh OTPUMAHOTO 300pa)KE€HHS, IO

CTBOPIOE MOXKJIUBICTb JOCIIKYBaTH MOBEPXHI 13 JOCUTh PO3BHUHEHUM pENbePOM Ta
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3HAYHOIO MIOPCTKICTIO, AocsATaTH 30UIblIeHHs 300paxenHs 10 1000000 kpaT Ta BUCOKOT
PO3IIUIbHOI 3MaTHOCTI — 2,5 HM, fKa J03BOJISE JOCHIIKYBAaTHU OKpeMi JIOKaJIbHI
HaHOPO3MipHI BKIFoUeHHs [113, 114].

Bapto Bkazatu, 1m0 moOyAoBa €JIEKTPOHHO-MIKPOCKOMIYHUX 300pakeHb
tonorpadii TOBEpPXHI OCHIIHUX 3pa3KiB Ta YCIX CTPYKTYPHHUX OCOOJUBOCTEH
BiIOYBA€THCS 32 PaXyHOK peecTpallii BTOPUHHHUX YK PO3CISTHUX MOBEPXHEIO €NEKTPOHIB.
3 iHmoro OOKy, BCTaHOBJICHHS XIMIYHOTO CKJaJay JOCTIPKYBaHOi TMOBEpPXHI
3a0e3MeYy€eThCsl 32 PaXyHOK EHEProJMCIEPCIMHOrO aHali3aTopy XapaKTepUCTUYHOTO
PEHTIeHIBCHKOTO BUIIPOMIHIOBAHHS, 10 YTBOPIOETHCS TiJ 4yac OGoMOapayBaHHS 3pa3ka
CJICKTPOHHUM MpOMEHEeM. Y naHiii poOOTI MpEIu3iiHi JOCTIIKEHHSI MIKPOCTPYKTYPHHUX
0COOJIMBOCTE MOBEPXHEBHUX MIAPIB, MOP(OJIOrii MOMEPEYHUX IMEpepi3iB, a TAKOXK IX
XIMIYHOTO CKJIay MPOBOJUIIHU 32 JIOMIOMOTOK PACTPOBOTO €JIEKTPOHHOT'O MIKPOCKOITY
TESCAN Mira 3 LMU (puc. 2.6), mo oOgagHaHU{ TPHIATOM-TIPHCTABKOIO

e"eproaucnepciinoro anamnizy — “OXFORD Instrumentss X-MAX”.

a 0
1 — enexTpOHHO-ONTUYHA CUCTEMA KEPYBaHHS [IPOMEHEM, 2 — Kamepa JJis
PO3MIILEHHS Ta 3MOMKH 3pa3KiB, 3 — CUCTeMa peecTpallii, 4 — npuiaja nodynoBu
CJICKTPOHHUX 300pakeHb, 5 — BaKyyMHa CUCTeMa, 6 — BUCOKOBOJIbTHUM
reHeparTop, / — CUCTeMa JKEPe )KUBJICHHS MarHiTHUX JIiH3, 8 — IIEHTP
KEepyBaHHS MIKPOCKOIOM Ta 9 — 0CHOBa-cTal1113aTOpP yCl€i KOHCTPYKIIIi
a — 30BHIIIHIN BUTIIA; 0 — OJIOK-cXeMa

Pucynok 2.6 — PactpoBuii enektpornuii mikpockon Mira 3 [116]
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BukopucTOBYBa# HACTYITHI PEKUMH 3MOMKH : IPUCKOPIOIOYA HAMIPyTa CTAHOBHIIA
30 kB, a 30inbLIEHHA IUITHOK AOCHiuKeHHS pocarano 10% pasis. Jlami cTOCOBHO
XIMIYHOTO CKJIaJy TIOBEPXHI 3pa3KiB Ta €IEMEHTHHUM PO3MOALT €IEMEHTIB 3a TIMOMHOIO
MO (DIKOBAHOTO IIapy OTPUMYBAIUCH 3a JIOTIOMOT'0I0 XIMIYHOTO aHaji3aTopa, IPUIOMY
OyAyBaBCsl €JIEMEHTHUHN PO3IMOJALT B3JJOBK OOpaHUX CMYT/MiHIM, 10 MPOCTITaIucs Bix

MOBEPXHI 10 IIMOUHHUX IIAPIB TOCIIHKYBaHUX MaTepialiB.

2.2.3 TpaHcMmiciiiHA eJIEKTPOHHA MIKPOCKOIIist

BusHauuTy J1OKaJbHI OCOOJMBOCTI MIKPOCTPYKTYPH 3a BHUIIOI PO3IUIBHOI
3IaTHOCTI Ha JEKUIbKa MOPSAKIB MOPIBHAHO 3 IHIIMMHU BHJIaMH MIKPOCKOMII MOKHA 3a
JIOTIOMOT'OI0  METOJly TPAaHCMICIHOI €JIEKTPOHHOI MIKpOcKorii. BukopuctoByBaBcs
enekTponHui Mmikpockon JEM-100 CX-11 i3 mpuckoprorouoto Harpyroro 200 kB. Bapto
HaAroJIOCHTH, IO Iel mpuiaa Moxe 3ade3neuyBatu piBeHb Big 90- 1o 800000-kpaTHOTO
301IBIIEHHS. 13 PO3AiTBHOIO 37aTHICTH Onu3bko 2 A-3 A. Takox iHoro BaIMBOIO
OCOOJIMBICTIO € MOXKJIMBICTh 00€pPTaHHS IOCTIIPKYBAHOTO 3pa3ka y IJIOMIUHI 3HOMKH Ha
360° Ta HaxMITy 3a IONMTOMOTOI0 TOHIOMETpA Ha KyT 0JIn3bK0o ~60°.

JocniaHi 3pa3ku A eJIeKTPOHHO-MIKPOCKOMIYHUX JOCTIPKEHb BUTOTOBIISITUCS
3a IONOMOT'O0 METOAY TOHKUX (hoJbT (ITONEpEIHE MOTOHILIEHHS), CYyTh SIKOTO MOJISTae y
TOMY, 1100 CHHTE30BAaHE 3aXHMCHE KOMIO3MIIIHHE MOKPUTTS Ta Moau(diKoBaHI Iapu
BIJIOKPEMJTIOIOTHCSl BiJ] MACHBHOTO 3pa3ka 3a pPaxXyHOK MEXaHIYHOTO NUTi(yBaHHS
OCTAaHHBOI'O 3 MPOTUJIEKHOI /10 MOAM(PIKOBAHOI IMOBEPXHI CTOPOHH. B KiHIIEBOMY
pe3ynbTaTi OTPUMAHO TOHKI ()OJITH TOBIIMHOO OJIM3BKO ~ 30 MKM.

JI71st mo1anbuoro 3MEHIEHHS TOBIIMHM JAOCTIAHUX 3pa3KiB 3aCTOCOBAHO TEXHIKY
OJIHOCTOPOHHBOTO EJIEKTPOJITUYHOIO TOJIIPYBAaHHS y CEpPEIOBHINl YHIBEPCAIHLHOTO
SJNEKTPOITY. JlOCHTh BaXIMBO, IO TeMmIeparypa eiekTpoiiTy ckimagaina 273 K, a

Harpyra noJipyBaHHs — 35 B.
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2.2.4 Bu3HayeHHsI LIOPCTKOCTI MOBEPXHi

VY SKOCTI KUTBKICHOTO IMOKa3HWKA, KOTPUH XapaKTepU3y€e MIOPCTKICTh, perbed
MOBEPXHI MOXE BHKOPUCTOBYBaThCs mapamerp R, BiH BH3HauaeThcs SK cepemHe

apu(MeTHYHE BIIXWICHHS 3HaYEHb IIOPCTKOCTI 3a pi3HUMH Hanpsmkamu [117, 118]:

Rq = Zioalyil (2.8)
ae | — gmcmo BHOpaHMX JUIS BHMIPIOBaHHS TOYOK/IUISHOK B MekKax 0a30BOi
noBxuHM; Y(X) — BIAXWICHHS TPOMITIO BiJl CEpeaHBOT JiHil.

JIis TOCHiPKeHHs CTaHy MOBEPXHI, 30KpeMa ii HIOPCTKOCTI, MICHs Pi3HUX BHIIB
o0poOku, moBepxHI BUKOpucTaHo mnpodumorpadp II-210 Ta  TpUBUMIpHUI
iHTepdepentiitanii  mpodizomerp Micron-Alpha. 3a momomororw nmaHMX mHpHIAdiB,
30KpeMa OCTaHHbOI'O, MOKHAa BH3HAUaTH Ta aHaJi3yBaTh penbed TMOBEpXHI 13
HAHOMETPOBHUM DPIBHEM TOYHOCTI Yy MEPIECHIUKYJISIPHOMY HANpsSIMKY JI0 MMOBEPXHI, IO
nocmimkyeTbest [112, 119]. OcHOBHUME NPUHIMIT aHATI3Y MIOPCTKOCTI TIOBEPXHI MOJISITAE
y HacCTyITHOMY — BUKOHYIOThCSI ME€p10IUYH1 BUMIpIOBaHHS 3a 20-Ma Ta OljIbIlIe JiHISAMU,
MICJS 4YOTO JJIsi KOXKHOI 13 HUX MPOBOJUTHCS PO3PaXyHOK MapameTpiB HIOPCTKOCTI.
Hanani 3a mumMu JaHUMU BCTAHOBITIOETHCS YCEPEIHEHE 3HAYEHHS IIOPCTKOCTI ISt IEBHOT

obuacTti moBepxHi [120, 121].

2.2.5 PentreHiBchbKi MeTOAH AOCTIIKEHHA

Bimomo, 1m0 OCHOBHMM METOJOM JJisi BH3HAYEHHS CTPYKTYPHO-(a30BHX
MIEPETBOPEHbD, K1 B1IOYBAIOTHCS B METaJlaX UM CIUIaBax ITiJl BILTMBOM MEBHUX (PaKTOPIB,
€ peHTreHo(a3oBuil aHalli3, B OCHOBI SIKOTO JISKUTh SBUILE NUPPAKIIT peHTTEHIBCHKUX
MIPOMEHIB Ha KPUCTAIIYHUX T'paTKax JOCTiKyBaHMX matepiainiB. el mporec moxxHa
OIMKCATH 3a I0NOMOroro piBHAHHS Bynbda—bpera:

2dsin® = nA, (2.9)
ne d — MDKIUIOIIMHHEA BicTaHb, 10 Bianosigae mesHii ¢asi, A; 0 — kyr audpaxuii
PEHTIEeHIBCHKUX IPOMCHIB Ha JIaHIM CHCTEMI aTOMHHMX IUIOIIWH; A — JIOBXKMHA XBHII1
MOHOXPOMATHYHOTO PEHTICHIBCHKOTr0 BHUIPOMIHIOBaHHSA (Akd/cy — 1,5418 A); n —

NOpsIOK JU(paKLiHOro MaKCUuMyMy (L1l YKCIIa).
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[IIupoko BiAOMO, IO KOXXHE KPHUCTaJIYHE OJHOpIJIHE YTBOpeHHSA ((aza) Mmae
YVHIKQJIbHY CTPYKTYPY, KOTPY MO’KHa OXapaKTepu3yBaTH 3a JOIMOMOIOI0 HACTYITHUX
napamMeTpiB — CHMETpis, IMEpioj TPaTKH, a TAaKOX MPOCTOPOBUN PO3MOJI aTOMIB
BCepearHi eeMeHTapHol koMipku [122, 123]. Inakiie kaxyun, KoxKHii (a3l mpuTaMaHHi
yHIKaJIbHI pediexcu Ha TudpakTorpami.

OnHi€l0 3 OCHOBHUX METOJMK pEHTreHo(azoBUX AOCTIKEHb MaTepialiB €
SAKICHUM aHajii3, KOTpUH 103BoJIsS€ (hIKCyBaTH, BCTAHOBIIIOBATH Ta aHAJ13yBaTH HAsIBHI Y
JOCTI)KyBaHOMY Marepiali KpUCTaJiuHi OJHOPiAHI yTBOpeHHs/da3u. OnHak, 3rajaHa
METO/IMKA HE Ma€ Ha METI BU3HAUYEHHS iX BIJICOTKOBOT'O BMICTY. PedoBHHaM CKJIaTHOTO
XIMIYHOTO CKJIaqy MpUTaMaHHE YTBOPEHHS BEJIMKOi KUIBKOCTI Pi3HOMaHITHUX (a3 1y
JAHOMY BHIAJKY 3arajbHl AUQpaKUiiHI KapTUHU OyIyTh pe3yJIbTaTOM HaKJIaJdaHHS
pednekciB Bin ycix HasgBHUX ¢a3. [lpuyomy 1€ HE BUKIMKATHUME 3MIIICHb YU
HEBIJIBOPOTHHUX 3MiH, 1 MOK€ MPUBOAUTH JIUIIE 10 HAKIaJAaHHS MiKiB (MIABUIICHHS X
IHTErpajJbHOl 1HTEHCHUBHOCTI), @ OTKE€ HE€ BIUIMBAaTUME Ha peE3yJbTYIOUHl HaOIp
mudpakmiianx — mMakcumymiB - [122-124].  besnocepeaHb0  MiCHs  OTPUMaHHS
PEHTI€HIBCBKOI KAPTUHU TMPOBOAUTHCS AHAII3/TMOPIBHSAHHSA KYTOBUX IOJIOKEHB
pedrekciB Ta iX IHTEHCUBHOCTEH 13 CIellalbHUMU PEHTTeHIBChbKUMHU 0a3aMu JaHuX (2060
€TAJIOHHUMH PEYOBUHAMM ).

[HII0I0 METOJIMKOIO, IO JO03BOJISIE BCTAHOBUTU BIJCTOTKOBHI BMICT/PO3MOI1LIT
KPUCTAJIIYHUX OJHOPITHUX YTBOPEHb Yy JOCHTIIKYBAaHOMY MaTepialli, € KUIbKICHUUN
¢dazoBuil aHami3, TOJIOBHA 1J€d SIKOrO IOJSrae y HAacTymHOMY — IHTerpajibHa
IHTEHCUBHICTh pedIeKCIB Ha PEHTIeHIBCBKUX KapTHHAX TMPsSMO MPOIMOpIliiiHa
BIJICOTKOBOMY BMICTY KOXHOI (pa3u y gochipkyBaHoMmy matepiaini [123, 124]. 3aranom
ICHy€ JeKUIbKa TMOUIMPEHUX METOJIIB BCTAHOBJIEHHS KUIBKICHOTO (ha30BOr0 CKJIATY
PEUYOBHH CKJIQJHOTO XIMIYHOTO CKJIajJy, HaNpUKIaj, TMOPIBHSAHHS I1HTEHCHUBHOCTEH
pednekciB  pi3HuX (a3, KoTpi 3adikcoBaHi Ha AUpaKTOrpami, MOPIBHSHHS
IHTeHCUBHOCTEHN pedIeKCiB Bl HOCIKYBAHOTO MaTepialy Ta €TajoHa.

3aranpHOMPUMHSITO PO3PAXOBYBATH IHTETPAIbHY IHTEHCHUBHICTH pPedIICeKCIB,

OTPUMaHUX BiJl aTOMHHUX IIONIMH 13 iHaekcamu hkl, 3a HacTymHOIO hopmyroro [123]:
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I = CL(0)|Fria|2Priae™A(®), (2.10)

ne C — 3arayibHU# 715 BCiX pediIeKCiB MHOYKHHK, KOTPUM 3aJIe)KUTh B/l TOBKUHH XBHJI1

PEHTTEHIBCHKOrO BUIPOMiHIOBaHHS; |Fha|> — cTpykrypHmii ¢akrop; Phg — 4uHHHK
noBTOproBaHOCTi; €2 — Temneparypuuii unHHKK; A(0) — YMHHMK IOTIMHAHHS.

BapTto Bkazaru, 110 gaHi YUHHUKH 3aJI€KaTh HE JIUIIE BiJl MPUPOIH JOCTIIKYBaHOT
pEUOBMHU, a W TeomeTpli 3HOMKH 3pa3KiB, OBXHHHM XBUJIl A PEHTICHIBCHKOTO
BUINPOMIHIOBaHHS. TakoX BapTO BpaxoByBaTh TOoW (HakT, IO ICHYE HEHYJIbOBA
IMOBIPHICTh HASBHOCTI €KBIBAJICHTHHX TUIONIMH (3 OJHAKOBHUMH TU(PAKIIIHHIMU
KapTUHAMM) Ta BHOCUTH TII€BHI MOMNPABKU MiJl Yac aHamizy KapTuH. [Ipuuomy
IHTEHCUBHICTh pe(dIEKCIB TaKOX MOXE 3aJeKaTh BiJl KOE(DIIIEHTY MOTIMHAHHS
PEHTI€HIBCHKOIO BUIIPOMIHIOBAHHSI MaTepiaJioM PEUOBUHU, a HE JIUILIE B1Jl KOHLEHTpAaIli
naHoi ¢as3u y Hiit [123].

PentreniBcbkuii (ha30BHIl aHAI3 MPOBEACHO 13 BUKOPUCTAHHIM TU(PPAKTOMETPY
Rigaku Ultima IV 3a ymoB MigHoro BumpowminioBaHHs (Acuyk, = 1,5418 A). Pesxumn
3MOMKH BU3HAYaJIMCS 3 ypaxyBaHHSM IOCTaBJICHUX 3aBJaHb. [HTepBan kyTiB 20 = 10°—
120° i3 kpokom peectpamii — 0,04° Ta yacoM BUTPUMKH Yy KOXHIM TOuli — 2 cC.
Buxopucrano pi3Hy reometpito 3iMlomku — 3a bperriB-bpentano Ta “koB3arouoro

IIPOMEHIO” 3 KYTOM MaJiiHHS PEeHTT€HIBCHbKOTO IPOMEHIO 3°.

2.2.6 BunpoOyBaHHsI Ha 3HOCOCTIHKICTH

BunpoOyBaHHs Ha 3HOCOCTIMKICTh MPOBEAEHO ISl 3pa3KiB y BUXIJHOMY CTaHi,
nicist Y3YO-monudikanii Ta CHHTE3y NOKPUTTIB y CEPEIOBUIII HEAKTUBHOTO PIAKOTO
napadiHy 3a CTAaHAAPTHOIO CXEMOIO “KOHTP-TLJI0 — MOBEPXHS 3pa3Ky’’ 13 BUKOPUCTAHHAM
tpubosoriunoro komruiekca ATK]] (puc. 2.7) [78, 125, 126]. Chepuunuii ingaeHTOp
(KOHTP-T1J10) 3 OKCUAY antoMiHito (TBepaicTh 15,5 I'Tla) niamerpom 8§ MM 3aiiicHIOE 13
NEBHOIO YacTOTOI 3BOPOTHO-TIOCTYMAJbHUM pPyX IUIOCKOIO TOBEpPXHEK 3paska. Y
KIHIIEBOMY PE3YJIbTaTi OTPUMYETHCS TOPI’KKA TEPTA-3HOIIYBAHHS 3arajibHOI0 JTOBXKUHOIO
4 mM. 3a3BUYail iICHy€ HE3Ha4Ha HEOOXIAHICTh MPUIIPAIIOBAHHS MOBEPXOHb 3pa3Kka 1
KOHTp-TUIa Oe3mocepeHbo Mij 4ac TepTs, MPOTE B JaHI KOHCTPYKIli BOHA Maiike

MOBHICTIO YCYHEHA 3a PaXyHOK BiZICYTHOCTI Oy Ab-SKUX JTIO(PTOBUX 3'€THAHBL Ta KOHTAKTIB
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KOHCTpyKIlii. OTxke, TpuOOJOTiYHA YCTAHOBKA TAKOTO THITY JIO3BOJISIE JOCIHIKYBAaTH
3HOCOCTIMKI BJIACTUBOCTI MOKPHUTTIB (40 2 MKM—3 MKM), III0 CHHTE30BaH1 Ha MOBEPXHI
METaJliB Ta CIjiaBiB. Takok Ba)KJIMBO BPaxOBYBAaTH, IO Yy IMPOLECI TEPTS ABOX JOCHUTH
MOAIOHUX 3a CKJIaJIOM MaTepialliB/TIOBEPXOHbB (JIOCTITHOTO 3pa3Ka Ta KOHTP-T1JIa) MOXKE

BiI0YBaTHCS 3HOIIYBAaHHS KOHTP-TLIA.

’/J— |

~
b

L \ |
////////)(//////// AT
5 4 3

2

1 — xopmyc-dikcaTop, 2 — eIeMEeHT-TIePEeTBOPIOBaY, 3 — 3aTUCKaloya MPUCTaBKa,
4 — nB1 apH KYyJIbOK, 5 — CTiiiKa KOB3aHHS, 6 — OMOpHA IJIACTHHA,
{ — KiIbIIeBa NPYKUHA, 8 — TOCTIAHUHN 3pa3ok, 9 — IHIEHTOP/KOHTP-TiI0, 10 —
roJIoBHUM 1uiHap, 11 — Habip Tsrapuis, 12 — HaGip npyxuH, 13 — Baxisb,
14 — kynaukoBUi MexaHI3M

Pucynok 2.7 — Bynosa Ta 3araneHuii Buriisg TpudosioriyHoi ycraHoBku ATK]] [125]

3araqomM METOJIMKa 1 YMOBU IMPOBENEHHS 3HOCOCTIMKUX BUIPOOYBaHb 3 METOIO
JOCIIJPKEHHSI  CMHTE30BaHUX TOKPUTTIB  OOMpaMCA 3aJIeKHO BiA  MPUPOIU
JOCTI)KyBAaHOTO MaTepially 3 METOI MOJENIOBAHHS OJHOKPUCTAIBLHOTO a0pa3uBHOIO
3HOUIYBaHHS Ta, BIANOBIAHO, POOOYMX YMOB eKCIUTyararii, i MpUKIady,
ra3oTypOIHHUX JIONATOK YW BaJIKIB aBiaJBUTYHIB. YMOBH MPOBEACHHS BUIPOOYBaHb y
JaH1ii poOOTI HACTYIHI: MPUKIIaJEHE IO KOHTP-TiJIa HABAHTaKeHHs Oyi10 Ha piBHI 20 H,
a 4acToTa Ta IMBUIKICTh MOTO KOB3aHHS cTaHOBMIM, BignosigHo 1 I'pta 0,013 m/C.

3HOCOCTINKI XapaKTepUCTUKH BHU3HAUajacs 13 aHami3y mnpodirorpam, 110

OTPUMYBAJIHCS JIJISl TOBEPXHI KOHTAKTY/3HOLTYBAaHHS MEPICHINKYJISPHO JOPIKI TePTsI
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3a gomomororw mnpoduiorpad-npodigomerpa P-201. OTxe 3a JaHUMH CTOCOBHO
3arau0JIeHHs Ta IIMPUHU JOPIKKM KOHTAKTYy 3 KOHTP-TLIOM 3a BIJIOMOTO pajalycCy
1HICHTOpA, pO3paXxOByBAJIaCh BEIMUYMHA 3HOITYBAHHS MaTepialy TIOKPHUTTSL.

3acTOCOBYBaBCSl TaKOXk METOJ CKJIEpOMETpii, SKUM 3riAHO 13 MIKHAPOJIHUM
crangaptoM SO 14577:2002 BiiHOCUTBCS 10 KaTeropii HAHOPO3MIPHUX AOCHTIIKEHb 32
YMOBH MPOHUKHEHHS 1HACHTOPA /10 TOBEPXHEBUX IapiB MaTepiary 10 rauouau 20 HM.
Takuit maxigx BIAKPUBAE HOBI MOXMJIMBOCTI JJI  JOCHIKEHHS MEXaHIYHHUX
XapaKTePUCTHK IMOBEPXOHb Ta KOMITO3UTHUX 1 (DYHKIIOHAIBHUX MOKPHUTTIB JOCUTH
He3HayHoi Topmuau [108, 118, 125].

3aranom, METOJ| CKJIEpPOMETpii Mae HHU3KY IepeBar MOPIBHSHO 13 METOJaMHU
HAHOIHACHTYBaHHS UM KJIACHIYHUX BUMIPIOBaHb 3HOCY, a CaMe: MEHIITNI BIUIUB IPYKHOTO
B1IHOBJICHHSI, MOKJIMBICTh BUBUCHHSI IIEPEX01y BiJ IMIPYKHOI A0 TUIACTHYHOI AedopMaliii,
3aCTOCYBaHHS OUIBII MKOPCTKUX YMOB (Ta 3CYBHHMX HaIpy>K€Hb), TOCTIIKEHHS aaresii
BIJTHOCHO TOHKHX ITOKPHTTIB i3 MaTpU4IHUM Matepiamom [118].

BuszHayeHHs! 3HOCOCTIMKOCTI METOJIOM CKJIEPOMETPIi MOJIsArae y ApsIaHHI 3pa3Ka
1HAEHTOPOM 3 MOJAJIBIIMM BH3HAYEHHSAM IPOQuI0 30HU AedopMallii MOBEpxHI. A cam
QITOPUTM BUTJISIJIA€ HACTYITHUM YHHOM:

— IPOBOJUTHCS CKIIEPYBaHHS AOCIIIHKYBaHOI MOBEPXHI,
— BU3HAYA€THCS 00'€EM BIABJICHOTO MaTepially Ta BUJIABJICHOTO B3I0BXK JIIHIT APSITaHHS;

— O0YHCITIOETHCS MIKPOTBEPAICTD 3a hopmyJioro [118]:

H=c-§2, (2.11)

ne C — xoedimieHT Gopmu 1HISHTOpa (OOYHMCIIOETHCS IUISIXOM JTOCIIIKESHHS
Martepiany 3 BIJOMHM IMOKa3HUKOM TBEPJOCTI, HANPHUKIIAJ IUIABJIEHOTO KBapuy); P —
HOpMaJIbHE 3YCHJUISA, 3a SIKOTO HAHOCHJIMCS TOAPSANUHH, D — cepemne apupmeTHyHe
3HAYCHHS ITUPUHHM TTOPSITHHHY;
— aHAM3YEThCS 3HOCOCTIMKICTD, 32 TOCTIHHOTO HOPMATHLHOTO HABAaHTAXKCHHS Ha 30H]I-
HAHOIHACHTOP, TIOKAa3HUKOM 3HOCOCTIMKOCTI CIYKWUTh BEIWYHHA, 10 OOCPHEHO

npornopiiiiHa moBHOMY 00'eMy V, nedopmMoBaHoro iHAeHTOpOM MaTepiany [118, 127]:
Vo __ W

k=2

Vi VetV

, (2.12)
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ne Vi — 00’em BaaBieHoro matepiany; V. — 00’emM Martepiaiy, 1o OyB 3MIIIIEHUH B
nedopmariitii Oyrpu; Vo — eTaJioHHMM 00’e€M MaTepiandy, KOTpUM HEOOXITHHM IS
OTpUMaHHs 0€3p03MipHOCTI TIOKa3HUKa K.

3aranom, miciisgi OTPUMAHHS JTaHUX WIOJ0 KUIBKOCTI JAe(QOpPMOBAHOTO MaTepiary

MOJKHA BH3HAYUTH BEJIMYUHY 3HOIITYBAHHS MaTepially JOCTiTHOTO 3pa3Ka/OKPHUTTS.

2.2.7 I'paBimeTpuYHUIl aHATI3

Jlns maTepiaiiB, 10 MPAIIOIOTh 32 YMOB IJBUIICHUX TeMIEpaTyp, iXHs CTIAKICTb
0 OKHCHEHHS € OJHICI0 3 HaWBAXIMUBIIIMX TEXHOJOTTYHUX BJIACTHBOCTEH.
BcTaHOBIIEHHS pIBHS CTIMKOCTI 10 BACOKOTEMIEPATYPHOTO OKUCHEHHS JTOCHII)KYBaHUX
y poboti 3pa3kiB crutaBy BT6 micis yapTpa3BYyKOBOi yJIapHOi OOpOoOKH 3 pi3HUMU
MOPOIIKAMHA TIPOBOJMIM 32 JOIMOMOTOI0 METOAY TpaBIMETpii. ANTOpUTM JaHOTO
JOCITIJIPKEHHS TIOJISITaB Y HACTYIMHOMY: 3pa3Ku 3 JOCIITHOTO MaTepialy A0 HUKIIYHOTO
BHUCOKOTEMIIEPATypPHOTO BIJIMAy OYMINAIUCS BiJl 3a0py/IHEHb/OPTraHiKy 3a JOTOMOT0I0
MIPOMHBAHHS, BUCYIIYBAaHHS, IICIAS YOTO 3BAXKYBAJIWCh HA aHANITHYHUX Barax s
BU3HAYECHHS CTAPTOBOI TOUKH JIJIs MOJANBINOI TpaBiMeTpii. Hagani mpoBeneHo BUTPUMKY
y TIOBITPSHOMY CEpPEIOBHINI 3a TEMIEpaTypHd, IO 3HAYHO TMEPEBHUIIYE MEXY
AKAPOCTIMKOCTI Marepiaidy, IO JOCHIIKYEThCSA, 13 3arajbHOI TPHUBAIICTIO OJIU3BKO
S50 roguH B peXuMMi TEPMOIMKIIOBAHHS (HarpiB 10 3aJaHOI TEMIEpPaTypHOi Mexl —
BUTPUMKA 3a L1€1 TeMIiepaTypH YIPOAOBK S TOJUH — MOBUIbHE OXOJIOHPKEHHS Ha MTOBITP1
13 MYYI0) Ta MOeTanHe 3BaxyBaHHs 3 TouHicTIO 0,001+ T.

OTxe, OCHOBHOIO ie€r0 TpaBiMeTpii € (ikcalis Ta MOPIBHSIHHS 3MIHHM Macu
JOCTIAHUX 3pa3KiB 3a JOMOMOIOI0 TMEPIOJUYHOTO 3BaXKYBAaHHSA YIMPOJOBXK YCHOTO
MpoIIeCcy BUCOKOTEMITepaTypHoro Bianamy. L{e mo3Bosie mpoanamizyBatu eeKTUBHICTh
3aCTOCYBaHHs KOMOIHOBaHO1 OOpOOKHM [l TIOKPAIEHHS CTIMKOCTI  CIUIaBiB J0O
OKHCHEHHS, a TaKOXX BCTAaHOBUTH JOLUIbHICTh BUKOPHUCTaHHS TIEBHOTO METOY
Moaudikaiii TOBepxH1 I 3a0e3MeueHHsT He0OX1THOTO PIBHS 3aXMCTy MaTepialiB, IO
MPALOIOTh 32 BUCOKUX TEMIIEpaTyp Y BHCOKOBIANOBIIaTbHUX KOMIIOHEHTAX/By3Jax

MIPUJIAJIIB TA arapariBb.
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2.2.8 KopogiiiHi goc/aigxeHHst

BusnauenHs piBHS KOpPO3IMHUX BJIACTUBOCTEH PSAAY AOCTIAHUX 3pa3KiB MiCIs

CHHTE3Yy IMOKPHUTTIB MPOBEICHO 33 CTAHAPTHOIO TPHOXEICKTPOIHOIO CXeMoIo (puc. 2.8).

Usax

Jlxepenio 3a1aBaHHA
HADPYTH = IocumoBau

1 Morenmianbami

NPOBITHHK

@

EnextpoximMiuna Enextpon ~ Jlocinmmii  [lomomimmit
KOMIpKa TOPIBHSIHHS eneKTpon €IEKTPO ’

Pucynok 2.8 — CxeMa yCcTaHOBKH JIsl KOPO31MHKUX TOCHIKEHD

OCHOBHUH TPUHIMI POOOTH TMOJSITaE y MIATPUMIN TOTEHIIATy eJIeKTPOIy
(MONSAPU3YIOUOTO CTPYMY), IIO AOCHIIKYETHCA 3a JOMOMOTOK IMOTEHLIOMETpa, He
3Ba)XAlOYM HA 3MiHM, 5Kl B1AOYBAaIOThCA B €JIEKTPOXiIMIYHINA kowmipii. CraOumizaris
MOTEHI[laTy BiIOYyBa€ThCSA 3a JOMOMOTOI0 KEPYBaHHS CTPYMOM TMOJSpH3aIli, SKUN
MPOXOJUTHh POOOYUM JIAHLIFOTOM, KOTPUH (POPMYETHCS 3 €IEKTPOXIMIYHUX KOMIPOK, IO
SBJITIOTH COOOIO TPYITy €JIEKTPOAIB: MOPIBHSAHHS, JOTIOMDKHUN Ta HOCTiAHMH [28].

JlomoMiXKHUN eJIEeKTPOJ Tpa€ pPOJib KIYOBOTO Ipu (OpMyBaHHI poOOUYOIO
JAHIIOra, a eJEKTPOAM pPOOOYOro TMOPIBHAHHS CHYTYIOTh [JIsi BHUMIPY PpI3HHII
MOTEHI[IaMB. AJTOPUTM POOOTH [1aHOI YCTAHOBKU IMOJSTAa€ B HACTYMHOMY: Ha JBa
BUXOJM TIJICUJIIIOBA4Ya HAJIXOJATh CHUTHAJIM KEPYIYOro HAMpyXEHHS Ta PI3HULI
MOTEHIIAJIIB TIOPIBHSJILHOTO Ta JOCTIAHOTO enekTpoAdiB. Ilicist doro BigOyBaeThes
MOPIBHSHHS 3a()IKCOBAaHUX MIJICHIIIOBAYEM HAMPYKEHb, B PE3yIbTaTi, PaKTUIHa PI3HUIIST
MOTEHIIAJIIB pOoOOYOro Ta JAOCIHIHOTO €JIEKTPOJIIB 3aCTOCOBYETHCS I KEpyBaHHS
BEIIMYMHOIO BUXIJIHOTO CTPYMy Ta TMOJAQNBINOI TOJSPU3aAIi  €JIEeKTPOdy, IO
JTOCTIKY€eThbCs [28]. 3a oTpyUMaHUMM pe3ybTaTaMu POOUTHCS BUCHOBOK IOAO PIBHS

KOPO31MHUX BIACTUBOCTEH JTOCIIIHKYBAHOTO MaTepiaiy.
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Y naHiii poGOTI IsI KOPO3IMHMX BUIMPOOYBaHb CHUHTE30BAHMX ITOKPUTTIB
Bukopuctano 3,5% Boanuii po3unH NaCl. [IpoanaizoBaHO 3aJIeKHOCTI TMOTEHINATY
BIIKPUTOI KOMIPKH BiJ 4acy Ta CTpyMy MOJIApHU3allli 13 BUKOPUCTAHHSAM KaJOMEIbHOTO
Ta IUIATHHOBOIO eyekTpoiB [128, 129]. BusHauaauch HACTYIHI XapaKTePUCTHKH: E, —
HOTEHIIaNn KOpo3ii, Iy — rycTHHa CTpyMy Koposii, Ry, — omip kopomayBaHHIO, Py —
eeKTUBHICTb 3aXUCTy BiJ Koposii. [lapamerp P MacuBHUX IJIIBOK, 110 YTBOPIOIOTHCS
y nporieci Mmoaudikalii 3pa3kiB, po3paxoBaHO Ha MOYATKOBUX AUISHKAX MOJISPU3AIHUAX

KPHUBHX 3 ypaxyBaHHSM iX omopy KopoayBanHmo (Ry) 3a popmysoro [130]:

RMOAI/I(‘l)iKOBaHI/Iﬁ _ RHeo6p06neHI/I1‘/’1
— i I . 0
Ped) - RHe06po6neHm7I 100%, (213)
n
Heo6po6IeHU I . MoanbiKoOBaHUHN
Rn € OIIOpOM KOPOAYBAaHHIO BUX1THOI'O 3pa3Ka, a Rn -

XapaKkTepu3ye omip 3pa3KiB Micist MoaUDIKaIli pI3HUMH METOJaMHU.
BignoBigne 3HadueHHs R, amd gociiKyBaHUX 3pa3kiB OyJio OILIHEHO 3
ypaxyBaHHSAM HaXWJIy MMOYATKOBOI MIJITHKY MOJISPU3AIIHHOT KPUBOI SIK:
Ry = AE./Aiy s Ai, = 1,78 MxA/cm?, (2.14)
JlaHuil TOKa3HUK € SAKICHUM I JIEMOHCTpallii e(QEeKTUBHOCTI Mpolecy

MoaudiKallii MOBEPXHEBUX IIapiB MaTEpially Ta MOKPAIIEHHS MOT0 KOPO31MHOI CTIKOCTI.

BucHoBku 10 po3ainy 2

3 METOI0 BU3HAUCHHS CTPYKTYpH Ta BiactuBocTel cmiasiB BT6, JIC59-1 ta AMr6
BUKOPHCTAHO Cy4YacHi Ta iHHOpPMATUBHI METOJIUKH, TaKl K MIKPO- Ta HAHOIH/IEHTYBaHH,
€JIEKTPOHHA MIKPOCKOMI1s, MpOo(IIOMETPIsl, PEHTTEHO(Pa30B1 JOCIHKEHHS, TpaBIMETPis,
BUMPOOOBYBAHHSI Ha 3HOCO- Ta KOPO3IWHY CTIMKICTh, SIKI Y KOMILJIEKC 3a0e3nednsig
e(peKTUBHE BUPILIECHHS MOCTaBJICHUX Yy POOOTI 3a7ay Ta MaKCUMajbHY JOCTOBIPHICTH
OTPUMAHMX EKCIIEPUMEHTAIbHUX JaHUX.

OOpaHi oNTUMaJIbHI CTIOMYYEHHS MaTepialliB, TapaMeTPH 1 PEKUMHU Pi3HUX BUJIIB
BHCOKOCHEPTeTUYHOT TOBEPXHEBOI OOpOOKHM, a TakoX KOMOIHAIli Takux 0OpoOOK
JIO3BOJIMJIA BCTAHOBUTU HOBI MaTepiajio3HaBul €(PEeKTH Ta CYTTEBO MOKPALIUTH
MPUHITUTIOBO BAXKJIMBI  BJIACTUBOCTI JOCTIPKYBAaHMX CIUIABIB IUISIXOM CHHTE3Y

BUCOKOMIITHMX KOMIO3UIIIHHUX TTOKPUTTIB.
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PO3/ILJ1 3 BIIUB YJbTPA3BYKOBOI YJIAPHOI OBPOEBKH 3
JIPIBHOJAMCITEPCHUMH INOPOIIIKAMM TA TEPMIYHOI OBPOBKH HA
CTPYKTYPY, ®A30BHI1 CKJIAJ] TA BIACTUBOCTI TIOBEPXHI
THTAHOBOI'O CILTABY BT6

VY na"nomMy po3aiii MPeACTaBICHO Pe3yabTaTH HOCTIKEHHS CTPYKTYpH, (pazoBoro
Ta XIMIYHOTO CKJaly, a TaKOXX KOMIUIEKCY IPAKTHYHO BaXKIUBUX BIIACTUBOCTEH
MOKPUTTIB, CHHTE30BaHUX YJIBTPA3BYKOBOIO yIapHOIO 00OpOOKO0 MOBEpXHi cruiaBy BT6
13 JOlaBaHHSAM JI0 30HM IHTEHCHUBHOI IUTACTUYHOI nedopmariii IpiOHOAMCTIEPCHUX
nopomikiB (0-SisNa, B-SisNs ta Al,O3), 3 HOJANBIIOK TEPMIYHOI OOpPOOKOIO 3a

temriepatypu 650 °C na nositpi [3, 5, 6, 7, 10, 11, 13, lonaTox A].

3.1 Ximiynuid Ta ¢a3zoBuili ckiaag mosepxHi cmiaBy BT6 micas Y3YO 3

nopomkamu o-SisNs, B-SisNs Ta Al2O3, Binnaay Ta kom6iHOBaHOI 00p0o0KH

®dopMyBaHHs OKPUTTIB Ha MoBepxHi croiry BT6 BinOyBanock Bnponosxk Y3YO 3
OJTHOYACHUM JI0/IaBaHHSIM JI0 30HU Jie(popMaliifHoi Aii MPOMI)KHOTO YAAPHOTO €JIEMEHTY
nopomikiB  Al,Os, a-SisNs ta [-SisNs. IloBepxHs 3pa3ka muiaiHApUYHOI (HopMH
(miameTtpom 13 MM Ta BUCOTOIO 5 MM), PO3MIIIEHOTO y 3arIMOJIECHHI MACUBHOI CTAaHUHH,
MOKPHUBAJIACh IIAPOM 3MIIHIOIOYOTO TMOPOIIKY Ta 3a3HaBajia IHTEHCHUBHOI MJIACTHYHOL
nedopmairii. CymapHa TpuBaiicth aedopmaitiiinoro BBy ckiaaana 300 ¢, mo 150 ¢ 13
KOXXHOTO OOKYy B JUCKPETHOMY peXuMi, TOOTO 5 IUKIiB 00poOku TpuBaiictio 30 ¢ 13
MOBTOPHOIO TOJ@4Yer0 TMOPOIIKY 10 30HH 00poOku. Yacrora yIbTpa3ByKOBOTO
redeparopa = 21,5 k1, wactora ynapis 6oiika = 2 k11, aMIuIiTy1a KOJIUBaHb YJIapHUKA
= 25 MKM, eHeprig yaapy = 18 m/Ix.

Po3mip yactunok nopomky Al,Oz xapakTepu3yBaBcs AOBOJI 3HAYHUM PO3KUIOM
3a (pakiismu — Big 20 MM 10 120 mxm. Jliana3zon po3mipiB mopoimHoOK a-SisNg Ta -
SizN4 OyB 3Ha4HO MeHIIMM 1 cTaHOBUB BiAMoOBiAHO 0,3 MKkM—4 MKM i 0,5 MKM—20 MKM.
Husbki 3HaueHHd Koe(ilieHTy TpIIMHOCTIMKOCTI Kjc CHOPUAIOTH CYTTEBOMY
MOAPIOHEHHIO 3MIIHIOIYUX TOPOMIMHOK B TPOIECl I1HTEHCHUBHOI IUIACTUYHOL

neopmarii. Ilicns Y3VO 3pa3ku 3a3HaBaid TEepMIuHOiI OOpOOKM Ha TOBITPI 3a
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temmnepatypu 650 °C B pexxuMi TEPMOIMKIIIOBAHHS 13 3aTaJIbHOIO TpUBAJICTIO S0 TOJIUH:
Biznan 1o remrepatypu 650 °C 31 mBuakicTio 9 °C 3a XBUIUHY — 130T€pMIYHA BUTPUMKA
5 TOIMH — OXOJIOKEHHS 3 Y40 13 mBUAKICTIO ~1°C/C.

XimMiyHu# ckjag ToBepxH1 cmuapy BT6 micis pi3HMX BHUIIB OOpoOKH 3a
pe3ynbTaTaMu  EHEPrOJAUCIIEPCIMHOTO PEHTICHIBCHKOTO aHAi3y MpEeACTaBICHUN B
taou. 3.1. g Bunaaky Y3VO 3 mopomnikom Al,O3 criocTepiraerbest 3HaUHE 301TbIICHHS
kimbkocTi Al (mo 35 Bar.%) ta kucHio (0 45 Bar.%) y npunoBepxHEeBUX (Ta BiTHOCHO
MIMOWHHMX ) Iapax 3 OJHOYACHUM 3MEHIICHHSIM KOHIICHTPAIlli CKIIAJOBUX MAaTPUIHOTO
crutaBy (T1Ta V), 1o € BAaromMmuM miATBEPIKEHHSIM YTBOPEHHS BIJIITOBITHOTO OKCUIHOTO
MOKPUTTSL.

Amnanoriuno mijg yac Y3VYO 3 nopomkamu a-SisNg Ta B-SisN4 Ha MoBepXHi CIUIaBy
BT6 yTBOpro€ThCsi MOKPUTTSA 13 BUCOKUM BMicTOM Si Ta a3oty. Ilicias momanbioi
TEPMOOOPOOKM Ha TMOBEPXHI 1IEHTUPIKYIOTHCS TI€BHI 001acTi 3 MIJABUIIECHOIO
KOHIICHTpAIIEI0 BYTJICIIO Ta KUCHIO, aje 301 HeH]1 Ha a30T (Tadna. 3.1), mo Moxe OyTu

HACJIIJIKOM HEJ0CTaTHBOI aATre31MHOT MIITHOCT] CHHTE30BAHOI'O IMIOKPHUTTS.

Ta6mus 3.1 — XiMiuHUH CKIIa]1 MOBEpXHEBHX mIapiB cruiaBy BT6 (Bar.%)

3pa3ok/eneMeHT Ti \ Al Si @) N C Fe

BT6 8595 453 587 - - - 365 -
BT6 (650°C) 68,06 276 48 - 1841 - 597 -
Al,O; 1393 - 3332 - 4455 - 725 -
Al,03 (650°C) 491 - 3480 - 417 - 1524 269
a-SisNy 163 - 044 4239 803 373 821 2,04

a-SizNy4 (650°C) 2,24 0,72 3225 13,33 2449 2524 124
B-SizNa4 11,38 0,93 34,41 13,07 2542 7,47 17,61
B-SizN4 (650°C) 131 081 193 16,17 2396 11 33,99 8

XiMIiYHHAN CKJIaJ MOBEPXHEBUX ImapiB 3paskiB micis Y3YO 3 nopormikoM o-SizNg
JIEMOHCTPYE, 10 KOHIEeHTparlist Si (42,4%) npakTU4YHO BIiJMOBITA€ CTEXIOMETPUUYHOMY

ckiany (42,8%), xo4a KuIbKicTb a30Ty (37,3%) € nemo HUK40k0 BHACTIA0K HACUYEHHSAM
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MIOBEPXHEBOTO Iapy KucHeM Ta ByrieueM. /s Bunaaky Y3VYO 3 mopomkom SizNg B-
Mo (diKalii, MpoIecu OKUCHEHHS SK JI0, TaK 1 MCJIsl TepMIYHOI 00pOOKH, BIIOYBAIOTHCS
HabaraTo IHTEHCUBHIIIIE, aH1K JIJIs1 BUMAJIKY 3aCTOCYBaHHS 0-MOaudiKaIlii.

Crnin 3BepHYTH yBary Ha MiABUIIEHUH BMICT Fe y moBepXHEBHX IIapax Micis
V3YO 3 nopomikom B-SizN4, 110 MOB’s3aHO 13 MacOTIEpEHECEHHIM MaTepially yIapHOTO
eneMeHTa — 0oiika — BrpoAoBk Y3YO y 3B’A3Ky 13 MPUCKOPEHUM 3HOIIYBaHHSM, SIKE
MaiiKe He CIIOCTepIiraeThes I YaCTHHOK HaaTo Beaukoro (Al,Oz) Ta HaaTo masoro (o-
Si3sNy) po3mipis.

PosrisitHeMo OUIbII 1€TadbHO BUXITHUN Ta OKMCHEHUH 3pa3ok criaBy BT6 micis
BHUCOKOTeMIIepaTypHoro Bignaiy (puc. 3.1, Tabin. 3.2). Ha moBepxHi crnocTepiraroThCs
yCl1 OCHOBHI CKJaJ0B1 cruiaBy BT6, npote peecTpyeTbes pi3Ke 3pOCTaHHS BMICTY KHCHIO
no 37 Bar.% (cmexktp 1 Ha puc. 3.1). Taka KITbKICTh KHCHIO € BHIIOIO, aHK HOTO
MaKCUMAaJIbHO MO>KJIMBA KOHIIGHTparlist y TBepAaoMy po3umni Ti-O [128, 131, 132]. Lle
MIATBEPKY€E (POPMYBaHHS TIEBHOI KIJTBKOCTI OKCH/IIB QTIOMIHIIO Ta TUTAHY Ha MOBEPXHI

Matepiaity, KOTpl MOXKYTh OyTH OCHOBOIO CHHTE30BaHUX 0aratrorapoBUX KOMITO3MIIIN

TiOg/Ale;g (pI/IC. 31)

Tabmuns 3.2 — XiMidyHUH CKJIaJ] TO3HAYCHHUX JiITHOK TTOBEPXHI 3pa3KiB (aT.%)

Pucynok | Crektp Ti Al VvV C @) Fe
3.1 1 52,04 6,02 2,44 2,45 36,95 0,09
1 4,91 35,86 0,11 1,10 57,84 0,19
3.2 2 5,29 32,35 0,61 1,24 60,21 0,30
3 - 36,44 - 0,85 62,71 -

3a JaHUMH €HEepTo-AUCIIEPCIMHOTO aHali3y Ui CHHTE30BAaHOTO 3a JOTOMOTOIO
Y3VO 3 nopomikom Al,O3 MOKpHUTTS, 110 BiAMOBiAar0Th criekTpy 1 Ha puc. 3.2, a2
(Tabm. 3.2), cocTepiracTbcsi HE3HAYHUM BMICT MAaTPUYHUX €JIEMEHTIB, OTKE, OCHOBHA

00J1aCTh MOKPHUTA YACTUHKAMH OKCHIY aJTIOMIHIIO Ta OKCUIHOIO IJT1BKOIO.
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SEM HV: 100 kV Wo: 1560mm |

View field: 500 yum Det: BSE 00pm
SEM MAG: 722 x

SEM HV: 10.0 kV WD: 1560 mm ||

S v Iaoky it AR BHHARES MIRAI TESCAN]  View field: 15.0 ym Det: BSE 2pm
View field. 50.0 pm
SEN MAG: 722k SEM MAG: 24.1 kx

Pucynok 3.1 — MikpocTpykTypa noepxHi craBy BT6 micns Binmamy Ta AisHKA

JIOKAJIBHOTO JIOCHIIKEHHS XIMIYHOTO CKIIaay

[ToBepxHs 1aHOTO 3pa3Ka XapaKTepU3Y€EThCS BEIMKOIO KIJIBKICTIO 001acTe, KoTpi
MOKPUTI IIUIBHOIO OKCHIHOIO IUIIBKOIO, SIKa (POPMYETHCS 3aBASIKA BTUICHHIO 3HAYHOI
KiTbKOCTI okcuaaux dactouok Al,Oz y mporeci Y3VO (mampukiaa, o0JacTh, IO

BIJIHOCUTKCS JI0 CIIeKTpy 3 Ha puc. 3.2, Tabnuis 3.2).

SEM HV: 100 WV
View field: 500 ym
SEM MAG: 722X

- o«
SEM HV: 10.0 kV WD: 16.76 mm 1l

SEM KV 100 4V i mrastescan]  View field: 15.0 pm Det: BSE 2 pm
View field: 50.0 pm

SEM MAG. 7.22kx SEM MAG: 24.1 kx

Pucynok 3.2 — Mikpoctpykrypa nmoBepxHi ciuiaBy BT6 micis Y3VO 3 nopomkom Al,O3

Ta BiANaNy 3 AUISTHKAMH JIOKAJIBHOTO JOCIIIKEHHS XIMIYHOTO CKIIaly
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Pentrenodazosi gocnimkeHHs criaBy BT6 micis pi3HUX BIUIMBIB CBITYATh MPO
Hactynse. [Ticns Bianany 3a temmnepatypu 650 °C (puc. 3.3) peecTpyroThes nudpakiiitti
makcumymu ¢Gasu o-Ti Ta okcumy TiO, mamoi iHTEHCHBHOCTI, MO y CBOIO YEpry
JIOAATKOBO JI0 €HEProAMCIIEPCIMHOrO PEHTTeHIBCbKOTO aHaimizy (Tadn. 3.2) €
MiATBEP/UKCHHSIM YTBOPEHHS OKCHIHOI TIUTIBKM BHACHIJOK TEPMIYHOTO BILIUBY.
OnmHowacHO 3 1UM, peduiekciB okcuay amominito Al,O; 3adikcyBaT HE BIAETHCS.
MoxnuBo, 10 TpUBaja IMKIIYHA (HarpiB-OXOJIOHKEHHS) TepMiyHa 0O0poOKa
MIPU3BOUTH 10 BUHUKHEHHS BUCOKOTO PIBHS HAMPYKCHb Y IPUITOBEPXHEBUX IIapax 1 11e

CIpHsi€ BIAIAPYBAHHIO Ta BIJITYIIEHHIO MOBEPXHEBUX TUTIBOK OKCHUY aTFOMIHIIO.
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Pucynox 3.3 — ludpakrorpama criaBy BT6 micis Bignany 3a remnepatypu 650 °C

Jlns 3paskiB i3 cuaTe30BaHuM Y3YO 3 mopomikom Al,O3 HOKpUTTSIM SIK 10, Tak i
HicHs BiAMANy, CIOCTEPIraloThes AUPPAKIIAHI MAKCUMyMHU BiJi TATAHOBOI MaTpHII Ta
peduexcu okcuay amominiio Al,Osz (puc. 3.4, a). 1limkoM HMOBIPHOIO € TAKOXK HASBHICTh
ckiagaoro okcuay Al,TiOs y He3HauHiM KIJIBKOCTI, KOTPUH MOXKE MOJIETIICHO
dbopMmyBaTHCs  BHACHIIOK CHHEPreTUYHOrO0  e(EeKTy TEepMIYHOTO BIUIMBY Ta

BHCOKOHAIPYKEHOI0 CTaHy MOBEPXHEBHX MIapiB MaTepiany (puc. 3.4, 6).
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a — 710 Biamaiy; 6 — micis Bignany 3a temrepatypu 650 °C
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Pucynok 3.4 — Iudpakrorpamu criay BT6 micist Y3YO 3 nopomikom Al,O3

OTtpumani naHi MOXYTh OyTH Oe3mocepeAHiM MIATBEPIKEHHAM (POpMYyBaHHS B

nporieci Y3YO KOMIIO3UTHOTO IIapy Ta HIUIBHOTO 3axUCHOro MOKpuTTs Al,O; micis

HACTYMHOI TEPMOLMKITYHOI 00poOKu 3a Temmnepatypu 650 °C.

[Micna Y3YO 3 nopormikamu a-SizNg (puc. 3.5) 1 B-SisN4 (puc. 3.6) Ta nmoxanbmiof

TepMooOpoOku crutapy BT6 3a temmeparypu 650 °C oTpumani pe3ysibTaTd MaroTh

noAiOHUM Xapaxkrep.
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a — JIo Biamainy; 0 — micis Bifnany 3a tremrneparypu 650 °C

Pucynok 3.5 — ludpakrorpamu criay BT6 micist Y3YO 3 nopomikom o-SizNag

dikcyeTbes HasiBHICTD T1, HiTpuy SisN4 pisHUX MoaudiKaliii, a TAKOK HEBEITHKOT

KUTbKOCT1 OKcuay Tutany (~1%). [IpudoMy € MOXIMBICTh BIIHAWTU ¥ CIITU OKCHILY
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AIOMIHII0, KOTpUH MOXe (popMyBaTHCA y MPOIeCi BHCOKOTEMIIEpAaTypHOi 0OpoOKU

naHux 3pa3kiB micis Y3YO Ta MexaHIqHOro JIeTyBaHHS.
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a — 710 Biamany; 6 — micis Bignaty 3a temrnepatypu 650 °C

Pucynok 3.6 — ludpakrorpamu criasy BT6 miciast Y3V O 3 noporkom B-SisNg

Takum unHOM Ha oBepxHi cruiaBy BT6 ¢popMyeTbes 3aXx1CHE NOKPUTTS, OCHOBOIO
SKOTO € HiTpua KpeMmHito SisNg. Take MOKpHUTTS, HMOBIPHO, € TEPMIYHO CTaOITHLHUM, a
(GbopMyBaHHS JIOKQJIbHMX 30H OKCHJIIB THUTaHY/aJIOMIHII0O MOXJIHMBE 3a pPaXyHOK

MIPOHUKHEHHS KUCHIO 10 MEX PO3JLUTY MATPUYHOTO CIUIABY 3 BTUICHUMH MOPOIIMHKAMHU.

3.2 MiKpOCTPYKTYpa Ta MIOPCTKICTh MOBEPXHi CHHTE30BAHUX NMOKPHUTTIB

EnexTpoHHo-MikpockoniuHi 300pakeHHs (PEM) noBepxHi 3pa3kiB cmiapy BT6 y
BUXIJTHOMY CTaHi (a) Ta micis Bianany 0e3 yJapTpa3ByKOBOro BIUIMBY (0) HaBeIEHO Ha
pucyHky 3.7. Bizomo, 1110 BHACITIIOK Pi3HUIII IIBUIKOCTEH 3pOCTAaHHS OKCHUIIB aTIOMIHIIO
Al;,O3 ta tarany TiO, — okcuaHa TUTiBKa Ha ToBepxHi cruiaBy BT6 cknamaerbes i3
QFOMIHIEBHX Ta TUTAHOBUX OKCUIHUX mporrapkis [131, 132], ocobmuBo 3a TemmepaTyp

Buux 650 °C—700 °C [133].
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1pm

SEMHV: 100kV ‘WD: 15.60 mm ] | 1 | MIRA3 TESCAN|
View field: 500 ym Det: BSE 100 pm
SEM MAG: 722 x

SEM HV: 100 kv WO: 17.90 mm
View field: 500 pm Det: BSE
SEM MAG: 722 x

a) 0)
a — BUX1THUH cTaH; 6 — Biamai 3a Temmepatypu 650°C

Pucynok 3.7 — MikpocTpykTypa noBepxHi craBy BT6

[e#t daxT miaATBEPIKYETHCA HASIBHICTIO IIAPYBATUX CTPYKTYPHUX €JIEMEHTIB Ha
PEM-300paskeHHSX BiAMMaaeHOTOo 3pa3ka. Sk moBigomiseTbes y poooTi [131], BHaCHiIOK
PI3HOMAHITHUX MPOIECIB MiJ YaC BUCOKOTEMIIEPATYPHOTO OKWMCHEHHs cruiaBy BT6
YTBOPIOETHCS MIapyBaTa OKCUIHA CTPYKTYypa, IPU 1IbOMY Iap okcuay amoMiHiio Al,O3
Ma€ TEHJCHI[II0 PO3TAIllIOBYBATUCS HA MOBEPXHI, TOOTO HAJ OKCUAOM TUTaHy T10,. Y
HAIIOMY BUMAJAKYy, O€3MocepeHhO TPOIEC YTBOPEHHS OKCHIHMX TMPOIIAPKIB Ta iX
B3a€MO/is BiZIOYBalOThCSA TOCUTH HEPIBHOMIPHO, 110 clifaye i3 aHanizy PEM-300paxens
— OKHCHEHa TOBEpXHs SBJsIE COOOI0 CKYMYEHHsSI CMYT/30H pI3HOIO KOHTPACTy (IIUB.
BKJIQJIKy Ha puc. 3.7, 0).

Jns ananizy Mopdosiorii MoBepxH1 JOCHIIKYBaHUX 3pa3KiB BUKOPUCTAHO TaKOXK
MeToa onTudHoi npodimomeTpii (puc. 3.8). [ToBepXHsS BUXITHOTO MOTIPOBAHOTO 3pa3Ka
XapaKTEePU3yEThCS HACTYIMHUMH 3HAa4eHHSAMH IopcTkocTi — Ry = 0,141 mxMm, R, =
0,586 mxm (puc. 3.8, a). BucokoremmeparypHuii Biamaa oOOyMOBIIIOE CYTT€EBE
301IBIICHHS LKX 3HAa4eHb — Ry = 1,522 mxmM, R; = 3,635 mxwM (puc. 3.8, 6). lanuit epexr
MOX€ BHHUKATH Yepe3 IIBUIKE Ta HEOJHOPITHE 3POCTAaHHS OKCHIHOI IJIIBKU IiJT Yac

OKHUCHCHHA TUTAHOBOT'O MATPUYHOI'O CILJIABY.
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SNoan

T Twe
Ra=0141MKM - , Ra=1522MKM" :
Rz = 0.586 MKM ' Ve Rz = 6.635 MKM w

a — BUX1IHUH cTaH; 0 — Biaman 3a Temnepatypu 650 °C

Pucynok 3.8 — TpuBuMipHe 300pakeHHs1 MopdoJiorii moBepxHi cruiaBy BT6

Y3VO i3 ogHouyacHor nojaveto mopomky Al,O3 10 30HU IHTEHCUBHOT TUTACTUIHOT
nedopmariii  CynmpoBOKYEThCS 3HAYHUM  MOJPiOHEHHsIM mopomky (puc. 3.9, a)
BHACIIJJOK HOTr0 BHUCOKOI KPUXKOCTI 1 HOro BTUIEHHSM JO MPUIOBEPXHEBHX LIApiB.
[ToBepxHS TakOoro KOMIIO3WIIMHOTO MaTepialy BUIIIAJAE CYIUIBHOIO Ta INUIBHOIO,
CIIOCTEPITa€ThCSl BEJMKA KITBKICTh JAPIOHUX OKCHIHHMX BKJIIOYEHBb, KOTPI MEXaHIYHO
BTUICHI Ta OTOYEHI METAJIOM-MaTpUIICIO CIUIaBy. Y JlaHOMY BHUIIQJIKy CMYyracra
MOpPQOJIOTisI HE CIOCTEPITa€eThCsl, a TOBEPXHS XapaKTEPU3YEThCS PIBHOMIPHO
PO3MOAUIEHUMH TJIOOYJISIPHUMHU O00JIACTAMHM PI3HOTO KOHTPACTy, $SKI BHUHHUKAIOTh
BHACJIIJIOK MEXaHi4yHOro JieryBaHHs mopommHkamMu Al,O; mig wac Y3VO, a takox
HE3HAYHOIO KUIBKICTIO CTPYKTYPHUX JAC(PEKTIB, TAKUX SIK TPIIIMHUA Ta MIKPOKaHABKHU.

HonaTtkoBa BHUCOKOTEMIIEpaTypHa 00pobOka CHUHTE30BaHOIO Y3YO
nedopmartliitHoro KoMmosuiliitHoro mapy (puc. 3.9, 6) cynpoBOIKY€ETbCS YTBOPEHHSIM
OIUTbHUX ~ OKCUJHUX  IIAPyBaTUX IUTIBOK 1 3MEHIIEHHSM  HEPIBHOMIPHOCTI
MOJU(DIKOBAHOTO TIOKPUTTS, OCKUIBKHM 3a BHCOKHUX TEMIEpaTyp aKTUBI3YIOThCS
nudy3iiHl TpoLecH 1 KOMIIOHEHTH TMOKPUTTS B3a€EMOMAIIOTH 3 MATPUYHUM CILJIABOM
(cBITUIII AUISTHKY, MIO3HAYEH1 CTpiIKaMu Ha puc. 3.9, 6). HoBoyTBopeHul map okcumy
IIOMIHIIO Ma€ YMOBUIBHIOBATH MPOIEC OKUCHEHHS MATPUYHOrO CIUIaBy Y OLIbII
MMOOKUX TIapax, i, BOJHOYAC, BTUICHI YACTUHKUA OKCUJY aJFOMIHIIO, PO3TAIlOBaHI y
IPUNIOBEPXHEBIM 00JIaCT1, TPAIOTh POJIb LIEHTPIB (POPMYBAHHS 3pOCTAIOYUX OKCHUIIHUX
ITIBOK. BapTo BIAMITUTH, MO CTPYKTYypHI NOe(PEKTH, KOTPUMH XapaKTEePU3YEThCS

KOMIO3UIIHUI map (BKjiIaaka Ha puc. 3.9, @), MOBHICTIO HIBETIOIOTHCS BHACIIIOK
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TEPMIYHOTO BIUIUBY, 1110 TOSICHIOETHCS (POPMYBAHHSIM CYLIIBHOTO MOKPUTTS (BKJIaJKa Ha

puc. 3.9, 6).

1pm

MIRA3 TESCAN

SEM HV: 10.0 kv WD: 16.76 mm
View field: 500 pm Det: BSE 100 pm

MIRA3 TESCAN
SEM MAG: 722 x

SEM HV: 10.0 kV WD: 15.66 mm
Det: BSE

View field: 500 ym
SEM MAG: 722 x

a)
a—¥Y3VYO i3 mopomkom Al;03. 6 — ¥Y3VYO i3 nopormikom Al,O3 Ta

MOTANTBITUH Bifmai 3a Temmneparypu 650 °C

Pucynok 3.9 — MikpocTpykTypa Moau¢ikoBaHoi oBepxHi craBy BT6

Bnacnigox Y3VYO 13 aucnepciiHUM 3MIIHEHHSIM CIIOCTEPIraeThCsl M SITUKPATHE

30UIBIIIEHHS IIOPCTKOCTI MOBEPXHI KOMITO3UITIHOTO Marepiany — R, = 0,698 mxm, R; =

2,195 MM (puc. 3.10, a), MOpiBHSHO 13 BUXIAHUM CTAHOM.

e Ra=0.806MKM" .
Rz = 3.643MKM N

N
/2

Ra=0698 MKM" .
a— ¥Y3VYO i3 nopomrkom Al;03; 6 — Y3VO i3 mopomikom Al,O3 Ta mopasibuii

Rz = 2.195 MKM
Bianain 3a Temrneparypu 650 °C
Pucynok 3.10 — TpuBumipHe 300paxeHHs Mopdosorii moBepxHi criaBy BT6
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Ile BimOyBa€eThCs 3aBASIKU BIIHOCHO IIMPOKOMY Jlalia3oHy pPO3MipiB BTIJIECHUX
YAaCTHHOK OKCHJIy aJIFOMIHIIO Ta iX HEPIBHOMIPHOMY TMOJPIOHEHHIO Yy MpoIeci
iHTeHCUBHOTO ynapHOro BIUmBY. Ockinbku mix 9ac Y3VYO puxiani nopomuakn AlyO3
nocsiratoTh po3mipiB ~200 aM—500 HM, TO copMoBaHE OKCHAHE TMOKPHUTTS MOKHA
BIJIHECTH JI0 KJIACY HAHOCTPYKTYPOBAHHUX.

Komb6inoBanuii aedopmariiiiuil Ta TeIIOBUNA BIUTUB 00YMOBIIIOE JIMIIIE HE3HAYHE
~15% nonaTkoBe 30UIBIIIEHHS IIIOPCTKOCTI MOBEPXHI 3pa3ka J0 3HaueHb Ry = 0,806 MKM,
R, = 3,643 mxm (puc. 3.10, 6). CyTreBa po30DKHICTb 3Hau€Hb R, MOPIBHSAHO 13
OKHCHEHUM CTaHOM BHUXIJIHOTO 3pa3Ky, MMOBIPHO, BUKJIMKaHa Ha0araTo MOBUIHHIIIOO
KIHETUKOIO OKHCHEHHS I[hOTO 3pa3ka, IO 3a0e3MeUyeThCcsl 3aXHCHUM e(PEeKTOM
CHHTE30BaHOTO KOMITO3UTHOTO TTOKPUTTSI.

Bimomo, 110 3MeHIIEHa MIOPCTKICTh IMOBEPXHI  MIHIMI3Y€  KIJIBKICTb
KOHIICHTPATOpIB TOBEpPXHEBUX HampykeHb [38, 129, 134-138], i, Takum dYHHOM,
MO3UTHBHO BILJIUBAE HA BTOMHY JIOBIOBIYHICTh Ta 3HOCOCTIAKICTh MaTEpialiB.

MiKpOoCTpYKTYpHI 3MIHH, IO CIIOCTEPIralOThCs Ha TOBEpXHI 3pa3kiB BT6
BHACJTIJIOK MEXaHIYHOTO JICTYBaHHS MOPOIIKAMU HITPUILY KpeMHit0 — a-SizNg Ta B-SisNa
(puc. 3.11 ta puc. 3.12, a) Ta nogansiioro Biamnany 3a remneparypu 650°C (puc. 3.11 ta
puc. 3.12, 6), 3arajgom TOCUTH TIOTIOHI IO TTONIEPETHHOTO BUMAKY.

AHamni3 MIKPOCTPYKTYpU TIOBEpXHI 3pa3KiB CBIIYUTh MNpo (opMyBaHHs
KOMITO3UIIIMHUX TIapiB 13 JOCUTh OJHOPIAHO PO3MOJIICHUMHU 3MIIHIOIOYUMU
yacTHHKaMH (BKJIaaku Ha puc. 3.11, a ta puc. 3.12, a). BapTo BiAMITHTH, 1110 [UKITIYHUAN
BIJINIAJT CIIPUSIE CYTTEBOMY 36iJ'II>IH.eHHIQ IIOPCTKOCTI MOBEpXHi 3pa3ky micast Y3VYO, o
IMOBIPHO OOYMOBJIIOETBCS MEPeOIroM IHU(y3IHHUX TPOLECIB, YACTKOBUM CIIIKAHHAM
CKJIaJJOBUX KOMIIOHCHTIB HOBOYTBOPEHOTO TOKPUTTS Ta THTAHOBOT MAaTPHIIi 32 IOCTATHHO
BHUCOKOI TEeMITepaTypH. [H1I1010 MPUYHHOIO MOJXKe Oytun JIOKaJIbHE
BUKPHIITYBaHHS/BITYIIIyBaHHS TOBEPXHEBUX MPOIMIAPKIB KOMITO3UIIIMHOTO TOKPHUTTS 3a

paxyHOK TepMiduHUX HanpysxeHb (puc. 3.11 Ta puc. 3.12).



1 um

SEM HV: 10.0 kV WD: 16.08 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 16.09 mm
View field: 500 pm Det: BSE 100 pm View field: 500 ym Det: BSE 100 pm
SEM MAG: 722 x SEM MAG: 722 x

a) 0)
a— Y3YO i3 mopomkoM a-SizN4; 6 — Y3VYO i3 mopomkom a-SizNg Ta

noAaNbIIMi Bifnai 3a remmnepatypu 650 °C

Pucynok 3.11 — MikpoctpykTypa MoaudikoBaHoi moBepxHi cruiaBy BT6

1 pm

SEM HV: 100 kV WD: 16.17 mm MIRAJ TESCAN|
View field: 500 ym Det: BSE 100 pm

SEM HV: 10.0 kV WD: 16.13 mm
View field: 500 ym Det: BSE 100 pm

SEM MAG: 722 x SEM MAG: 722 x

a) 0)

a— ¥Y3YO i3 nopomikoM [-SizNa; 6 — Y3VYO i3 moporikom [3-SisN4 Ta momanbimia

Bizman 3a temmepaTtypu 650 °C

Pucynok 3.12 — MikpocTpykTypa MoaudikoBaHoi moBepxHi criiaBy BT6
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[Tin yac Y3YO mnopommuku B-SizNs MOMITHO MOAPIOHIOIOTHCSA 0 PO3MIPIB
~0,3 MkM—2,5 MKM, a opomuHKU o-SisNg — 10 po3mipiB ~0,2 Mmkm—2 MiM. Ie He Tak
CYTTEBO, siK 17151 BUNaaky AlyOs, OCKIIBKH OPOIIOK HITPUAY KPEMHIIO € MEHII KPUXKHUM.

Bapro migkpeciuTH, 110 BHACHIJIOK  BiJNady/OKUCHEHHS  BiJ0YyBAa€ThCS
3aJIKOBYBaHHS TPIMIMH JJIsl yCIX CHHTE30BAHUX IMOKPHUTTIB, HE 3aJ€KHO B THILY

BUKOPHUCTAHOTO MOPOIIIKY.

3.3 ToBumuHa MOAM(iKOBAHOIO HIAPY Ta HOr0 TePMiYHA CTAOIIBHICTH

OgHUMHU 3 OCHOBHUX IapaMETpiB, SIKI CTAaHOBIIATH MPAKTUYHUU 1HTEpeC, €
TOBUIMHA Ta UIUIBHICTh CHHTE30BAaHUX MOKPUTTIB. llomepeuHi mepepi3u IOCHITHUX
3paskiB mmicisg o0poOku mpezacraBieHi Ha puc. 3.13. Y3YO 3 mopomikom Al,O3
(puc. 3.13, a) 00yMOBITIO€ YTBOPEHHS Ha MOBEpXHi cruiaBy BT6 cyIiapHOTO 3aXHCHOTO
KOMITO3UIIITHOTO ~ TOKPUTTS 13  PI3HOPO3MIPHUMHM YAaCTHUHKAMHU TOPOIIKY,  SKI
PO3TaIOBYIOTHCS Y MATPUYHOMY CIUIaBi. BianoBigHuit chopMOBaHU TPUOBEPXHEBUIMA
1ap XapaKkTepU3y€eThCs BIIHOCHO HE3HAYHUMH BIIXWJICHHSAMH 32 TAKMMH ITOKa3HUKAMH,
SIK PIBHOMIPHICTB Ta TOBIIHHA, 10 3HAXOIATHCS B MeXax ~16 MKM—22 MKM.

Bapro 3a3HauumTH, 10 y TpolEci TEPMOLMKIIYHOI OOpOOKM 3a TemmepaTypu
650 °C (puc. 3.13, 6) BinOyBaeThCs 3HAYHE MOTOHIICHHS CHHTE30BAHOTO TIOKPHUTTS 10
3HAQYCHHS TOBIIMHM ~8 MKM, TOOTO Maibke BiaBidi. Ile MOXHA MOSICHUTH YaCTKOBUM
BIJILIAPYBAHHSIM YAaCTUHU OKCHJHMX IMPOIIAPKIB MiJ AI€I0 TEPMIYHUX HANPY>KEHb, IO
BUHHUKAIOTh BHacHigoK pizHumi KTP ckmamoBux NOKPUTTA Ta CIUIaBy, y MpOIECi
BIJINAJIIOBAHHS 1 epediry OKUCHUX SIBUIL, a TAKOXK MEXaHIYHUM PYWHYBAaHHSIM MiJ 4ac
BUT'OTOBJICHHS MTONIEPEYHUX 3Pi3iB.

BukopucTtanHs HITPUAHHMX TOPOIIKIB MPUBOAUTH JO KpalluxX pe3yJbTaTiB Ta
3HAYHO BHUILOI TEPMIYHOI CTA01ILHOCTI: AJI1 KOMIO3UIIHHOTO MOKPUTTS 3 MOPOILIKOM [3-
SisNg (puc. 3.13, 0) xapakTepHi MiHIMaJbHI BIIXWJICHHS HOro pPIBHOMIPHOCTI Ta
TOBUIMHU (~15 MKkM—19 MKM), koTpi micias Bignany (puc. 3.13, ) 3MeHUIYIOThCS JIHILIe
10 ~9 MKkM—14 MKM.

[Mokpurtsa, mo cunte3oBane Y3YO 3 mopomkom a-SisNg (puc. 3.13, 6),

XapaKTepU3yeThCs JICII0 MEHIIMMH 3HA4YEHHSMH TOBIIMHU ~6 MkM—10 MKkM Ta
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OTBIIMMHU BIIXWUJIEHHSIMHU PIBHOMIPHOCTI, aHDK JUIs MOMEPEIHbOro BUMANKy. IIpoTe
H0IaJIbIINN TPOIeC TepMiuHOT 00po0KkH (puc. 3.13, 2) MaiiKe He BIUIMBA€E Ha TOBIIUHY
MOKPUTTS, KOTpa 3aJMIIAETHCS HA PIBHI ~6 MKM—/ MKM, IO CBITYUTH MPO 33J0BUIbHY

TEPMIUHY CTaO1IbHICTD.

20.00kV  x1.00k S0pm

20.00kV  x1.00k SOpm

20.00kV _ x1.00k S0 20.00kV  x1.00k 50um

o ! (@)
11,4 MK
6,1 MKM
2 7,2 MKM

A
20.00kV _ x1.00k 50pum 20.00kV_ x1.00k S0um

a, B, 1 —micist Y3YO cruaBy BT6; 6, 1, e — micas Y3VYO 3 nopansimm
Biznanom 3a temmeparypu 650 °C; a, 6 — 3 BukopuctanHsm moporiky AlyOs;
B, T — 3 BUKOPUCTAHHSAM TOPOIIKY 0-SizNa;

1, € — 3 BUKOPUCTaHHIM TOpOIiKy B-SizNg4

Pucynok 3.13 — ToBHIMHA CHHTE30BaHUX MMOKPUTTIB

[TopiBHSHHA OTPUMAHHMX PE3YyJIbTATIB Ta JCTAIBHHUI aHall3 KOXKHOTO OKPEMOTO
BUITAJIKy JIO3BOJIIE KOHCTaTyBaTH, IO CGOPMOBaHI IOKPUTTS MarOTh BHUCOKY

CYIUIbHICTh, @ 1I€, B CBOIO Yepry, MOXKE CBIIYUTH TMPO 3aJ0BUIbHUIA DPIBEHBb aaresii
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BUKOPHUCTAHUX TMOPOIIKIB 10 TATAHOBOT MaTpwili cruiay BT6. YTouHeHHS TOBIIMHU Ta
PIBHOMIPHOCTI CUHTE€30BaHUX MeTOJIoM Y3YO MOKPUTTIB MPOBEACHO HUIIXOM aHaTI3y
BIJIOBITHUX €JIEKTPOHHO-MIKPOCKOMIUHUX 300pakeHb 3a IOTIOMOTOI0 CIIeI1aTi30BaHOTO

porpaMHoro 3abesnedeHus (Tad:i. 3.3).

Tabmuns 3.3 — ToBUMHA CUHTE30BaHUX MMOKPHUTTIB

[Topomiok ToBmMHa TOKPUTTS, MKM 3MiHa TOBUIMHU OKPUTTS
Jo tepmiunoi  Ilicist repmivunOi MKM %
00poOKH 00poOKH
Aly,O3 20 8 12 60
a-SizNg 9 7 2 22
B-SizNy 16 12 4 25

I3 npencraBneHux pe3ynbTaTiB 100pe BUAHO, IO BCl OTPUMAaH1 MOKPUTTS MaIOTh
TEHJICHITII0 10 TOTOHIICHHS BHACTIOK TEPMIYHOTO BIUIUBY, MPOTE BUKOPHUCTAHHS
nopomikiB SizN4 3a0e3mneuye kpaiili pe3yibTaTH CTOCOBHO TepMiuHOI cTabiibHOCTI. 3
I[bOI'0 BUILIUBAE, 10 OKPIM BaxkJIMBO1 0113bKOCTI 3HaueHb KTP Mmatpuunoro cruiary BT6
Ta 3MIIHIOIOYUX TOPOIIKIB, K 1 BUMaaKy Bukopuctanus Al,Os, cimijg BpaxoByBartH i
HU3KY 1HIMUX  (akTopiB  3amis  3a0e3leueHHs BUCOKOTO  PIBHSA  MPOTUALT
BHCOKOTEMIIEpaTYPHOMY OKHCHEHHIO CHHTE30BaHOTO MOKpUTTS. Cepen Takux (akTopis,
MepIl 3a BCE, PO3MIp 1 TPIMIMHOCTIMKICTh BUXIAHUX TMOPOIIKIB, KOTPI O€3mocepeHbo
BIJIMBAIOTh HA TMPOLIECH iX MNOJAPIOHEHHS Ta, BIAMOBIIHO, MEXAHIYHOTO JIETYBaHHS
Matepiany-matpuii mig yac Y3YO.

dopMyBaHHS BEJIMKOI KITBKOCTI TPIMIMH Yy BTUICGHUX YACTHHKAX BIIPOJOBXK
nporiecy Y3VO, 5K 1ie CoCTepiraeThes U BUMIAAKY 3aCTOCYBaHHS MOPOIKiB -SisNy i
Al,O3, Moxe TPU3BOIUTH JI0 iX MOJIETIIIEHOTO BUKPHUIIYBAHHS ITi/1 BILTHBOM TOAJIBIIIOTO
[UKJIIYHOTO HarpiBaHHS/OXOJO/KEHHS 1, SIK HACIIJIOK, — JO TMOMITHOTO 3MEHIIEHHS
TOBITUHU TIOKPHTTS.

Onnak, ockinbku 3HaueHHss KTP a1 mopomiky HiTpumy KpemHito SisNg € MEHIITHM,

aHDK JJI8 MaTPUYHOIO CIUIaBy, TO MijJ Yac HarpiBaHHs MOBEpXHI BOHU OyAyTb
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yTPUMYBATHCS 32 PaXyHOK T'€HEpYyBaHHS B MaTPHIll TEPMIYHUX HAMPY>KEHb CTUCHEHHS,
KOTpl BHUHHUKAIOTh 3aBASKA 1i MPUIIBUIIICHOMY PO3IIMPEHHIO 13 3pPOCTAHHIM

TEMIIepaTypH, OPIBHIHO i3 yacTHHKaMH 0-SisNg, a00 B-SizNa.

3.4 Bmiue Y3YO i3 pi3HMMM NOpOIIKAMH HAa BHCOKOTEMIIepaTypHe

OKHCHCHHA

Haii6inpmr  iHGOpPMATUBHOI  METOAUKOI  JUIS  JIOCHIJKEHHS  TEPMIYHOI
CTaOlIbHOCTI METAJIEBUX MaTepialiB Ta OLIHKK €(PEKTUBHOCTI MPOTUAIlI OKHUCHEHHIO
CUHTE30BaHUX TTOKPUTTIB € TPaBIMETPIs.

OTpumaHi pe3ysibTaTh TPaBIMETPUUYHUX JOCITIIKEHb JIJIi KOXKHOI cepii 3pa3KiB
crutaBy BT6 micns Bimmamy 3a temmnepatypu 650 °C HaBeneHi B Tabi1. 3.4 (BUX1THHUMA CTaH
ta ¥Y3YO 3 nmopomkamu Al,Osz, 0-SisNg 1 B-SisNg micias mecsitTd IUKIIB HAarpiBaHHS-
BUTPUMKH-OXOJIOJDKEHHS), TaKoX Ha puc. 3.14 mokazaHO XapakTep 3MIHU MacH IS

3pa3Ky i3 MOKPHUTTIM 0-SizN4 Ha KO)KHOMY eTaIi TepMOIMKITIOBAaHHS.

3mina Maci, Am (Mr)

0 10 20 30 40 50
TpusaaicTs Bixnaay, t_(rou)

1, 3 — ekcriepuMeHTaJIbHI; 2, 4 — TEOPETUYHI JIaHi

Pucynoxk 3.14 — 3mina Macu Ha KOXKHOMY €Tarll TEPMOIIMKITIOBAHHS

KinbkicHI J1aHi, 10 XapaKTepu3ylOTh 3pOCTaHHS MACH 3a PaxyHOK (hOpMyBaHHS
OKCHJIIB 200 BTpaTH BHACIIJIOK iX BiAIIApyBaHHS i BIUITMBOM TEPMIUYHUX HATIPYKEHb y

MPOIIECl OXOJIOKEHHS, HaBeIeHO B Tabnui 3.4.
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Ta6nuis 3.4 — Pe3ynbTaTu TpaBIMETPUYHUX JOCIIIKEHb

Ha3Ba mokpurts Cymapnwuii npupict macu, T | CymapHa BTpara Macu, T
BT6 (BuximgHwuit) 0,016 0,012

Al>,O3 0,009 0,008

o-SizNy 0,007 0,007

B-SizNg4 0,004 0,006

3a 3arajgpbHOIO BTPATOK MacCH YCIX JOCHITHUX 3paskiB (Tabm. 3.4) MoXxHa
CTBEPKYBATH, 1110 CUHTE30BaHI KOMIO3MIIIIHI MOKPUTTS CYTTEBO MOKPALIYIOTh OMIp
MaTepially 0 OKHCHEHHS 3a YMOB TEPMOIUMKIIYHOrO BIuMBy. Ha mpotuBary
HeoOpoOeHoMy 3pa3ky cmiaBy BT6, 3mina macu 3paskiB i3 mokpurtam Al,Os; Ta
pizHuMH MOAU(DIKALIIMU HITPUAY KpeMHit0 SisN4 € 3HAYHO MEHIIIOH0.

Ha psiny 13 M BapTo BKa3aTH, 110 BTpaTa MacH JOCITHUX 3pa3KiB B110YBAE€ThCS
HepiBHOMIpHO (puc. 3.14). MoXIJIMBO 32 YMOB HarpiBaHHsS Ta BHTPHUMKH 33 BHCOKOI
TeMIepaTypyu Maca 3pa3Ka 3pOCTa€ BHACIIJOK OKHMCHEHHS MPUIIOBEPXHEBUX JUISHOK
MaTPUYHOIO CIUIaBY Ta, BIAMOBIIHO, YTBOPEHHS OKCUIHUX IIAPIB-TUTIBOK, Y TOM K€ Yac
YIPOJOBXK OXOJIOJKEHHSI CIOCTEPITaEThCS TEHJCHINSI O BTPAaTH Mach BHACIIIOK
BIJUTYIIlyBaHHS/BIIIIapyBaHHS YaCTUHU HOBOYTBOPEHUX OKCUIHMX TUTIBOK Ta apPMYIOUHX
4acTUHOK. [laHe sIBUIIE MOSCHIOETHCS HEPIBHOMIPHOIO JUHAMIKOIO 3MIHU T€OMETPUUHUX
PO3MIpPIB CKJIaJ0BUX CUCTEMH “KOMITO3UIIIITHE MOKPUTTA«>OCHOBA Ta BUCOKUM PIBHEM
TEPMIYHUX HAINPYKEHb.

Ha puc. 3.14 npencrasineni excriepumenTanbHi (1, 3) Ta Teopetudni kpusi (2, 4)
3MiHU MacH 3pa3kiB criaBy BT6 y Buxignomy crai (1, 2) Ta 13 KOMIO3UIIHHUAM IAPOM,
copmoBanuM Ha 6a3i mopoiky a-SisN4 (3, 4). TeopeTnuHO 3MiHa MacH 3pa3KiB 3a YMOB
HETMEePEPBHOTO OKUCHEHHS (a came ii 3pocTaHHs) Mae€ BiIOyBaTHCS 3a MapabOidyHUM
3akoHOM [131] (mrTpux-nmyHKTUpHI KpuBi 2, 4 Ha puc. 3.14, 6). EKkCiepuMEeHTaIbHO
OTPUMAHO JIEMIO 1HAKIIMK pe3ynbTaT, amke mig dYac a3 OXOJOHKCHHS
(TEpMOLMKIIIYHOTO PEXHMY) HallMeHII CTaOUIbHI YacTMHM OKCHJIHUX MPOILAPKIB
MOXXYThb BIJKOJIOBATHUCS, a TMiJ 4Yac MNOAaJIbLIOl (a3u HarpiBaHHA — HapOCTaTH

(moBTOprOBaHMi Tpoiiec). JJaHuii TPOTHO3 CTOCOBHO 3MIHU MacH BIPOJOBXK KOXKHOTO
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UKy, W0 BKJIOYae (a3u HarpiBaHHA Ta OXOJIOPKEHHS, MPOJEMOHCTPOBAHO
mTpuxoBUMU JiHIAMU (2’ 1 4'). 3arasom mpouecd BiIUIApyBaHHS Ta pPyHHYBaHHS
HOBOYTBOPEHUX OKCHIHUX IIapiB MMOBIPHO 3ajieXaTh 1 BiJ iXHbOI TOBIIMHH, IO
0e3nocepeIHbO OB’ S3aH0 13 CIIBBIIHOIICHHAM TEPMIYHUX HAIPy>XEHb 1 HAMNPY>KEHb
pyVHYBaHHS.

B3aram sBumie BTpaTH MacW TOB’s3aHe 13 HH3KOIWO (akTopiB, a came, —
MEXaHIYHUM BIJKOJIOBAHHSIM Ta TOTIPIICHHSM 3YEIUICHHS YAacTUHOK Yy TMPOIEC]
BUTOTOBJICHHS 3pa3KiB I JOCIITKCHHS, JOCHUTh CIAa0KOI XIMIYHOIO B3a€MOJIEI0
apMyIOUMX YaCTMHOK OKCH[IB Ta HITPUIIB 13 MeTalioM-maTpuieto ciaBy BT6 Ta,
0e3rmocepe/lHb0, MK CO00I0, @ TaKOXK B PE3yibTaTl PYWHYBAaHHS YacCTUHU TMOKPUTTS
COPUYMHCHOTO BHHHKHEHHSM TEPMIYHUX HAMpyXeHb, IO TEHEPYIOTHCA y
KOMITO3UIIITHOMY Matepiaii B Mpolect TEPMIYHOI OOpOoOKH, SIK pe3yJbTaT JAOCUTH
CYTT€BOI BIJIMIHHOCTI JIHIHHUX KOE(IUIEHTIB TEPMIYHOTO PO3LIMPEHHS OCHOBHHUX
KOMIIOHEHTIB MOKPHUTTA Ta THUTAHOBOTO CIUIaBYy, @ TaKOX HEMOXKIJIMBOCTI KOTE€PEHTHOI
B3a€MO/IIi Yepe3 BiIMIHHICTh MEPIOiB 1 TUIIIB IPATKHU.

Takok MOXHA JOJATKOBO BHOKPEMUTH CYTTEBHUM mapameTrp, KOTpUU
OTIOCEPEKOBAHO XapaKTePU3ye TEPMIUHY CTAOUIBHICTh Ta TOBTOBIYHICTh MaTepiaty i
4ac BUCOKOTEMIIEPATypPHOTO BIUTUBY. TakuM mapaMeTpoM € 3arajibHa PI3HUI MiXK
30UTBLIEHHSIM Macu BUXIJIHOTO 3pa3ka cruiaBy BT6 ta ii Oe3nocepeHbo10 BTpATOrO i
yac (pa3u OXOJIOJKEHHS BHACIIJOK BIIJIYIIYBaHHS/PYWHYBaHHS OKCHUIHUX IPOIIAPKIB
YTBOPEHOTO MOKPHUTTH.

st HaouHOi1 neMoHcTpallii e()eKTUBHOCTI 3alpOMOHOBAHOTO METOAY CHHTE3Y
KOMITO3UINIMHUX TOKPUTTIB MPOBEIEHO aHaji3 BUILEBKA3aHOTO TMapameTpy s cepii
3pa3kiB. BctanosineHo, 1o ais BuxigHoro ciiapy BT6 BiH ckitamae 01au3bpko 28 Mmr (1110
Y3TOJDKYEThCS 3 JITEPAaTYpHUMHUM JIaHUMH), a JJIS 3pa3KiB 13 CHHTE30BAaHUMU
nokputtsimu — 17 mr (Al,O3), 14 mr (a-SisNs) ta 10 mr (B-SisNg). Omke, MoxHa
CTBEPKYBATH TIPO 3HAYHE MTOKPAIEHHS OMOPY MPOMHCIOBOTO TUTAHOBOTO cIutaBy BT6
BHCOKOTEMIIEPATypHOMY OKHCHEHHIO BHACHIOK Y3YO Horo moBepxHi 13 J0AaBaHHSIM
nopouikis (10 1,6 pazis aist Al,Os, yasivi aist nopomky o-SizsN4 Ta npaktudso y 2,5 pas3u

st Bunaaky [B-SizNg).



95

JloctaTHbO e(eKTHBHE MOKpAIICHHS MPOTHIii OKUCHEHHIO 3a0e3MedyeThCs 3a
paxyHOK MEXaHIYHOTO JIeTyBaHHS MOJpiOHEHUMH YaCTUHKAMHU TIOPOIIKY 10 TIHMOWHU
~16 MKM, NPUCKOPEHOMY MAacOIEPEHOCY Ta YacCTKOBOMY CITIKAHHIO KOMITOHEHTIB
CHHTE30BAaHOTO TMOKPUTTS. BapTo BIiAMITUTH, WO HaWKpall MOKAa3HUKH OTOpPY
OKHCHEHHIO ITPUTaMaHHi 3pa3Ky, SKUW apMyBaBcs TIOPOIIKOM HITPUILY KpeMHito [3-SizNy.
L5 cionyka Mae rekcaroHaJIbHUN THIT IPATKH, SIK 1 METalI-MaTpPUIL, Ta OJIU3bK1 3HAUYCHHS
nepioxiB (s Ti mapametp a = 2,951 A, a qua B-SisNg — ¢ = 2,909 A). Jlo Toro x naHa
momudikaris HiTpuny [-SisNsa xapakTepu3yeTbcst JOCHUTh BHCOKOI CTIHKICTIO [0
TEIJIOBUX YJapiB, 1[0 MOXe 3a0e3MeuyBaTh HU3bKUI PiBEHb TEPMIYHUX HAMPYKEHB 1T

Jac TEPMOITUKIIIYHOTO BiAIATY.

3.5 KineTuka OKMCHEHHSI IPUINIOBEPXHEBUX MIAPIB BHACHINOK Y3YO

BunpoOyBanHs Mmarepialy 3a YMOB BHCOKOTEMIIEPATYpHOTO OKHUCHEHHS
J03BOJISIIOTH MPOAHAJI3yBaTU HOro CTIMKICTh Ta CHPOTHO3YBAaTHU MPHUAATHICTH IS
BUPOOHMIITBA CHEHU(PIYHUX JeTaleil Ta KOHCTPYKIIN aBiallifHOT UM KOCMIYHOI ray3e.

Ha puc. 3.15 mpoaeMOHCTPOBAaHO €MIIPUYHO OTPUMAaHY 3aJEXKHICTh MPUPOCTY
MacHl BIJl 4acy OKHCHEHHsS YIPOJOBX BiAmany 3a Temiepatrypu 650 °C metomom
3BaXYBaHHS JOCHIJHUX 3pa3KiB IMICJAA KOXXKHOTO LHMKIY HarpiB-OXOJOJKEHHS.
JlitepatypHi 1aHi CTOCOBHO IPUPOCTY MACH BHACIIAOK MPOIiecy OKMCHeHHs criiaBy BT6
JUTS 1Ii€T TeMIepaTypH, TaKoX HaBeaeHo Ha puc. 3.15 [133, 139, 140].

KineTnuni KpuBl OKHMCHEHHS (CYIUJIbHI JIIHII YOPHOTO KOJBOPY) MJIsi KOXKHOTO
BUMAAKy TaKoX TMOKa3aHi Ha pwuc. 3.15. Bonm Oynm oTpumaHi 3a JOMOMOTOIO
piBHsHHS (3.1), sSKe YCIINIHO BUKOPUCTOBYETHCS JJISI ONMUCY KIHETUKU Ta JIO3BOJISE
BU3HAYMTH IIBUIKICTh OKUCHEHHs MaTepiamis [140]:

M = Kt'/", (3.1)

ne M — mpupict macu, t — gac okucHenHss, N — iHaeke peakmii (N =11 0,5 mns
JiHIKHHOT Ta mapabomiyHoi KiHetnku BiamoBimHo), K = Ko exp(—Q/RT) — koHcTaHTa
mBUaKocTI peakiii, Ko — dacrormii dakrtop, Q — eHepris akrtuBamii, R =

8,3143 k/I>x/monb — razoBa ctajna, I — abCOIIOTHA TeMIepaTypa.
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MoskHa CTBEpIKYBATH, IO MIBUAKICTH OKICHEHHS BUXITHOTO TUTAHOBOTO 3pa3Ka
BT6 onucyetbes mapaboTigHAM 3aKOHOM Ta € JyKe OJU3bKOI0 JI0 JIITepaTypHHUX JaHHX
[133, 139, 140]. Bimomo, mo IpHPICT Macud TUTaHy Ta HOro CIUIABIB IIij] BILTHBOM
BUCOKHUX Temmepatyp (moHan ~650 °C) BimOyBaeThes 32 paXyHOK AUGY31i KUCHIO Yepes
BHUCOKY CITOP1THEHICTh TaHUX €JIEMEHTIB, TO/1 K a30T Ta IHII €JIEMEHTH, 0 MICTITHCS
B arMocdepl, 3a IMX yMOB € CYTTEBO MEHII aKTUBHUMH. BapTo BiAMITHTH, IO
3apEECTPOBAHI 3AJICKHOCTI TPHUPOCTYy Mack M  XapakTepusyrloTbCs HE3HAYHUMHU
KOJIMBAaHHSIMH, KOTPl y CBOIO Yepry MOXYTb OyTH CIPUYMHEHI BIAKOJAMH ACSKUX

BerHiX JIyCOYOK OKCHUIAYy Hi,[[ qacC KOKHOI'O HaCTYITHOI'O IMUKITY HaniB-OXOJIO,ZI)KGHHSI.

1.25 4
Excnepument BT6  AEL T

1.00 - ® Excnepument BT6 + ALO, Q = 256 w/las/mo.my
s @[139] O[133]7[140]
B
= -7V
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3
<
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=
2 (I
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Pucynox 3.15 — 3ayie)HicTh 3MiHN MacH BiJl 9acy yIPOJOBX BUCOKOTEMIIEPATyPHOTO

OKHUCHEHHSI TUTAaHOBOrO cruiapy BT6

Ha npotuBary, mBUIKICTh Ta CTYIIEHb OKMCHEHHSI CHHTE30BAHOTO 32 JOTIOMOTOI0
Y3YO kommo3uTHOro Imiapy (3efieHa KpuBa), 3Ha4YHO MeHII. BumHOo, 10 ympomoBk
nepmux 5 roauH (Micas NEPIIOro MUKy HarpiBaHHs) BiAOYBaeTbCs pi3Ke 301IbIICHHS
MacH, IO CBIITYMTH IIPO aKTUBHE HACHUYSHHS KMCHEM Ha IMo4yaTKoBii cramii. Hagami, s
MoaudikoBanoro Y3YO 3pa3ka, XapakTepHE HE3HAUHE HACHYCHHS TICIs KOXKHOIO
HACTYIHOTO ITUKJTy BUIPOOYBaHb. JlaHMii TpoIiec aHAJIOTIYHO JI0 TTOTIEPETHHOTO BUTIAAKY
MO>Ke OyTH onucaHui mapaboJIiiyHUM 3aKOHOM 32 PiBHSHHSM (3.1), ane 3 Aenio OUTbIIo0

eHepriero akTupauii 1udy3iiHux Ta okucHUX npoueciB (Q = 264 kJ[>x/Moib), aHIXK s
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BuxigHoro crany BT6 (Q = 256 x/Ix/monb) (puc. 3.15). Eneprii akTuBaiiii oKMCHUX
MPOIIECIB, IO OIIHEHI B IOMY JOCHIDKEHHI, JOOpe KOPEIIOITh 3 JiTepaTypHUMU
naanmu [131, 133, 140], 1 3HaX0AATHCS B Iiaria30H1 MiX JIHIHHOIO KIHETUKOIO OKMCHEHHS
(192 xI>x/M0JIb), IO BAACTHBA IS JEHIO BHUIIMX TEMIIEpPATyp Ta TPUBAJIOCTEH
TEPMIYHOTO BIUIMBY, Ta MapaboiyHo0 KiHeTHKO0 (Q = 276 x/[x/MOob).

MoskHa BBa)KaTH, 10 aKTUBHE HACHYEHHS KUCHEM MTOBEPXHEBOTO KOMIIO3UTHOTO
mapy BIOPOJOBX MNEPIIOrO IHUKIY TEPMIYHOTIO BIUIMBY IMOBIPHO CIPHUSIE YTBOPEHHIO
JIOCUTB IIITFHOTO 3aXHUCHOTO OKPUTTS OKcUy anmtoMiHio Al;O3 13 BenbMu e(eKTHBHOIO
MPOTU/IIEI0 OKUCHEHHIO. 3arajoM Ha MOYaTKOBHUX CTAJIisIX OKUCHEHHS MOKHA BUUIUTH
psn GakTopis, IO BILTUBAIOTH HA HOTO MIBUKICTh, — HAIBHICTh MIXK(a3HUX TPAHUILb, IO
YTBOPWJIMCS BHACHIIOK BTIJICHHS YMCICHHOI KiMBKOCTI ApiOHuX wyacTmHOK AlyO3z mo
npunoBepxHeBux mapiB cmiapy BT6 (BHacmiiok mojapiOHEHHS IMiJl 4yac 1HTEHCUBHOI
MJIaCTUYHO1 JeopMmailiii) Ta BEIMKOI KIJTBKOCTI HOBOYTBOPEHUX MEXK 3€PEH BHACIIIOK
MIacTU4YHO1 Aedopmallii MaTpUYHUX KOMIIOHEHTIB ciuiaBy mia 4dac Y3YO-HacuyeHHS
YaCTUHKaMH OKCH]TY.

Hes3naune 3meHIeHHs Macu 3paska (micis 3-ro, 6-To 1 8-r0 IUKIIIB) MOXe OyTH
MOB's3aHE 3 BIKOJIIOBAHHIM OKAJIMHH Ta KOMIIO3UTHHX TpoiapkiB. OJIHAK, JaHEe SBUIIE
BCE OJTHO HE 3MEHIIY€ 3aXUCHY €(pEKTUBHICTH CHHTE30BAHOTO OKCHTHOTO KOMITO3UTHOTO
MTOKPHUTTSI.

JoBxuHy nudy3ifHOrO0 MNUIAXY aTOMIB KHCHIO JO TPHUIIOBEPXHEBUX IIAPiB
BU3HAYECHO MLUISXOM aHai3y XIMIYHOTIO CKJIaJy MOBEPXHEBOI OKCUAHOI IUIIBKU IS
BiJIMaJIeHUX 3pa3kiB BuXigHOTO criaBy BT6 Tta MmoaudikoBanoro Y3VYO i3 nmopomrkom
Al,O3 (puc. 3.16). Jlns BuxigHoro 3paska micis Biamany (puc. 3.16, a) xapaktepHuit
N1JBUILIEHUN BMICT KUCHIO Ha TIMOUHI ~0,5 MKkM—1 MKM, 1110 MIATBEPIKYE (OpMYyBaHHS
Ha MOro moBepxHi TOHKKX OKCUAHMX IUTiBOK T10; Ta Al,O3. OCHOBHOIO CKIIAZOBOIO IIHX
IJTIBOK € OKCHJI aJIFOMIHIIO, TPOTE JIesKa KUIBKICTh OKCHTy TUTaHy TaKOX HasiBHa. BapTo
BIIMITUTH, W0 TIMOMHA TPOHUKHEHHS KHUCHIO y JIAaHOMY BHMAAKy csira€ OJIU3BKO
380 mxM. [Hma cutyamis crmocTepiraeTbes ISl BUNAAKY TEPMOIHAYKOBAHOTO
(dbopMyBaHHS OKCUIHOTO KOMMO3UIliiHOTO 1mapy micis ¥Y3YO nosepxHi criaBy BT6 3

nopomkom Al,O3 (puc. 3.16, 6).
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Pucynox 3.16 — XimMiuHHIA CKJTa]T 32 TOBITUHOIO TIPUIIOBEPXHEBOTO Iapy cruiaBy BT6

nicis Bignaty 3a Temmeparypu 650 °C

AHami3 BMICTY €JEMEHTIB y TNpuIoBepxHeBuX Imapax (mo 7 MkM—10 Mkm)
JI03BOJISIE TIPUITYCTUTH, 1110 YTBOpPEHAa INOBEPXHEBAa OKCHUJHA IUIIBKA MAa€ JABOLIAPOBY
CTPYKTYpY, fKa CKJIAJA€ThCS 13 30BHIIIHBOTO TOHKOTO IApy OKCUAY AIIOMIHIIO Ta
BHYTPIIIHBOIO apy aHaTazy. [Ipu nboMy 0co0JIMBO BasKIIMBO, 1110 3aCTOCOBAHUI METO/T
00poOKu 3abe3reuye YTBOPEHHSI 3aXMCHOTO OKCHUHOTO KOMITO3HUIIIHHOTO TOKPUTTS
(puc. 3.16) Al,O3, KoTpe crpusie 3MEHIICHHIO JOBXHHH TU(Y3IHHOr0 NMUISIXY aToOMiB
KHCHIO JI0 JECSTH pa3iB MOPIBHAHO 13 BUXIAHMM cruiaBoMm (42 MkMm mpotu 400 MKM,
BIJIMTOBIHO).

AHaJIi3 MIKPOCTPYKTYPH, XIMIYHOTO Ta (pa30BOr0 CKJIATy TO3BOJISIE MPUITYCTUTH,
10 YTBOPEHE MOBEPXHEBE OKCUIHE MOKPUTTS MAa€ IIAapyBaTy CTPYKTYpPY — 30BHILIHIN
TOHKHMI THap okcuay amoMiHito Al,Os; Ta BHyTpimHIA TOBCcTHi map aHarazy T10;
(cxematnyHO mokazaHi Ha puc. 3.17). IlogiOHa mapyBara CTpyKTypa OKCHJIHOT TUTIBKH
BJacTHBa OKHCHEHOMY Ha TOBiTpi cmiaBy BT6, 1m0 NOACHIOETbCS TMOYEPrOBUM

3011HeHHAM Ti ta Al cyciiHiX NPUNIOBEPXHEBUX MIAPIB MiJ Yac pocTy OaraTomapoBoi

oxamunn TiO2/Al,0; [131, 133, 139, 141, 142].
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Pucynok 3.17 — MikpocTpyKTypa MOnepeyHoro nepepisy Ta cxeMaTu4Ha 0y10Ba

KOMITO3MIIIITHOTO MOKPUTTS Ha MOBepXHi ciuiaBy BT6 micist okucHeHHs

Bapto BiamiTuTH, mo i Bumaaky Y3YO mig 1aHOK IUTIBKOI 3HAXOIUTHCS
KOMIIO3UIIIMHE MOKPUTTS 3HAYHOI TOBIIMHU, IO MPEJCTABIICHE CYMIIIIIIO OKCHIIB

TiO,/Al,O3 ta Bristennx yactuHok AlLO:s.

3.6 Kopoziiina criiikicth aedopMaliiiHUX KOMIIO3UTIB, CHHTE30BAHUX

KOMOiHOBaHUM JedopMaliiiHUM Ta TEIUVIOBUM BILJIMBOM

JlocuTh BaXIJIMBOIO XapaKTEPUCTUKOIO 3 TOUKH 30pYy JOBTOBIYHOCTI Ta HAIIMHOCTI
MaTepiany € Kopo3iliHa CTIWKICTh, OCKIJIbKM BUHUKHCHHS MOBEPXHEBUX ACPEKTIB Ta,
30KpeMa  KOpO3IMHMX TIONMIKOJKEHb, MOK€ 3HAYHO 30UIBIIYBAaTH  KIUIBKICTh
KOHLIEHTPATOPIB BHYTPIIIHIX HAITPY>KEHb 32 YMOB LIUKJIIYHUX HABAHTAXKEHB, 1110 MOXKYTh
BUKJIMKATH PANTOBUM Ta TMepeIyacHUM BUXIJ 13 Jiaay BIANOBIJAIBLHUX €JIEMEHTIB
npuctpoto [143, 144].

KopoziitHi  BunpoOyBaHHs  JgedopMamiiiHuUX  KOMIIO3UTIB, CHHTE30BaHUX
KOMOIHOBaHUM Je(opMaliifHUM Ta TEIIOBUM BIUTUBOM, MpOBeAeHO Yy 3,5% BomHOMY
po3unni NaCl 3a cTaHZapTHOIO TPHOXEIECKTPOAHOI CXEMOK 3 BHUKOPUCTAHHSIM
KJIOMEJIBHOTO Ta IIJIaTUHOBOTO eJeKTpoaiB. OTpuMaHi MNOJISpU3AIliiHI KPUBI IS

JOCIIKyBaHUX 3pa3kiB crutasy BT6 naBeneni Ha puc. 3.18 Ta puc. 3.19. OxucHenHs
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MoBepxH1 BuxigHOTO 3paszka BT6 3a Temneparypu 650 °C cripusie 3MEHIIIEHHIO TYCTUHH
CTPYMY KOpO3ii i, Ta MMiABUIICHHIO MOTEHIIaTy KOpo3ii E, 10 O1IbII MO3UTHBHUX 3HAYCHD
(xpuBa 4epBOHOTO KOJILOPY Ha puc. 3.18, Tabin. 3.5) mopiBHAHO 3 BUXITHUM 3pazkom BT6

(KpHBa 4OpHOTO KOJKLOPY Ha puc. 3.18, Tadm. 3.5).
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Pucynox 3.18 — 3anekHOCTI MOTeHIIialy KOpo3ii BiJl TYCTUHU CTpyMy 1Jisi 3pa3kiB BT6
y BUX1JIHOMY CTaHi1 Ta micis Bianany 3a temmepatypu 650 °C, micis Y3VYO 3 nopourkom

Al;0O3 Ta KOMOIHOBAHOTO BILIUBY

3pasku cmiaBy BT6 micins Y3YO 3 nopomkamu AlO3 ta SisNg (puc. 3.18 Ta
puc. 3.19) xapakTepu3yOThCs CX0KUMHU 3HAUCHHSIMH TYCTHHU CTPYMY KOpPO3ii (a oTxke, i
IIBUJIKOCTI KOpO3ii) Ta OLIbII HETaTHBHUMH 3HAYCHHSMM IIOTCHINaTy Kopo3ii (1o
CBIIYUTh MpPO €0 MEHUIY CTIMKICTb Yy arpecMBHOMY CEpEIOBHUII), aHK JId
nomnepeHbporo BUMaKky (tadsn. 3.5). OTxe, BHECOK KOPO3IMHOTO PO3YMHEHHS TSI TAHUX
3pa3kiB MOXe€ OyTH JACIIO MiJABUIIEHUM B PE3ybTaTi BUHUKHEHHS BEJIUKOI YaCTKU
MIKpOTQJIbBAaHIYHUX KOMIPOK, IO YTBOPIOIOTHCA Ha MEXax 3€peH Ta MiK(a3zHUX
TPAHUIISIX OKCUIHUX YW HITPUIHUX BKIIOYeHb/Matpuili. Ile ocoOmmBO MOMITHO mJist
BUTIAJIKY HITPUIHUX MOKPUTTIB SizN4, a/pke Ha KPUBUX MOJIIpH3allii (3eJICHa Ta YepBOHA
niHii Ha puc. 3.19) criocTepiraeThcs HasIBHICTD JIAMAHUX JUISTHOK (IUITHOK TITTUHTY), K1

0e3nocepeHbO BIAMOBIIAI0Th MIKpOTaibBaHIYHOMY KOPOIyBaHHIO.
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Ta6muig 3.5 — KoposiiiHi XapakTepucTUKHU AOCIIIHUX 3pa3kiB criaBy BT6
(Ex — moTenItian Koposii, ix— rycTuHa CTpyMy Kopo3ii, R, — omip KopoayBaHHIO,

Pep — €PEKTUBHICTD 3aXHCTY B1Jl KOPO3ii)

3pasok E. B i, MKA/eM? | Ry, kQem? Peg, %
BT6 Buxiguuii -0,379 -5,87 1,302 -
BTo6+Biaman -0,293 -6,44 3,492 168
BT6+Al,O3 -0,312 -6,29 3,303 154
BT6+Al,OstBignan | -0,204 -6,56 9,787 651
BT6+a-SizNy -0,337 -6,15 2,941 164
BT6+0-SisNgt+sigman | -0,303 -5,93 5,588 428
BT6+B-SisNy -0,329 -6,26 3,128 183
BT6+B-SisNg+Bignan | -0,298 -5,79 5,513 421

[Ticinst BUCOKOTEMIIEPATypHOTO BiAMady 3pa3oK, IO 3aXUIIEHUNH KOMITIO3UTHUM
mrapoM okcuay amominito Al,Oz (3enmeHa JiHis Ha puc. 3.18), XapakTepu3yeThCs
HalKpaluMy KOPO31MHUMHU NapaMeTpaMu cepell TOCHIIKYBAaHUX 3pa3KiB: HAHHUKYOIO
TYCTHHOIO CTPYMY KOpO3ii Ta HaiOiIbII MO3UTUBHUM TOTEHIIaoM Koposii (puc. 3.18,
tab. 3.5). JloOpe BioMo, 110 UMM HHKYE 3HAYCHHS HIIJIBHOCTI CTPYMY KOPO3ii I, TUM
MEHIIIOI0 € MIBUJIKICTh KOPO3ii 3pa3ka B3araji, a OUIbIl €JEeKTPONO3UTUBHE 3HAYCHHS
MOTeHI[lay KOopo3ii MmaTepiany E, o3Hauae BUCOKY KOpO3iiHY CTIHKICTB [143, 144, 145].

HaBeneni pesynbTaTH CBiI4yaTh, IO UIUTHHICTH TOKPUTTS Ha 0a3l OKCHUIY
amrominiro Al,Oz Habararo BuIa HiX I 1HIIMX BUMAAKIB, OCKIIBKH BTIIEHI OKCHIHI
BioueHHs Al,O3 BHKOHYIOTH pPOJb  3apoKiB s (GOPMyBaHHS CYIUJIBHOTO
KOMITO3UIIITHOTO TMOKPUTTS BHACHIIOK TEPMIYHO-aKTUBOBAHOTO MACOIEPEHECEHHS.
Takox BapTO BIAMITUTH, 1110 TipakTU4HO ogHO(MazHe mokputts Al,O5 (BMicT TiO qyxe
MaJjnil) CIpHus€e MOKPAIICHHIO KOPO31MHOI CTIMKOCTI 3a paxyHOK MEHII 1HTEHCHUBHOTO
(bopMyBaHHS JIOKaJIbHUX MIKPOTAJIbBAHIYHMX MAap-KOMIPOK MiX pi3HUMH (Da3amu

(nampukian, TiO, +AlL03).
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Pucynox 3.19 — 3anexHOCTI MOTeHIIialy KOpO3il BiJl TYCTUHU CTpyMy 1Jisi 3pa3kiB BT6

micist Y3YO 3 nopomikamu SisN4 Ta Bigmany 3a remmeparypu 650 °C

[Ilo crocyeTbes 3paskiB moaudikoBanux mopomkoM SisNg (puc. 3.19), To
NOPIBHAHO 3 HeoOpoOjeHuM 3pazkoM BT6, BOHHM XapaKTepHU3YIOThCS MOKPAIICHHIM
KOPO31MHOT CTIMKOCTI — MOTEHI[iad Kopo3li 30UIbIIyeThCsl B OIK OUIBII MO3UTUBHUX
3HaUY€Hb 3 OJIHOYACHHM 3MEHIICHHSIM TyCTHHH CTPYyMy KOpO3ii, IO CBIIYUTH MPO
3MEHIIICHHS MIBHIKOCTI KOpO3ii. 3a yMOB 3actocyBaHHsS o- 4u P-momudikariii SizNa
JOCSITAE€ThCS MPUOIM3HO OJTHAKOBHM pe3ynbTaT (Tadm. 3.5). [licna momatkoBoro Bigmary
CIIOCTEPITAETHCS 30UIBIICHHS TYCTUHU CTPpyMy Kopo3ii (Tabi. 3.5), a oTxe 1 MBUAKOCTI
KOPOJYBaHHS, 1110 MOKe OYyTH MOB’s3aHE 13 YTBOPEHHSAM OKCHIHUX BKItOYeHBb 110, Ta
Al;O3 BHACTIOK OKUCHEHHS OrOJICHUX/TIPUIIOBEPXHEBUX JUISHOK MAaTPUYHOTO CILIABY
NiJ BIJTABOM BHCOKHMX TeMmrieparyp. JlaHi BKJIIOYEHHS Yy MO€AHAHHI 13 YaCTUHKaMU
HITpUAY KpeMHit0 SisNs MOXyTh GOpPMYBaTH MiKpOTaJIbBaHIUYHI KOMIpKH Ha MiXK(pa3HUX
MeXaX OKCUJ/HITPHUI, KOTP1 y CBOIO YEPTYy MOXKYTh TPaTH POJIb JIOKATLHUX KOPO3IMHUX
JUISTHOK, 1 TAKAM YMHOM, MPUIIBUAIIYBATH MPOLIEC KOPO31i MOBEPXHI 3araioM.

Benuuuna omopy kopoayBaHHIO R;, po3paxoBaHa Ijsi yCiX IOCHIIKYBaHHUX
3pa3KiB Ha TMOYaTKOBUX e€Talax aHOoJHOI TMoJjspu3ailii, HaBeiaeHa B Tabm. 3.5. VY
nopiBHsAHHI 3 BuxiguuM craHoM (1,302 kQcm?), 3HaueHHs R, Ui iHIIMX JDOCHTiAHHMX
3pasKiB CBiYAaTH PO Te, 110 OKMCHEHHS TUTAHOBOTO 3pa3Ky Ha mosiTpi (3,492 kQcm?) Ta

VY3YO-cunTe3 KOMIO3UTHUX IIapiB (OKCUAY Ha HITPUAIB) CIPUSIOTH 301JIBIIEHHIO OIIOPY
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KOpPOAYBaHHIO y 2—3 pa3u, TOJI SIK MoAaiblIa TepMooOpoOKa 00yMOBITIOE HOT0 4-KpaTHE
30inbmenHs i Bunaaxy Hitpuay SisNg (~5,5 kQcm?). I KOMIIO3UTHOTO TIOKPUTTS 3
okcuny amominito Al,O3 xapaktepHe 30UIBIICHHS BOTO MapaMeTpy B ~6,5 pasiB 10
BenuuuHU 9,787 KQcM?.

OxpiM TOTO, TPOBEACHO OIIHKH €PEKTUBHOCTI 3aXHCTY Bix Kopo3ii Peg [128, 130],
SIK1 TAKOXK TIPEACTABICHO B Ta0m. 3.5. 3 aHami3y IUX JaHUX MOKHA 3pOOWTH BUCHOBOK,
IO I OKCUJHOTO KOMIO3UIliHOTO MOKpUTTs Al,O3, CHHTE30BaHOTO KOMOIHOBaHUM
nedopMaliiHUM Ta TEIJIOBUM BIUIMBOM, XapakTepHI HaWKpalll aHTUKOPO3iiHi
BinacTuBOCTI. lloTeHmian Kopo3ii cTae OUIBII ENEKTPOIIO3UTUBHUM TIOPIBHSIHO 3
MOYAaTKOBUM Ta OKMCHEHUM cTaHoM ciiaBy BT6 na ~175 MB Ta ~89 MB, BianosiaHo.
ToMmy A01aTKOBO JOCTIIKEHO MOP(]OJIOTi0 MOBEPXHI BUXIAHOTO Ta MOAU(PIKOBAHOTO

3pa3KiB Micisl KOPO3iHUX BUITPOoOyBaHb (puc. 3.20).

crekrp 3

SEMMV100MV WD 158Tmm | |||
Viewfeld: 500m  DetBSE  Tpm
Sen uAG- 72210

seuwv 0w | wo-ts7smm | i
View fiekd 5.00 pm Det: BSE 1 pm
Seuwso 1220

a, B, 1 — 10 KOPO3IMHUX JOCIHIIKEHB; O, T, € — MICIs KOPO3IWHUX TOCITIKEHb;
a, 0 — BT6 y BuxigHOMYy cTaHi; B, T — MicJisa apMyBaHHs oporkoM Al,Os;
1, € — TICJISA CHHTE3y KOMIO3UTHOTO TOKpHUTTS Al,O3
Pucynok 3.20 — CEM-300paxeHHs TOBEpXH1 3pa3KiB Ta JUISHKH €HEPrOAUCIIEPCIHHOTO

aHajizy
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BuaHo, 1mo Ha TmOBEepxHI 3pa3kiB, SAKI 3a3HAJIM aHOJHOI MOJISIpHU3allii
(puc. 3.20, 6, ¢, e), crnoctepiraeTbcsi 0araTo SICKpaBO-CIpHX IUISHOK, SKi BIJICYTHI Ha
BUxigHUX ToBepxHAX (puc. 3.20, a, 6, 0). Pe3ynbratn eHeproaucrepciiHOTO aHamizy
MIITBEPKYIOTh, 110 B [UX AUITHKAX IMiJBUIIECHUN BMICT BaXXUMX XIMIYHHX €JICMCHTIB

(Ti Ta V) matpuuHoro cruiaBy (Tadm. 3.6).

Tabmuis 3.6 — XiMiuHUH CKIIa] TIISTHOK MOBEpXHI crutaBy BT6 miciis Kopo3iiHux

BUTIpOOYBaHb (aT. %)

Pucynok | Cnektp | Ti Al VvV @) Na Cl Fe C
3.20, B 1 4,39 | 37,21 | 1,11 | 54,46 - - 0,04 | 1,87
3.20,r 2 12,22 | 26,79 | 2,14 | 56,38 | 0,61 | 0,48 - 0,4
3.20, 1 3 0,78 | 38,83 - 58,71 - - - 0,34
3.20, e 4 1,71 | 3661 | 0,2 |5883 | 0,30 | 0,29 - 0,12

[{e MOXe MOSICHIOBATUCS KOPO31MHUM PO3YMHEHHSIM TOHKMX OKCHIHHX ILUIIBOK Ta
JCSIKUX 9aCTUHOK okcuay amtominito AlbOs, 1 sk Hacinok, — GOpMYBaHHSAM OTOJICHUX
MaTPUYHUX [IAPiB i3 BUCOKMM BMIiCTOM T1 Ta iX BTOPMHHUM KOPO3iMHUM OKHCHEHHSM
(puc. 3.20, 6, 2). Ocob6AMBO BAXKIUBO, IO JJII KOMIIO3UIIIHHOTO TOKPHUTTS OKCHIY
TIOMIHIIO XapaKTepHl HaMeHIT 3MiHH MOP(OJIOTiT TOBEPXHI Ta XIMIYHOTO CKJIay, a
TaK0>X HalKpalll 3Ha4€HHs ONOpY KOPOAYBaHHIO R, Ta epekTuBHOCTI 3aXuUCTy Py Bin

kopo3ii y 3,5% BogHomy po3zuuni NaCl (ta6:1. 3.5).

3.7 XapaKkTepuCTUKHA Ta MEXaHI3MH 3HOLIYBAHHA IOBEPXHEBUX LIAPIB MIC/s

¥Y3YO 3 nopomikamu, Bianajay Ta KoOMOiHOBaHOI 00poOKH

3.7.1 MakpoTpu00JI0TiYHi XapaKTEePUCTUKH

[lin yac CTBOpPEHHS 3aXMCHHMX IIOKPUTTIB Ha MPOMMCIOBUX CIUIaBax Cilij
nepeadavyaTy MOAANIbIIN YMOBH €KCIUTyaTallii JaHUX MaTepialliB Ta BUPOOIB 13 HUX (10
MPUKJIAAY, JIONATOK TYpOIHHUX JBUTYHIB). TOMY JOCIHIIKEHO 3HOCOCTIHKICTH 3pa3KiB

nicisg Y3YO Ta nogaibiioro TEpMIYHOTO BIUIMBY MPU CYXOMY TE€PTi 32 YMOB 3BOPOTHO-
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MOCTYNaJIBHOTO PYXy HamiBCPEPUUHOrO 1HACHTOpPA 3 KOPYHAY (AiamMeTpoM 8 MM Ta
tBepaicTio 15,5 I'Tla). JloBknHa AOPIKKM TEpTsA CKIanaiga 4 MM, HaBaHTa)KCHHsS Ha
inaentop — 20 H, gactoTa oro 3B0pOTHO-MOCTYMATBHOTO PYXY Ta MIBUIKICTh KOB3aHHS
—1To1 0,013 M/c BigmoBigHO. BennunHa 3HOCOCTIMKOCTI BH3HAYajacs 3a TNIMOMHOIO
JOP1’KOK 3HOIITYBAaHHS, SIK1 BUMIPIOBAIHCS MTPO(PITOMETPOM.

Ha puc. 3.21 naBezieHO BEIMUMUHY CUITU TepTs F Ta muionry KOHTakTy Ha KOHTPTLI

JJI1 piBHI/IX CHHTC30BaHHUX HOKpI/ITTiB.
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a — cuja TepTs; 0 — IUIOIIa KOHTAKTY Ha KOHTPTLI
Pucynok 3.21 — XapakTepucTHKH 3HOCOCTIHKOCTI 3pa3kiB ciiaBy BT6 3 pisaumu
CUHTE30BAHUMH TIOKPUTTSIMH

3HaueHHs CUJIM TepTs F NpuUpogHMM YHMHOM 3aleXUTh BiJ MEXaHI3MIB
3HOIIYBaHHS, a OTXKE, J03BOJISIE 3’SCyBaTH BHECOK PI3HUX MEXaHI3MIB JI0 IPOIIECY
pyilHyBaHHS TIOBEpPXHEBHMX IIapiB matepiany. BcraHoBineHo, mo cuna tepts F
3apeecTpoBaHa I 3pa3KiB, MOAU(IKOBaHUX MOPOIIKOM SizNj, € IeIIo HIKYO00, aHK
st BuxinHoro cruiaBy BT6. Ile moxke Oytu cripuunHene GopMyBaHHSM pelbeHOTO
HITPUJIHOTO TIOKPHUTTS 3 KpalliM{ aHTHU(DPUKIIHHUMU BJIACTUBOCTSIMH Ta YaCTKOBUM
BUKPHIIYBAHHSIM HOTO CKJIQJ0BHX, KOTPI MOXYTh TpaTH poJib TBepAoi 3ma3zku. Ilicis
BHUCOKOTEMITEpaTypHOT 0OpOOKH JIJIsl TaHWX 3pa3KiB XapaKTepHE NOJAATKOBE 3MEHIIICHHS
CHJI TEPTSI, 10 MOXe OYTH MOKa3HUKOM YaCTKOBOTO CITIKAHHS CKJIaIOBUX MOKPUTTS Ta

(dbopMyBaHHS 1 MOJANBIIOTO PYHHYBAaHHS TOHKMX OKCHAHMX ILTiBOK T10; ta Al,Os, 1o
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Oynu yTBOpPEHI MiC/g BUCOKOTEMIEPATYPHOTO OKHMCHEHHS MPUIOBEPXHEBUX MIAPiB
MaTPUYHOIO CILJIABY.

Hatikpama anTudpukiiiiina moBeaiHka 3 HU3bKUMH Ta TIOCTIMHUMH 3HAYEHHSIMH
CUJIM TEPTSI CHOCTEPITA€ThCS NIl BUMAAKY KOMITO3UTHOTO TMOKPUTTS, CHHTE30BAHOTO
Y3VYO0 3 mopormkom Al;Os, micis HOTo TepMITHOT 00pOOKH.

YcTaneHo MpakTUKOIO JJii BCTAHOBJIEHHS MEXaHI3MIB 3HOUIYBAaHHA (30Kpema,
aJre3MBHOTO Ta aOpa3sWBHOIO) € OTJISAJ KOHTPTUIA MICHIS KOXHOTO TMPOBEIECHOTO
BUIIPOOYBaHHs. Y OUIBIIOCTI BUMAAKIB 3a(1KCOBAHO 3aJTUIIKH MAaTPUYHOTO MaTepiay Ta
BCTAHOBJICHO IUIOILY 30HH KOHTaKTy (puc. 3.21, 6), sIKUil yTBOPIOETHCS Ha KOHTPTLII 3a
paxyHOK HaJMIaHHS MaTepiaiay 3paska miciisg BUlpoOyBaHb. Lle cBimUuTH Mpo 3HAUHE
NOIIKOJKEHHSI BIAMOBIAHMX 3aXMCHUX IOKPUTTIB, MPOTE ICHY€ BHKIIOYEHHS —
KOMITO3UIIIHHUK I1ap, MeXaHiuyHo JieroBanuii uyactuHkamu AlOs, micisa TepmivHOT
00pOOKH.

Mopddosoriss moBepxHi 3paskiB micigs Y3YO 3 mopomkoM SisNg (pi3HEX
Moaudikaiiil) Ta MOJANBIIOrO BiAMaly, SKI MiJAaBaIUCS BUIPOOYBAHHIM Ha

3HOIIIYBAaHHS YIPOJOBXK 15 roauH, Mae Iyxe CXOxKHui xapakrep (puc. 3.22).

50 mxm
» 20 MEM -

20 mkm

- ¢ 7 = - ]
SEM HV: 10.0 kV WD: 15.65 mm | SEM HV: 10.0 kV WD: 15.62 mm |_ | MIRA3 TESCAN|
View field: 300 Det: SE View field: 300 Det: SE
Sy 50 mxm S u 50 mxm

SEM MAG: 1.20 kx SEM MAG: 1.20 kx

a—micast Y3YO 3 nopomrkom a-SizNg; 6 — micins Y3YO 3 noporikom f3-
Si3Ny Biamaseni 3a temneparypu 650 °C

Pucynok 3.22 — Jlopi>kku 3HOLTYBaHHS JJIsI 3pa3KiB ciiaBy BT6
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BusiBiisitoTbesi HemepepBH1 AUISHKM KOB3aHHS 13 TJIMOOKMMM KaHaBKaMH (IO
CBIIYMTH PO 3HAYHY IJIACTUYHY JeopMarliro), BUCTYIIaMH, 3MAIlIEHUMH JIIJITHKAMH,
YUCIICHHUMU XBUJIETIOJIOHUMH KpaTepaMu Ta noapsnuHaMu. OKpiM TOTO, TAKOK MOKHA
CIIOCTEpIraTH O3HAaKM a0pa3sWBHOIO 3HOIINYBAaHHS, IO MOXe OyTH pe3yJbTaToM
BUKPHIIYBAaHHS HITPUAHUX 4acTUHOK SisN4 i yTBOPEHUX y MpPOIECi Binary OKCHUIHUX
JYCOYOK Ta YaCTMHOK MaTepiaiy, KOTpi OyJy BHIIydeHi 3 MAaTPUYHOTO CIUIaBY, a OTXKE,
MOTJIM TIOBTOPHO BTUCKATHUCH Ta IPSNATH OBEPXHIO.

Pesynmbrarom  BiIKpUITyBaHHS  TBEPAUX  HITPUIHUX  Ta  OKCHUIHHUX
JIyCOYOK/4aCTHHOK 3 TTIOBEPXHI, sIKI MOKYTh I'PaTH POJIb )KOPCTKUX Ta TBEPANX aOpa3uBiB,
€ YTBOPEHHS BEJIUKOI KIJTLKOCTI MOAPSANUH Y MICII KOHTAaKTy 3 KOHTPTUIOM Ha MOBEPXHI
3pa3ka TiJ 4yac BUIPOOYBaHHS Ha 3HOIIYBaHHA. SIBUINE 1HTEHCUBHOI IUIACTHYHOI
nedopmarlii miji yac MpoOIECy 3HONIYBaHHS 000X 3pa3KiB MPOSIBISETHCS Y BUIJIISIL
HE3HAYHUX HAKOMHMYEHb MaTepialy Ha MeXi MIJITHOK 3HOLIYBaHHS Ta HEYIIKOIKEHOT
TIOBEPXHI, IPU YOMY BOHU MAIOTh XBIJISICTHI Ta 3yOdacTuii xapakrep (puc. 3.22).

3arayiom, i 3pas3kiB i3 cHOPMOBAaHMMHU TOKPUTTSIMU HITPUAY KpeMHit0 SizNg
BeITMYMHA 3HONTYBaHHS CKiianae 8§ MkM—16 MkMm (puc. 3.23) 3a JOBOJII BUCOKUX 3HAYCHD

cuiu tepts (F = 10 H-20 H) (puc. 3.21, a).
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Pucynok 3.23 — [1opiBHSIHHS BEJIMYMHU 3HOUTYBaHHS 3pa3kiB ciiaBy BT6 micis

CUHTE3Y PI3HUX MOKPUTTIB

[IpyyoMy HaWHWKYMMHU 3HAYCHHSIMH 3HOITYBaHHS XapaKTEPHU3YEThCS 3pa30K
micJist KOMOIHOBaHOTO JAe(OpPMaIifHOTO Ta TEIUIOBOrO BILTHUBY 3 mopoikoM Al,O3. Came

TOMY Liell BUIAJOK Oyle po3risHyTo Habararo aeraibHime. Ha puc. 3.24 naBeneHo
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3QJIGKHOCTI cwid TepTs F Big TpuBanocTi BUNPOOYBaHb Ha 3HOCOCTIHKICTH Yy
KBazictaTuuHomy (puc. 3.24, a) Ta nuHamigyHOMY (puc. 3.24, 6) pexxumax.

3HaueHHs cuiM TepTs F, 3apeecTpoBaHe st OKHCHEHOTO BUX1AHOTO 3pa3ka BT6,
PI3KO 30UIBLIYEThCA IMichas ~3 TOoAuH KoB3aHHA (puc. 3.24), 1m0 € MOKa3HUKOM
pyiHYBaHHS TOHKMX OKcumHuUX TuBOK 1102 Ta AlyOs, sKi yTBOPIOIOTBCS TiCIs

BHCOKOTEMITEPATypPHOTO BiJlay.

30 T T M T T T
( a) — BT6 nuxignmii cran —@— BT6 micna signany |
25 | —A— BT6+A1203 . BT6+A1203+BiHHEII[
= ]
= 20 i
= ]
[
S 151 -
-
g l
= 101 :
U ]
5 v Y
Cratuuni BUIrpoOyBamis
0 T T y T ‘ T
0 S 10 15
1 O T T T

i (6) —l—- B16 Buxiguuii cran —@— B16 nicna pianamy
—h— BT6+Al,03 —9— BT6+AlO4+sianan

Cuna tepra F, H
L9
\

2- J——
| ® ¥

0+ | Junamiuni Bunpo6ysanms 7

o 5 10 15
Yac BENpoOYBaHb, Ioj
Pucynok 3.24 — YacoBi 3aJ1€)KHOCTI CUJIM TEPTs Y MpoIieci BUIpoOyBaHb Ha

3HOCOCTIMKICTh CHHT€30BAaHUX MOKPUTTIB

Haiikparii xapakTepucTHKY (HAWHWKYE Ta MOCTIHHE 3HAYCHHS CHITU TEPTS) K JIJIs
BUIAJIKYy CTaTHYHOTO, TaK 1 JWHAMIYHOTO BHUMPOOYBaHb, CIOCTEPITalOTHCA IS
KOMITO3UIIIHHOTO MOKPHUTTs 3 moporikoM Al,O3 micis koMOiHOBaHOTO AehopMaIiifHOTo

Ta TEIJIOBOIrO BIUIMBY. MoKHA Oa4uTH, 110 JIMIIE HAa 3aBEpIIATIbHOMY €Tarl AMHAMIYHHUX
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BUIIPOOYBaHb BiI0YBAa€ThCS HE3HAYHE 30UIBINICHHS CHITH TepTs (puc. 3.24, 6), 04eBUIHO,
32 PAaxXyHOK BIJIIAPYBaHHsS MPUIIOBEPXHEBUX IUIIBOK OKCHAY Ta BHUKpPUIIYBAHHS
apmyrounx dvactTmHOK AlyO3;. BenmnuwmHa cumimm  TepTs, 3apeecTpoBaHa I Yac
BUNPOOYBaHb, MPOBEJACHUX Y KBazictaruuHoMmy (puc. 3.24,a) Ta JAUHAMIYHOMY
(puc. 3.24, 6) pexxumax, Iy’ke pi3HUTHCS, IPUUOMY B JAPYTOMY BUIAAKY PEECTPYIOTHCA
3HaYHO MeHIIi 3HaueHHA. L{e Moxke OyTu MOB’s3aHO 13 3aXMCHUM €(PEKTOM YTBOPEHHUX
KOMITO3UIIIMHUX OKCHUJIHUX TOKPUTTIB, 30KpeMa, IIOBEPXHEBUX IUIIBOK, SIKUM
npuUTaMaHHa MiABHUILEHA 3HOCOCTIHKICTh 32 YMOB TUHAMIYHUX BUIPOOYBaHb.

BenuuuHy 3HOUIyBaHHS TOBEPXHEBUX IIApiB 3pa3KiB MiJ Yac 3BOPOTHO-

IMOCTYIMAJIbHOT'O KOB3aHHA KOPYHIOBOI'O KOHTpTiJ'Ia HaBCIACHO Ha pHUC. 3.25.
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r, 4 — micns cuHTe3y KOMIo3uTHOTO MOKpUTTS Al,O3; a-T — HOpikKKH 3HOIITYBaHHS,
7l — BTpaTH Ha 3HOIIYBAHHS; € — IJIOIIA KOHTAKTY
Pucynoxk 3.25 — Pe3ynbratu cTaTHIHUX Ta JUHAMIYHUX BUIIPOOYBaHb Ha

3HOCOCTIHKICTB 3pa3kiB BT6
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[TopiBHSIHHS KaHAaBOK 3HOIIYBAaHHS, IO YTBOPHWJIUCh BHACTIJOK KOB3aHHS
(puc. 3.25, a-2), cBiAUMTH, IO SIK JJIs BUNAIKY CTAaTHYHHX, TaK 1 JUHAMIYHUX yYMOB
HABaHTAKEHHS, PO3MIp ITMX KaHABOK € TOCUTh BEJIMKHUM JIsl BCIX 3pa3KiB, 32 BUHSITKOM
3pa3ky Ha TMOBEpPXHI SKOro OyJI0 CHHTE30BaHO MOKpUTTA 3 mopomkoMm AlyO3
KOMOIHOBaHUM JedopMaIliiHuM Ta TEIJIOBUM BIUTMBOM. Came I IhOTO BHUIIAIKY
KaHaBKa 3HOIIYBAHHS XapaKTEPU3y€EThCs] HAWMEHIITUM PO3MIPOM ~ 2 MKM, IO CBITYUTH
PO CYTTEBE MiABHUILECHHS 3HOCOCTIMKUX BiaacTUBOCTEH (prc. 3.25, 2). s iHIIuX 3pa3KiB
KaHaBKH 3HOIIYBaHHS MalOTh BEMUKY TOBIIMHY (puc. 3.25, a-6) i rmubuny (BTpaTu Ha
3HOlTyBaHHs) (puc. 3.25, 0), AKi Ha MOPSIOK OB, aHDK JUISl TONEPEIHBOTO BUIAIKY

(tabmn. 3.7).

Tabnuus 3.7 — XapakTepUCTUKU 3HOITYBaHHS 3a PI3HUX YMOB JIOCIIIJIKEHb

(W — Benmmuuna 3H0mIyBaHHS, lwr — ITOKa3HUK MOKPAIICHHS OMOPY 3HOITYBAHHIO)

3HOIIYBaHHS KOPYHIOBUM KOHTP-TIJIOM
CxuepomeTtpist
BT6 (cTan) Cratuunuii pexxum ~ JluHaMIYHUHN peXUM
W, MM lwr, % | W, MKkM lwr, % W, MKkM lwr, %
Buxigunii 5 - 20 - 22 -
Biaman 5.5 -10 19.5 2.5 20 9.1
Al;,O3 8 —60 12.5 37.5 14.5 34.1
Al,Os+Bigman 9 —-80 1 95 1 95.5

Jnst pi3HUX BUIIB BUIPOOYBaHb PO3PaxOBAHO MOKAa3HUK IMOKPALIEHHS OMOpY
3HOITYBaHHIO lwg (Tab. 3.7) 32 HACTYITHUM BUPA3OM:
IWR = {(Wo — WM)/\No} 100%, (32)
ne Wy — BenrurHa 3HOUTYBaHHHS BUX1JIHOTO cIuiaBy, Wy — BeIMYMHA 3HOIIYBaHHS
JUTsI CTUTaBY TIicTisi 0OpOOKH.
3 an”ami3y nAaHux Tabiuui 3.7 BUAHO, W10 JJIs BUIAJKY MAaKpOBHUIPOOYBaHb

BiIOYBA€EThCS TIOKpAIIEHHS TOKa3HUKAa lwg Ticas BCiX BHIIB OOpOOKH, TIpOTE
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3aCTOCYBaHHs KOMOIHOBaHOT 0OPOOKH J103BOJISIE MIABUIIUTH lwr, @ OTXKE i €PEeKTUBHICTD
MPOTH/IIT 3HOIIYBAHHIO 3a PI3HUX YMOB BHUIIPOOYBaHb MOPIBHSIHO 13 BUXIJHUM CTaHOM
criaBy BT6 1o ~96%.

Jlaxi MiKpOTpHOOJIOTIYHMX BHUIIPOOOBYBAHB/CKIEPOMETPIi HABEACHO Y JaHil
TaONUIIl JUIsT HAOYHOCTI TOPIBHAHHSA, BOHU OYyTh OKJIAJHO PO3IVIAHYTI Y HACTYITHOMY
niapo3aim 3.7.2.

ITicns Bcix BuIpoOyBaHh Ha 3HOIIYBAHHS BIIOYBA€ThCS MacCONEPEHECEHHSI
MaTepialy MaTpPUYHOTO CIJIaBy Ha KOPYHAOBY KyJIO, 3a BHUHATKOM 3pa3Ky 13
CUHTE30BAaHUM KOMIIO3UTHUM TMOKPUTTSM OKCUIYy aitoMmiHito (puc. 3.25, e). LlikaBe
CIIOCTEPEKEHHSI, 1[0 BTPATH MAacH Ha 3HOIIYBAHHS MalOTh MOAIOHY BEJIMUUHY ISl 000X
peXUMIB BHUMNPOOYyBaHHS (CTAaTUYHOTO Ta JIUHAMIYHOTO) 1 BCIX JOCHIAHUX 3pa3KiB
(ocobimBO okucHeHHX). Lle miaTBepaKy€e BUCOKY 3HOCOCTIMKICTh YTBOPEHUX MILTBHUX
OKCUJHUX IJIIBOK Ha MOBepXxHi cruiaBy BT6.

JIumie nyig BUXIAHOTO CTaHy Ta JuIsl AedopMaliiiHO CHMHTE30BAHOIO KOMITIO3UTY,
BTpaTU HA 3HOUIYBaHHS IMICIA JAMHAMIYHUX BUIPOOYBaHb € JEIIO0 OUIBIIMMH, HIXK
3apeeECTpOBaHl 3a CTAaTUYHUX yMOB (Tabi. 3.7). Jlane sBuie mMoxke OyTH IOB’s3aHE 13
MOJKJIMBUM BUKpHITyBaHHAM dYacTHHOK Al,O3; i3 matpuri crutapy BT6 BHacmigok
JUHAMIYHUX HaIpY’KeHb, 110 BUHUKAIOTh Mij Yac BUIPOOYBaHb 3a AAHOro pexxkumy. L1
BUKpHMILIEHI MOPOUIMHKA B TOJMAJbIIOMY MOXYTh BIJIIpaBaTH poJib aOpa3UBHUX
CEpENIOBUII, 3MIHIOIOUM MEXaHi3M 3HOIIYBAaHHS Ha MIKPOMOAPIOHEHHS/CTUPAHHS, IO
NPU3BOAMTH J0 301IBIICHHS BTPAT Macu Ha 3HOIIyBaHHS (puc. 3.25, 0).

Mopdornorirto ToOBepxHI Ta AUISHOK 3HOIIYBaHHA 3pa3kiB cmiaBy BT6 'y
MOYaTKOBOMY CTaHIi 1 MICJIsl BUCOKOTEMITIEPATyPHOTO OKHCHEHHS MMOKa3aHo Ha puc. 3.26,
a JJIsl CAHT€30BaHUX OKCUIHUX MOKPUTTIB 32 PI3HUX BEJIMUYMH 301JIbILIEHHS — Ha puc. 3.27.
XiMIYHAMA CKJIaJ BUAUICHUX AUBTHOK Ha JOPIKKAX 3HOIITYBaHHS HaBEICHO B Ta0m. 3.8.
AHall3 1mUX pe3yibTaTiB J03BOJIAE OUIBII JACTadbHO MpOaHaII3yBaTH MEXaHI3MHU
pyHHYBaHHS TTOKPHUTTIB.

Mopdororisi mOBepXOHb 3pa3KiB, SKI MiIaBAIUCS 3HOIIYBAHHIO yHPOAOBX 15

TOJIMH, Ma€ JIyKe CX0XHM xapakrep (puc. 3.26). Ha 3HOImIEHUX MOBEPXHIX MOXKHA JIETKO
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BUSIBUTH CYIUIbHI JUISHKM KOB3aHHS 3 IIJIAaCTUYHO Je()OpMOBAaHMMHU KaHaBKaMU,

BHUCTYyIIaMH, 3MAIICHUMHU IIiJ'I}IHKaMH Ta YUCJICHHUMHU TOYKOBHUMH KpaTCpaMu.

it % : -
pteg Do SRS
SEM HV: 10.0 kV WD: 15.32 mm SEM HV: 10.0kV WD: 15.39 mm SEM HV: 10.0 kv WD: 15.39 mm MIRA3 TESCAN|

View field; 2.00 mm Det: SE 500 I\I‘KI\] View field: 150 pm Det: SE 2 0 MKM View field: 50.0 ym Det: SE 1 0 MI]QI\I

SEM MAG: 181 x SEM MAG: 2.41 kx SEM MAG: 7.22 kx

SEM HV: 10.0 kV WD: 14.74 mm | mRasTESCANEN  SEMHV: 10.0kV wo:1486mm ||| | ! “mRA3 TESCANJl  SEM HV: 100k WD: 1485 mm | m MIRA3 TESCAN|

View field: 2.00 mm Det: SE 506 VM KM View field: 300 pm Det: SE 50 MEKM :::::l: 125‘0:.: Det: SE 20 MEKM

SEM MAG: 181 x SEM MAG: 1.20 kx

a — BUXIJIHUH cTaH; 0 — Biaman 3a reMmepaTtypu 650 °C

Pucynox 3.26 — 300pakeHHs TOP1KOK 3HOIIIYBAaHHSI JIJIsl 3pa3KiB criaBy BT6

OKpiM TOro, TaKO MOKHA BHSIBUTH O3HAKH a0pa3MBHOTO 3HOIIYBAHHS, IO JJIS
BUIAJKY BUXIAHOTO 3pa3Ka MOXe OyTH pe3yJIbTaTOM TOro, IO JYCOUKH Ta YaCTUHKH
Matepiany, KOoTpi OyJlId BWUIY4Y€HI 3 MATPUYHOIO CIUIaBY, MOBTOPHO BTHUCKAIOThCS Ta
IpOHIKPsIOYIOTh TOBEPXHIO KOHTAKTY Ta IPatoTh pOJib adpa3uBy.

[ToBepxHs 3HOILIYBaHHS OKMCHEHOTO 3pa3ka BT6 Takox MICTUTh JOCUTH BEJIHUKY
KUIBKICTh ~ BIJIOKPEMJICHUX  MIKPO-KaHABOK  3HOIIYBAaHHS, $KI € pe3yJbTaToM
BIJIKPHUIIIYBaHHS TBEPIUX OKCUIHUX JIyCOYOK/YaCTUHOK 3 MOBEPXHi. SIBuUIlIE IHTEHCUBHOT
MJIACTUYHO1 Jedopmarlii mij yac Mpolecy 3HOIIYBaHHS 000X 3pa3KiB MPOSBISIETECS Y

BUTJISAJIl HATPOMAJKEHb Ha MEXK1 AUITHOK 3HOILITYBaHHS Ta HEYIIKOKEHOI ITOBEPXHI, PU
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YoMy BOHHU JEIIO BIJIPI3HSAIOTHCA, 1 MaloTh XBUisAcTHi (puc. 3.26, al) Ta, BiAMOBIIHO,
3yOuacTuii xapakrep (puc. 3.26, 61) 1151 BUXiTHOTO Ta OKUCHEHOTO 3pa3KiB.

Takox MokHa OauWTH, IO HA JEAKUX [IISHKAX BiIOyBa€ThCA 3HAYHE
MOIIKO/DKEHHST 13 BEJMKOK KIUIBKICTIO BUKPHUIICHMX Ta BTUCHEHUX YJIAMKiB
(puc. 3.26, a2, a3, 62, 63), MO0 MOXE CBIAYATH MPO HMOBIPHUN BHECOK OKHCHOTO
3HONIyBaHHS. BIiNMoOBIAHO 70 JaHUX EHEPTrOAMCIEPCIHOrO aHaji3y, HaBEeIEHUX Y
Ttabm. 3.8, MOXHaA CTBEpIPKyBaTH, IO MEBHA J0Js aOpa3WBHOTO 3HOIIYBaHHS MOXKE
CIPUYMHATHCS HaBITh BHACIIIOK OKUCHEHHS, 110 BUKJIMKAHE KOHTAKTOM KOHTPTLJa Ta
Matepiainy-MaTpuill (MOKIIMBE YTBOPEHHS OKCHIHOI TUTIBKM Ta OKCHUIHUX aOpa3sMBHUX

gactouok T102/Al,03 — muB. criektp 3 Ha puc. 3.26, a3 Ta criektp 2 Ha puc. 3.26, 63).

Tabnuusa 3.8 — XimiuyHu# ckiiag BUAUICHUX 30H Ha JOPIKKAX 3HOIIYBAaHHS B aT.%

Pucynok = Crnektp O Al Ti \Y C Fe
3.26, a3 1 19,75 12,53 65,12 2,73 0,07 0,16
2 45,73 15,92 36,48 1,18 0,62 0,06
3 32,37 16,10 49,25 1,78 0,45 0,05
3.26, 63 1 2,44 7,39 84,97 3,37 0,05 0,09
2 49,75 19,81 29,21 0,91 0,32 -
3.27,al 1 36,59 13,16 42,98 1,75 1,42 0,1
2 6,07 8,75 81,27 3,11 0,65 0,16
3 46,26 17,55 32,14 1,46 2,59 -
3.27,61 1 51,19 20,15 26,54 1,03 1,09 -
2 9,72 12,36 73,80 3,11 0,91 0,11
3.27, 2 1 60,86 36,07 2,41 0,11 0,50 0,06
2 48,82 11,92 36,15 1,07 1,32 0,72

TakuM YMHOM JUIsl JAaHUX 3Pa3KiB € IOCUTh peaJbHUMU IPUHANMHI TPU MEXaHI13MU
3HONIYBaHHS. TUIaCTUYHA JedopmMallisa, 10 CYINPOBOKYEThCS aedopmariiiHuM
3MIIHEHHSIM, KOTpa IHJAYKOBaHa pO3pi3aHHIM/HAJIPUBOM YaCTUHH MOBEPXHEBOTO

Martepialy, BIJIIApyBaHHS JyCOUOK Marepialy B 30HI KOHTAKTy, IO TaKOX
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MIJITBEPKYETHCA TMOSBOIO IUIAM Ha KOHTP-TLIl; Ta OKCHUAHO-aOpa3suBHHM 3HOC, 3a
PaxyHOK MOBTOPHOI B3a€MO/I1i MOBEPXHI 13 BUJAJICHUMHU YACTUHKAMH OKCUIIB ToIo. Lli
MEXaHi3MH 100pe y3roKYIOThCS 3 TUMHU, 1110 OyiM onucaHi panimie ais CriaBy BT6 ta
fioro okcuaHO-Moau(BiKoBaHOTO aHaiora [146, 147].

Mopdortoriro MOBEpXHI Ta TOPI’KOK 3HOIITYBaHHS 3pa3kiB BT6, Ha moBepxHi SKUX
Oy710 CHHTE30BaHO KOMIO3WUTHUN OKcHUiHUUN map (MerogoM Y3VO) Ta KOMIO3UTHE
MOKPUTTS oKcuay amomiHito (koMOiHamis Y3VYO ta TepmiuHoi 0OpoOKH), TOKa3aHO Ha

puc. 3.27, a XIMIYHUN CKJIaJ] OKPEMHX AUISHOK Ha JTOPI’KKaX 3HOIIYBaHHS — B Ta0u. 3.8.

: 20 MM
Tz T msiaie s [—

SEM HV: 10.0kV WD: 16.22 mm | MIRA3 TESCAN]| 20 MKM SEM HV: 10.0 kv wD: 1622mm | | L MIRA3 TESCAN|

| |
View field: 2.00 mm Det: SE View field: 2.00 mm Det: BSE
Al : 500 mxm e : 500 mxm

0 &
T :\’
gy 3

gicnexTp2 B

¥

SEM HV: 10.0 kV WD: 15.42 mm | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 16.64 mm | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 15.65 mm |
View field: 2.00 mm Det: BSE

r View field: 160 Det: BSE View field: 5.00 Det: BSE -
SEM MAG: 181 x 500 MKM SEMM:‘G: 2.4|u|'(“x 20 MKM SEMMA‘GJZ_’I:: 1 MKM

a, 6 — Y3YO 3 nopomkom Al,O3; B — ¥Y3VYO 3 nopomkom Al,O3 Ta Bignan 3a
temneparypu 650 °C

Pucynok 3.27 — 300paxxeHHs TOp1>KOK 3HOIIYBaHHS s 3pa3kiB criaBy BT6

Crmparounch Ha pe3yibTaTH BHMIPIOBAHHS IIBUAKOCTI 3HOcy (puc. 3.25,0), a
caMe BEJIMKY PI3HHIIO LBOrO 3HAYEHHS MDK JaHUMHU 3pa3kaMu, CIifl pPO3IJISHYTH

JIeTaJIbHIIIE JIIF0Y1 MEXaH13MHU 3HOIIYBAHHS Ta MOXKJIMBY P13HUIIIO MI>)K HUMHU.
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3HOIIIEHA MOBEPXHS KOMIO3UIIAHOTO 1Iapy, CUHTe30BaHOTro MetojgoM Y3VO, €
JIOCUTH CXO03KO010 117151 3pa3kiB BT6 y BuxigHOMy Ta OKMCHEHOMY cTaHax. [IpoTe, y qaHOoMy
BUMAKY KOJHUX HAKOMMYCHB/HArPOMAPKEHb MATPUYHOTO MaTepialy B3I0BXK KaHABOK
3HOCY HE crocTepiraerbes. [1oBepXHs 3HOIIYBaHHS JAHOTO 3pa3Ka XapaKTepU3YEThCS
OTOJICHHSIM TUTAHOBOI MATPHIll Ta YHCIEHHOIO KUIBKICTIO PO3Ma3aHUX MOAPANUH Ta
KpaTepiB Ha Hiil (puc. 3.27, a), OIHAaK, IXHIM PO3MIp 3HAYHO MEHIIUH, AHIK IS
BUXIJTHOTO CTaHy, 110 MMOKa3aHUM Ha puc. 3.26. BHECOK MJIaCTUYHOIO 3HOCY BUSBISETHCS
HabaraTo MEHIINM, a a0pa3uBHOTO — HaBMaku. Lle mATBepIHKYETHCS HASIBHICTIO JESIKUX
KOPOTKHUX TJIMOOKHUX CHiJiB, KOTpl OyJIU COPUYUHEHI BIIPUBOM, MPOIIKPSIOYBAHHIM Ta
MOBTOPHUM BTUICHHSM apmyrouux dyactuHok Al,O3, BOymoBanux VY3YO 1o
IPUMOBEPXHEBOIO IIApy 1 BHJIAMAHMX 1] Yac BUOPOOYBaHHS, NPUUOMY pO3Ma3aHi
JTUISHKA ~ 1O0JM3y MEXI KaHaBKM 3HOIIYBAHHS Maibke HE CIIOCTEpIraroThCs
(puc. 3.27, al, 61). Enepro-nucnepciiiHuii aHai3 MOKa3ye MiABUIIEHUH BMICT KUCHIO Ta
anmoMiHito B ciektpax 113 (puc. 3.27, al) Ta cnextpi 1 (puc. 3.27, 61), 1110 MATBEPIKYE
BUIIEBKA3aHE TBEP/PKEHHS CTOCOBHO a0Opa3MBHOrO €(PEKTy 3HOLIYBaHHS YaCTUHKAMU
okcuy amominiro Al,Os.

Ha mportuBary, mop¢omoris kaHaBKH 3HOIIYBaHHs Ta MOBepxHi 3pazka BT6 i3
KOMITO3UTHUM MOKPUTTSIM, CHHT€30BaHUM KOMOIHOBaHUM Jie(hopMaIiiHUM Ta TEIJIOBUM
BIUIMBOM (3 Ha TIOPSJIOK HWKYUMH BTpatamu Ha 3HOC (puc. 3.25,0)), CyTT€BO
BiJIpi3HAEThCS (puc. 3.27, 6-63). Y 1bOMYy BHMAAKy OYIKYBaHO HE€ BIiJIOYyBA€ETHCS
aare3VBHUX €()eKTiB — HAUITAHHS KOMIIO3UTHOTO MaTepially Ha TOBEPXHIO KOPYHIOBOTO
KOHTp-TUJIa (BHACIIOK HU3BKOTO KOS(DIIIEHTY TEPTS MK KOMITIO3UTHUM MOKPUTTSAM Ta
MOBEPXHEI0 KOHTP-TUIA), MIO MiATBEPKYETHCA BIJICYTHICTIO TUISIMH 31 3HOIIYBAaHOTO
MaTepisly Ha MOBepXHi KOHTP-Tina (puc. 3.25, e). [ToaiOHa nmoBemiHKa CrIoCTepiracThes i
JUISl BUMAJKY 3HONITYBaHHS OKHCHEHOTO THUTaHy CTAJIEBUMH Ta KEPaMiYHUMH KOHTP-
tiamu [148].

JloriuHo, 10 y JaHOMYy BHUIIQJIKy JOpPIKKa 3HOIIYBAHHS Ma€ 3HAYHO MEHIII
po3mipu (puc. 3.25, 2 Ta puc. 3.27, 6). CocTepiraroThCs ABa THIIM 00JACTeH: 00IacTi,
KOTpi TMOBHICTIO BKPHUTI TOHKOIO ILUIiBKOIWO okcuay amowminito Al,O; (puc. 3.27,62 i

tabn. 3.8, cnektp 1), Ta obmacti TIUOMIMX/CEPEIUHHUX MPOIIAPKIB KOMIIO3UTHOTO



116

MOKPUTTSI, KOTP1 MiAJaBajuCh BIUIMBY KOHTpP-Tija MICIs pyWHYBaHHS/BiIIApyBaHHS
noBepxHeBux IIiBoK okcuaiB Al,O3/TiO; (puc. 3.27, 62, Tabdmn. 3.8, cuektp 2). Buano,
IO MiCJs BUMPOOYBAHHS HA 3HOILIYBAHHS TPUBAIICTIO OJMIM3BKO 15 TOAMH, TOHKA ITIBKA
okcuay Al,O3, mo 3amummnacs, MICTUTh 30HH 13 PO3TralyKCHHUMH TPIIIMHAMHU
(puc. 3.27, 1), a minsgHKHA 13 1l YaCTKOBUM BiIIIapyBaHHSIM/PYWHYBAHHSIM BCE IIIE
BUKOHYIOTh 3aXHCHY POJIb, III0 JO3BOJISIE B PE3yJIbTATI 3aMI00ITTH MOJATBIIIOMY 3HAYHOMY
3HOUTYBaHHIO.

Omxe, HaBiTh Ti 00JacTi, fKI BTPAayalOTh BEPXHIO OKCHAHY IUTIBKY IiJ 4ac
BUNPOOYBaHb, IPOJOBXKYIOTh 3aXUIIATH MOBEPXHIO 3pa3Ka BiJl 3HOIIIYBAaHHS, BHACIIIOK
3MIIHIOBAJIBHOTO €(PEeKTy Bif YMCICHHUX OKCHAHUX yacTUHOK Al,Oj3, 110 Oynu crieueHi
Ta BOyZOBaHI J0 OKHCHEHOTO MaTpuyHOTO cruiaBy (puc. 3.27,62, Tabmuus 3.8,
CHekTp 2). Aare3iiHuil Ta aOpa3suBHUNA MEXaHI3MH 3HOIIYBAHHS JJIsi JAHOTO MOKPUTTS
e(heKTUBHO MPUTHIYYIOTHCA 3aBASKH MEPEBAKHIN 00’ €MHIM YaCTI IIIJIBHUX Ta CIIEYEHUX
¢a3 TiO, ta Al;O3 y ckitagi KOMITO3UTHOTO TIOKPUTTS OKCUIY TFOMIHIIO, SIKE TIOKPUBAE
tutaHoBui craB BT6, a Takok Haa3BUYalHO HU3BKOMY KOEQILIEHTY TepTd Yy
KOHTAKTHIH mapi kepamika — kepamika. 3a OI[IHKaMU TOBIIMHA BEPXHbOI OKCUJTHOT TTIBKU

3HAaXOIUTKLCS Ha piBHI 01m3bK0 0,3 MkM—0,5 MxMm (puc. 3.27, 63).

3.7.2 MikpoTpu00JI0TrivHi XapaKTePUCTHKH

Pesynbrat BUMIpIOBaHHS MIKPOTPHOOTIOTIYHUX XapAKTEPUCTHK 32 METOIMKOIO
3BOPOTHBO-ITOCTYIAJIBHOTO KOB3aHHS KOHIYHOTO aJIMAa3HOTO iHJeHTOpa (CKIepoMeTpis)
noBepxHew cmiaBy BT6, oTrpumani aisg pi3HUX cepii JOCHIKYBAaHUX 3pa3KiB 3a
HOpMasTbHOTO HaBaHTakeHHs 0,49 H, HaBeneHi B Tadu. 3.7.

Jlns ycix JociiipKyBaHUX 3pasKiB 3apeecTpoBaHi Ta mobymoBani 2D ta 3D
tonorpadii moBepxHi (puc. 3.28), siKi 1EMOHCTPYIOTh JOPIKKUA 3HOIIYBAaHHS, PUUOMY
peectpanist cwin TepTs F BinOyBaeThcsi HeMepepBHO Oe3mocepeHbo T 4ac
BUMPOOYBaHb. [3 aHai3y MOMEPEYHHX MEepepi3iB JOPIKOK 3HOCY MOXKHA KUTHKICHO
OIIIHUTH MIKPOTPUOOJIOTIYHI XapaKTePUCTUKH Ta €PEKTUBHICTh PI3HUX BUIIB OOPOOKH.
Bumipsini Brpatu Ha 3HomyBaHHs (W) 1 Moka3HMK MOKpaieHHs onopy 3Hocy (lwr) st

Mo (iKOBAHMX 3pa3KiB HaBEeJACHO B TaOI. 3.7.
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a — BUXIJTHUH cTaH; 0 — Bianan 3a remrepatypu 650 °C; B — Y3VYO 3 nopoiikom
Al;O3; r — Y3VYO 3 noporkom Al,O3 1a Bignan 3a remmneparypu 650 °C
Pucynok 3.28 — JIBoBuMipHi Ta TpUBUMIpHI Tonorpadii TOpi>KOK 3HOIITYBAaHHS Ta cujia

TEPTs BIIPOJIOBK CKIEPOMETPUYHHUX BUNIPOOYBaHb ciuiay BT6

BuaHo, 1110 HaBKOJIO KaHABOK 3HOIIIYBaHHS BUXIJHOTO TUTaHOBOTO criaBy BT6
YTBOPIOIOTHCS BEJIMUYE3HI Oe3MepepBHI HATPOMAKEHHS, TP YOMY BOHH 30€piratoThCst
y3I0BXK yciel gopikku (puc. 3.28, a). IlikaBo, 1m0 miusg I1HmMAX 3pa3KiB TaKHX
HarpoMa/pKeHb 3HAYHO MEHIIE, OCOOIMBO sl MOKPHUTTA 3 mopoinkoM Al,Oz mics
TepMidHOi 00po0OKH (puc. 3.28, 6-2), 110 J0Ope KOopemtoe 3 IHMUMH JanumMu (puc. 3.26 Ta
puc. 3.27, tabn. 3.7). Bapro BkazaTu, MO TIMOMHA 3HOIICHHWX IOPDKOK IS yCiX
JOCITIITHUX 3pPa3KiB 3HAXOIUTHCA MPUOIU3HO HA OAHOMY PiBHI, MPUYOMY JJIsI BUIIAIKY
MOKPHUTTS, CHHTE30BaHOTO 3a gomomoror Y3YO 3 nmopomkoM Al,Oz (puc. 3.28, 6), a
TAKOXK IMICJs TEPMIUHOI 0OpOOKH Takoro MOKpHUTTA (puc. 3.28, 2), 111 BeIUUnHA € JIEIIO0
outpmoro. I[lpote, 1 BeaMYMHA TPUKITACHUX HABAHTAKEHb I IMX 3pa3KiB BHUIIA.
3aranoM, 3a HaJI3BHYAWHO JKOPCTKHMX YMOB TakOro BUIPOOYBAaHHSA: BUCOKOTO
KOHTAaKTHOTO THCKY Ta BHCOKOTO HAIPY>KEHHS 3CYBY, IO MPHUKJIAAAETHCS JO TOHKOTO
MOBEPXHEBOTO 1IAPY, CYTTEBOrO MOKPAILIEHHS 3HOCOCTIMKOCTI HE 3a(iKCOBaHE.

BigoMo, 110 HasBHICTb BUCOKMX HampyXKeHb 3CYyBY MiJ 4yac BUIPOOyBaHb Ha
3HOIITYBaHHS JI03BOJISIE€ MPOAHATI3yBaTH MIIHICTh 3UCTICHHS (re3110) MiK MOKPUTTIM

Ta MAaTPUYHUM MaTepiajioM ITiIKIaJKH. [1 MOHA OIIIHKUTH 3a JTOTIOMOTOIO aHaJi3y CHIN
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tepts F, sika peeectpyerbes i yac BUnpoOyBanb (puc. 3.28). HacoBi 3a1€KHOCTI CHIIH
TEPTS MalOTh IyKe MOMIOHHI XapakTep, a 3HaueHHs amrnityad F (~40 MH) nmios
BUXigHOrO crany cmiaBy BT6 (puc. 3.28, @) Ta KOMIIO3UTHOTO APy, CUHTE30BAHOTO
Y3VYO (puc. 3.28, ), IpakTUYHO HE BiPI3HIIOTHCS Ta Maibke NOCTiiHI. J10CUTh 1iKaBo,
10 BUXIJHHUH 3pa30K JEMOHCTPY€E HE3HAYHE 3MEHILEHHS 3HaueHHs F Ha 3aBepianbHUX
eTanax BunpoOyBaHHs (61u3pK0 100 MUKITIB), 10 MOKE OyTH IMOB’SA3aHO 13 OKUCHEHHSIM
3HOUIEHUX JIIJITHOK MaTPUYHOIO CIJIABY CIPUYMHEHOTO BUCOKOYACTOTHUM KOB3aHHSIM.

YTBOpEHHS OKCHJHOTO IHapy IiJ Yac TMPOIeCcy BHCOKOTEMIIEPATYPHOTO
OKHCHEHHSI O0yMOBIIIOE 3MEHIICHHS aMIunTyau F 1o ~25% 3a He3HauyHOI KiTBKOCTI
IUKJIIB BUTIpoOyBaHb. JIjist 3pa3kiB, sK1 mijgaBaaucs Bianany 3a tremmepatypu 650 °C, Ha
NOYaTKOBIH cTajli BupoOyBanb ammunityga F menma: ~10 MmH 1 ~20 MH 111 okucHeHoro
BUXITHOTO 3pa3ka (puc. 3.28,6) Ta KOMIIO3UTHOTO TOKPUTTS OKCUIY aTIOMIHIIO
(puc. 3.28, 2), BIANIOBITHO, TIOPIBHSIHO 13 BUX1AHUM cTaHOM crutaBy BT6. I3 30inbieHASIM
LMKJIIB BUIPOOyBaHb aMIUTiTyAa F nocsrae 3HaueHp, KOTp1 OJIM3bKI 10 PIBHS BUXITHOTO
3paska, Mo MOXe OyTH CIpUYMHEHE PYWHYBaHHSIM/BIIIIAPYBAHHSIM CHHTE30BaHOI
OKCHUHO{ ITIBKU Ta OKCUJIHUX BKJITIOYCHb.

Opmnak, JuIsi KOMIIO3UIIIMHOTO TOKPUTTS OKCHAY aIIOMIHIIO, IO CHHTE30BaHE
KOMOIHOBaHUM Je(OpMAaILlifHUM Ta TEIMJIOBUM BIUIMBOM, CIIOCTEPIraeTbcsl yABIUL
noBuii nepion (~30 HUKIIB BUOPOOYBaHb) HU3BKMX 3HAUEHb CHIIM TEPTH, HIK IS
BUIIAJIKy OKHUCHEHOTO BUXIJTHOTO 3pa3ka (~15 mukiiB BUunpoOyBans). Lle moxe cBiguntu
npo kpamry e(EeKTUBHICTh 3aXHCTy Ta, BIJAMOBIAHO, BUIIUA pPIBEHb aATre3UBHUX

BJIACTUBOCTEHN C(HOPMOBAHOTO MMOKPHUTTHI.

3.8 Oco0imBOCTI 3MIHM MeXaHIYHHMX BJIACTMBOCTEH, BIUIMB MPOLECIB

OKMCHCHHHA HA IMMOBCPXHEBE 3MiHHeHHﬂ

CunHTe30BaH1 3aXMCHI KOMIO3HUIINHI TOKPUTTS MOXYTh 3amoO0IrTH IpolecaM
HAJMIPHOTO BHCOKOTEMIIEPATypHOIO OKHWCHEHHsSI Ta 3arajbMyBaTu nepelir B—ao
MEPETBOPEHHS BHACTIAOK AUdYy31i KUCHIO 10 MaTeplady-MaTpHIll MM BIULTABOM BUCOKHUX
TeMIlepaTyp Ta, BIANOBIIHO, 3aMO0IrTH HAAMIPHOMY HAKOMWYEHHIO o-pa3u y

MPUTMIOBEPXHEBUX IIapaX TUTAHOBUX CIIJIABIB.
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Jlane siBUIIe MiATBEPKEHE 3a JOMIOMOTOI0 BUMIpPIOBaHHs MikpoTBepaocTi HV 13
HABAHTAXKEHHAM 25 T 3a MOMepeyHuM mepepizoM 3paskiB (puc. 3.29, a, 6) Ha pi3Hid
BijicTaHi Bim moBepxHi (puc. 3.29, 6). Busnaueno takox BimxuieHHs AHV wMix
nedopmalliiHuM Ta OKHUCHEHUM MOKPUTTAM (puc. 3.29,2) Ha OCHOBI 3HAauY€Hb

MIKPOTBEPAOCTi, BUMIPSHHX JI0 Ta MICJIS IPOIIeCY BUCOKOTEMIIEPATYPHOI OOPOOKH.

Alumina reinforced composite coating
a P, Al203

- AN i ; « ; i 'a.-ﬁ»_.. ‘o]
SEM HV: 10.0 KV WD: 15.79 mm | MIRA3 TESCAN

View field: 237 pm Det: BSE, SE 100 pm
SEM MAG: 798 x

5 MikporBepaicts HV,g,I'lla Z Oxmncue sminaenns A HV,g,I'lla
% 0 28 30 32 34 36 38 40 42 = .01 0.0 0.1 0.2
B gl -l - o Bom
a 30 — T =
a Tl = 30 =
2 1 il @ Bt
Q2

c 60 = 60
= r Vi = 4
= 977 & ||BT6+AlL0, 1 = 90%

/ s \
2 1201 / BT6+A1,0 +Bixnan A 1207\
S 150 L |-mm ! =
o O F P 150
g {|) () = (r)
& 2000 = §1:2000

a, 0 — Mop(oJIOTist MOMEPEYHOTO NEPePi3y MOKPUTTS; B — MIKPOTBEPAICTH JI0 Ta MICIS
BIJINAJTy HA Pi3HIM BiACTaH1 B1J MOBEPXHI; I — OKUCHE 3MIITHEHHS
Pucynox 3.29 — Mopdosiorist Ta MiKpOTBEpIiCTh TOKPUTTS, CHHTEe30BaHOTO Y3VYO 3

nopoikoM Al;Os

Otxe, nepopMariiitHo copMOBaHUN KOMITO3UTHHUI TOBEPXHEBUM OKCHIHHM II1ap
0oOyMOBIIIO€ 3HAUHE 3MIIHEHHS NPUIOBEPXHEBUX IIapiB Mmatepiany. I[Iporte, micis

TepMiuHOi 00poOKu 3a Temrmeparypu 650 °C crocrepiraeTbCs HE3Ha4YHE J0JaTKOBE
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3pocTaHHs MIKpoTBepocTi HV, 1110 MposBISETHCS JUIIE A1 CaMUX BEPXHIX IIapiB 10
rmbunn 30 mkM. CaMe B 1uX miapax BiAOyBarOThCS SIBUIA OKUCHEHHS, YTBOPEHHS
OKCHJIHUX TMPOIIAPKIB Ta Mepedir CTpyKTypHO-(ha30BUX NMEpEeTBOpeHb. Uepe3 Toi (akT,
110 B IaHOMY BUIIAJKy 3MII[HEHUN BHACIIJOK OKMCHEHHS IIap Habarato TOHIIWN, HIK
JUIsl BUMAAKYy 3pa3ka BT6, sxuii 3a3HaB BUKIIOYHO OKMCHEHHS ITiJI Yac BiAMainy Ha
MOBITPi, MOXXHa 3POOUTH BHCHOBOK, 110 4acTHHKU Al;O3 yoBUIBHIOIOTh MIBUAKICTH
OKHCHEHHS TUTAHOBOT MaTPHIIi, 110 3HAXOUTHCS 1] KOMIIO3UTHUM MOKPUTTSIM.

3nauenns mikporBepaocti HV (AHV) Ha pi3Hiit BifcTaHi Bl TOBEPXHI JOCITITHUAX
3paskiB (puc. 3.29, a) JEMOHCTPYIOTh TPaIi€EHTHUN XapaKTep MIIHOCTI MOKPHUTTS, IO
n00pe Kopestoe 13 YTBOPEHHSIM 0aratomiapoBoi CTPYKTypu Ha MmoBepxHi cruiaBy BT6.
BepxHi mpolapkd MOKpPUTTS MarTh HallBully TBepaicTh (Onmspko 4,1 I'Tla), amxe
CKJIaJIaf0ThCs 13 TOHKHX MmapiB okcuiB AlOs 1 TiO,. Jlami 3HaXOAMTHCS MEXaHIYHO
JIETOBAHUM OKCHJIOM aJIIOMIHIK0 KOMIIO3UTHHUM IIAp 3 JEHI0 MEHILIOK MIKPOTBEPIICTIO,
IIIIbHO 3’€IHAHUW 13 MATPUYHUM CIUIABOM, KOTPUM TaKOXK 3a3HA€ TIEBHOTO
nedopMaliitHoro 3MIiITHEHHS.

Ha puc. 3.30, ¢ HaBeneHO MOPIBHSHHA BETUYMHH 1HCTPYMEHTAIBHOI TBEPIOCTI
JOCIIITHUX 3pa3KiB, 3apeeCTPOBAHUX METOJIOM HAHOIHACHTYBAHHS 3a JIONIOMOTOIO

1HAeHTopa bepkoBuya.
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I'"uéuHa NpOHUKHEHHSA § ,MKM

a — KpUB1 HaBaHTaXXEHHS; O — pO3paxoBaHi 3HAYCHHS IHCTPYMEHTAIBHOI TBEPJIOCTI Ta
Moy t0 Tipy>kHOCTI; O — Buxiguuii crad; 1 — BT6 micis Bignany; 2 — micnsa Y3VYO 3
nopomikoM Al,Os; 3 — micis cuHTe3y KoMIo3uTHOTO MOKpUTTs Al,O3

Pucynox 3.30 — Hanoatopomerpuuni Tectu 3pa3kiB BT6



121

Jlanuii  MeToJ  N03BOJISIE  PEECTPYBATH  KpHUBI  “HAaBAHTAKEHHSA-TJIMOMHA
NPOHUKHEHHS’, BU3HAYaTH I1HCTpyMEHTaJdbHy TBepaicTh H;r Ta momyns IOura E
(puc. 3.30, 6). 3naueHHs Ht 11 BUXigHOTO 3pa3ka TuTaHoBoro cruaBy BT6 (3,285 T'Tla)
€ JOCUTh OJIM3BKUM JO JITepaTypHHUX JaHuX. BHaciilok BUCOKOTEMIIEPaTypHOTO
OKHCHEHHS TBEPJICTh BUXIIHOTO 3pa3ka 3pocrtae a0 5,4 ['Tla 3a paxyHOK yTBOpEHHS
okcuaHoi TUTiBKM. HaiiBume 3HadeHHs Hjt TOpIBHSHO 13 BHUXIIHAM CTaHOM
criocTepiraeTscst s BUnajaky Y3YO-cuHTe30BaHOTO MOKPUTTS 3 mopoinkoM AlyOs3
(~11,9 I'Tla) Ta micns #oro mMoAaybIIOl BHCOKOTeMIepaTypHoi oOpooku (~12,8 I'Tla).
Taki 3Ha4H1 PO301KHOCTI 13 3HAYEHHSMU MIKPOTBEpAOCTI (pHC. 3.29) MOSCHIOIOTHCS
OUIBIIIOI0 YYTJIMBICTIO Ta JOKAIBHICTIO METOJy HAaHOIHJICHTYBaHHS, aJ[)K€ KOMIIO3UTHE
MOKPUTTSI, 0 CPOpMOBaHE MOETHAHHSIM OKCHUIHUX IUIIBOK 3 MEXAHIYHO BTUICHUMU
OKCUJHUMHU HaHO- Ta MikpoyacTuHkamu Al,Os,  XapakTepu3yeTbcsi TMEBHOIO
HEOJHOPIAHICTIO (METOJ] HAaHOIHAEHTYBAaHHS O3BOJSE BU3HAUUTH TBEPAICTh HAaBIThH
OKpeMHUX BKJIIOYEHb). BHU3HaueHa eKclepMMEHTalIbHO BelWuyMHa E € migBumieHoro,

BIJINOBIJIHO, ¥ 1,5 pa3u Ta 1,7 pa3iB, HOPIBHIHO 13 BUXITHUM CTaHOM cIiaBy BT6.

BucHoBku 10 po3ainay 3

CuHTE30BaH1 IUIAXOM YJIbTPAa3BYKOBOI YJIapHOi 0OpOOKH MOBEPXHI TUTAHOBOTO
criaBy BT6 13 BukopuctanasM mopoiikiB o-SizNg, B-SisNs ta Al,O3 3aXUCHI TOKPUTTS
TOBUIMHOIO ~ 8 MKM—20 MKM MarOTh BHUCOKY CYLUIbHICTh Ta BIANOBIIHUN (Da30BUH 1
XIMIYHUH CKJIaJl, TOOTO CKJIAJAOThCA 13 MOJAPIOHEHUX Ta YIIUIBHEHHUX IMOPOIIKiB. B
MPOIIEC] IUKIIYHOTO Bianany 3a teMreparypu 650 °C Bi10yBaeThCs 3HAYHE MOTOHIIIEHHS
CUHTE30BaHUX MOKPUTTIB 10 ~7 MKM—11,5 MKM BHacCiJOK 4aCTKOBOTO BijIIapyBaHHs
YAaCTUHU OKCHUJHUX TPOIIAPKIB M JI€0 TEPMIYHUX HAMpPY>KEHb, M0 BUHUKAIOTH
BHacHiok pi3HUII KTP ckinagoBuX MOKPUTTS Ta CIUIaBy Yy IMpPOILIECi BiANany 1 nepediry
OKHCHHX SIBUIII.

VYibTpa3ByKoBa yaapHa 00poOKa i3 BUKOPUCTaHHSM MOPOInKiB a-SizNa, B-SizN4 Ta
Al;O3 ranmemye BHCOKOTEMIEpaTypHE OKHCHEHHs MoBepxHi ciuiaBy BT6 3a paxyHok
MEXaHIYHOTO JIETYBaHHS MOJAPIOHEHMMH YaCTHHKAMU JI0 3HAYHOI TIMOWHH, Mepediry

T y31MHUX MPOIIECIB M1 4ac TEPMIYHOT 00POOKH Ta YHACTKOBOT'O CITIKAHHSA KOMIIOHEHTIB
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nokputTs. Haitbinem cyrreBuit edekT 3a JaHUMH TPaBIMETPUYHOTO aHaJI3y
CIIOCTEPITAETHCS 32 YMOBU BUKOPUCTAHHS TOPOIIKY [-SisN4 3aBIsKH 0THAKOBOMY THITY
KPUCTAIIIYHOI TPATKU 3 MaTPUIICIO Ta JOCUTh BUCOKOI CTIHKOCTI /10 TEIUIOBUX yAapiB —
BTpata macu micisg 50 roAuH IMKIIYHOTO HarpiBaHHS/OXOJO/KCHHS Ha IOBITPl 3a
temneparypu 650 °C 3MeHIy€eTbCs B/IBIYi, MOPIBHSAHO 13 BUXITHUM CTaHOM.

[Ticns mBoeramnoi Moaudikamii moBepxHi crmiaBy BT6 — Y3YO 3 nomaBaHHSIM
nopomiky AlOs g cunTe’y aedopMaiiiiHO 3MIITHEHOTO0 ITOBEPXHEBOrO IIapy
KOMITO3UTY 3 HACTYyMHOIO HOTO0 TepMIYHOI OOpOOKOIO Ha MOBITPI JUIsl OKHMCHEHHS Ta
KOHCOJII/Iallli — CUHTE30BaHE TMOKPUTTS MAa€ TPAJIEHTHY CTPYKTYpy: UIiIbHA TUTiBKA
Al;O3/TiO; Ha MOBepXHi; KOMIO3MIIIHHUH mIap, 3MinHeHNUH YacTiHKamMu Al,Os; 00macThb
nedopmariitHoro 3MIiLHEHHS.

TepMOCTIMKICTh 3aXMCHOTO KOMIO3HUIIIHHOTO MOKPUTTA 3 OKCHIOM aJIOMIHIIO,
OIlIHEHA NUKJITYHUM HarpiBaHHSIM/OXO0JIO/HKEHHAM, Y 1,5 pa3u Buia, Hix AJ1s1 BUX1THOTO
crutaBy BT6. ILIBuakicTh OKMCHEHHS BUX1AHOTO Ta MoaudikoBaHoro ¥Y3VYO 3pa3kiB BT6
OMHUCYEThCS TMapabOJIYHUM 3aKOHOM 3 €Hepriero aktuBamii 256 kJDx/mMonp Ta
264 xJ]»/Mo1b, BIATIOBITHO; JOBXKWHA TU(y31HHOTO MUIAXY aTOMIB KHCHIO 3MEHIITY €ThCS
Ha TOpAIOK BenuurHu (42 mxMm ripotu 400 MKM, BIJIIIOBIHO).

3a pesyiabTaraMd MNOJSpU3alIiHUX BUNpoOyBaHb B cepenoBuiii 3,5% NaCl
3aXMCHE KOMIO3UIIMHE TMOKPUTTA 3 OKCHUIY ATIOMIHIIO XapaKTEPU3YEThCS HUKYOIO
IIBUJIKICTIO KOPO3ii Ta OIBIN MO3UTUBHUM MOTEHITIAIOM KOPO3ii, HI’)K BUX1THUH CIIIaB
BT6, 110 Bkazye Ha BUIIlY CTIMKICTh JO KOPO3li; OMip KOPO3ii TAKOr0 MOKPUTTS 3POCTAE
py IIbOMY B ~6,5 pasiB.

KomOiHoBanuii gedopMaiiiitHuil Ta TETIOBUA BIIUB 13 BUKOPUCTAHHSM MOPOIIIKiB
SisNy ta Al,O3 3a0e3mneuye MOKpAIICHHS 3HOCOCTIMKMX XapaKTEPUCTHK THTAHOBOTO
crutay BT6 na 15%-55% nmst SisNas ta Ha mopsimok Benmwumuu juist AlpOs; Outbn Hik
TpUKpaTHE 30UIBIIEHHS 1HCTpYMEHTaIbHOI TBepAocTi (mo ~12,8 I'Tla); 3MeHIneHHs
koe(dilienTy TepTs ynpoJoBk ~30 LMKIIB BUNpOOyBaHb Ta BTpAT Marepialy Ha

3HOITYBaHHS 10 ~20 pa3is.



123

PO31J1 4 PA3ZOBI I CTPYKTYPHI 3MIHHU BHACJIIJIOK Y3YO ITOBEPXHI
JATYHI JIC 59-1 3 HOPOIIIKAMM SiC, Al.O; TA BILIUB TEPMIYHOI
OBPOBKHA

VY naHomy po3iii HaBeJEHO Pe3yJIbTaTH, 110 JOBOASTH JOLUIbHICTh 3aCTOCYBaHHS
yIBTPA3BYKOBOI ymapHOoi o0OpoOkm moBepxHi mdatyHi JIC59-1 i3 momaBaHHSM
apmyBaibHUX TOpomiKiB AlyOs, SiC mist cuHTE3y KOMIIO3WIIMHUX TMOKPUTTIB 13
MOKPAIIEHUMH BJIACTUBOCTAMHU. J{OCTIHKEHO MIKPOCTPYKTYpPY, (a30BUN Ta XIMIYHUUN
CKJIaJ], @ TAKO’K MEXaHI4HI BJACTUBOCTI CUHTE30BaHUX MOKpUTTIB [1, 4, 9, JlomaTtok Al].
[IpoBenene MoOpiBHAHHS 13 pe3yJbTaTaMy, OTPUMaHUMHU Juisl JaTyHi micas Y3YO 6e3
3aCTOCYyBaHHs MOpoIIKiB. [IpoaHanizoBaHO BIUIMB MOJANBINOI TEPMIYHOI 0OpOOKH Ha

noBiTpi 3a Temneparypu 550 °C ynpoaoBx 5 TOAUH.

4.1 3minHenHss mosBepxHi JaryHi JIC59-1 micas Y3YO i komOiHoBaHuX

BILIMBIB, TOBIIMHA MOAM(iKoBaHUX HIAPiB

Cmaas JIC59-1 mae nactynuuii XiMiuuaui ckian (mac. %): Cu-58,9; Zn-39,6; Pb—
1,04. ITicns pexpuctanizauiitHoro Bignaity 3a temneparypu 500 °C natyns JIC59-1 y
BUX1JTHOMY CTaH1 Ma€ AB0Ga3Hy CTPYKTYpY 0+ 3 KUIbKICHUM CITIBBITHOIICHHIM 1TUX (a3
~55:45. BuxiiHy NOBEpXHIO 3pa3KiB UMWIIHAPUYHOI popMu (BHcOTa 8 MM, aiametp 15
MM) TICJg TOYIHHS HE MijdaBaiy NUTI(PyBaHHIO. YJIBTPA3BYKOBY yIapHy OOpOOKy
MOBEPXHI 3 BUKOPUCTAHHSIM apMyBaJbHUX YACTUHOK 3I1MCHIOBAJIA 32 METOJMKOIO, IO
aHaJIOTiyHa BHKOPHUCTaHIM s 00poOku crutapy BT6 (Pozmin 3). OOpoObseHHS
MPOBOIMIIH MWTIHAPUIHUAM O0tikoM 31 ctani [1IX 15 3 amminiTy 1010 TOpIist KOHIIEHTpaTopa
= 25 mkm. TpuBamicth 00poOku craHoBuia 150 ¢ y AUCKpEeTHOMY peXHMIi, TOOTO
S nukiiB 00poOku TpuBadicTIO 30 ¢ KOXKHHM 13 MOBTOPHOIO MOJAYEI0 MOPOLIKY 0 30HU
o0poOku. Tepmiuna o0poOka mpoBoawiack Ha TOBITpI 3a Temmeparypu 500 °C
YIIPOJOBXK 5 TOJIMH.

Posmip mopommHok ckiamaB 35 MkM—50 Mxm g Al,Os, Ta 28 MEM—
40 mrm/160 MmxmM—200 MM i SIC (Tabi. 4.1). OCKiIBKH YaCTUHKU OKCHJTY AJTFOMIiHIIO

Ta KapOiay KpeMHII0 MaloTh Habarato BUIIY MIKPOTBEPAICTh 3a JlaTyHb (Tad:m. 4.1), e
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MOBUHHO 3a0e3leuyBaTd BHUCOKHM CTyINEHb MOJPIOHEHHS NPUIIOBEPXHEBUX 3€pPEH
MaTPUYHOIO METaTy Ta MEXaHIYHe JeTyBaHHsS YaCTMHKaMU Ha JJOCUTh 3HAYHY TITHOUHY

3a paxyHOK Je(hopMaIiifHoTo BILIUBY.

Tabmuns 4.1 — BaactuBocti matepiani [67—70, 101]

Martepian MikpoTBepaicte Koed. TpimmHocTiiikocTi  @pakilisi HOPOLIKY,

H,, I'Tla Kic, MITa-m*? MKM
JIC59-1 1,25 — —
Al,O3 22 2,8-3,9 35-50
SiC 30 3,545 28-40/160-200

BcraHoBiieHO, 1O MIKPOTBEPAICTh OAEPKAHUX KOMIIO3UIIMHUX TOKPHUTTIB
(puc. 4.1) nns BCiX BHUMAAKIB CYTTEBO TEPEBUIIYE 3HAUCHHS, KOTP1 XapakTepHi s
BUX1HOTO cTaHy JatyHi (~1,25 I'Tla) Ta micas 1i 0OpoOKu 3a aHANOTIYHUX PEKUMIB

VY3VYO 0e3 Bukopuctanus nopouikis (~2,9 I'Tla).

1| . Cs9-1

8| mIC59-1+Y3Y0

1| I noxpuTTs AloO3

|| I noxputTs SiC (28 MEM-40 MEM)
6 4| Il roxpuTTs 8iC (160 MxM-200 MM}

MikpotBepaicts, 'lla
N

Pucynox 4.1 — 3nauenns mikpoTBepaocti moBepxHi gatyHi JIC59-1 y BuxigHomy crasi,

miciast Y3YO ta Y3VYO 3 nopormikamu Al,O31SiC

Y3VYO-cunte3 mokputts 3 mopoikoM Al,O3 103B0JIsI€ 301IBIIMTH MIKPOTBEPAICTh
no ~5,3ITla, nmpu npomy edeKT 3MillHEHHS Jocsira€e ~2,5 pa3iB, MOPIBHSIHO 13
aHajoriunuM pexumoMm Y3VO 6e3 mopomky. Y3VO 3 nopomkamu SiC 00yMoBItioe

3pOCTaHHs MIKpPOTBEPJOCTI 10 3HauYeHb ~5,65 ['Tla ta ~6,7 I'Tla nna ¢paxuiit 28 MkM—
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40 mxMm Ta 160 MmxkM—200 mMkM, BianoBigHO. ToOTO, Y 1aHOMY BUIMAAKY €(EKT 3MIITHEHHS
nocsirae  ~5 pasiB. Taki pe3yibTaTH € OIOCEPSAKOBAHUM CBIJYCHHSIM CYTTEBOT
Monudikarii MIKpOCTPYKTypu Ta (Pa3oBOro Ckiady MHPUIIOBEPXHEBUX MIAPIB CIUIABY
JIC59-1.

MikpoaropoMeTpruyHi JOCHIDKEHHS JO3BOJSIOTh BHU3HAYUTH PSIT  BaXKIHBUX
(b13UKO-MEXaHIUHUX XaPAKTEPUCTUK — IJIACTHYHICTB OH, MEXY IJIMHHOCTI Go2 Ta MEXY
MIIIHOCTI G5 (Ta6:. 4.2). 3a IMMU JaHUMH MOKHA 3pOOUTH BUCHOBOK, 1110 3aCTOCOBAHUMN
MeTO]T 0OpOOKH J03BOJISIE CYTTEBO 3MIIIHUTH MOBEPXHEBUI IIap MaTepiay i3 BIAHOCHO
MIHIMaJIbHOIO 3MIHOIO JIOKAJIBHOT IJIAaCTUYHOCTI, SIKa Ha MAaKpOPiBHI 3JIMIIIAETHCS TOCUTh

OJIN3BKOIO JIO BUX1THOTO CTaHY.

Tabnuus 4.2 — XapakTepucTHKa MIACTUYHOCTI, MeXka MIIMHHOCTI 1 MexXa

MIITHOCTI JOCIIJIPKEHUX MaTepialiiB

Martepian/mopomok | Oy 00,2, ['Tla os, ['Tla
Buxiguunii ctan 0,94 3,66 0,58
Y3VYO (150 ¢) 0,85 8,4 1,75
Al,O4 0,72 15,82 4,32
SiC 0,7 16,93 4,78

JlocuTh BaXIJIMBOIO XapaKTEPUCTUKOI OyAb-KOi OOpOOKM € TOBILIMHA
moaudikoBanoro mapy. Ha puc. 4.2 npeacraBieHo 3MiHU MIKPOTBEPIOCTI 32 TOBITUHOIO
npumnoBepxHeBoro mapy JjgaryHi JIC59-1 micns Y3YO 3 mopomkamu Ta 0e€3 HHX
MOPIBHSTHO 13 BUXIJTHUM CTaHOM. AHaJII3 OTPUMaHUX PE3yJIbTaTiB MIATBEPIKYE CyTTEBUIN
no3utuBHAM eekT Y3VO 3 mopormkamu 1 popmyBanHs AehopMaIliitHO-3MIIIHEHOT 30HU
3HA4YHOI TOBIIMHU. TaKOXX YTBOPEHI KOMIIO3HUINMHI TOKPUTTS XapaKTEPU3YIOThCS
BHUCOKOIO OJTHOPITHICTIO 3MIITHEHOT CTPYKTYPH.

ITicns Y3YO naryni 06e3 mopomikiB (puc. 4.2, a) crnocTepiraeTbcs JeKiIbKa

obJlacTeit, 10 MarOTh PI3HUNA XapakTep 3MIH MIKPOTBEPAOCTI 3a TNIMOMHOIO 3MIITHEHOTO

uiapy.
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O6nacte 1 mpoctsaraerbcss 10 TMOWHM Onu3bko 125-130 mMxMm — 1e obJsacTh
IHTEHCUBHOTO JepopMaIiiHOro 3MIIHEHHS, MIKPOTBEPAICTh IMpUUMAE 3HAYEHHS BIJ
2 I'Tla o 2,4 T'Tla. Sk nmpaBuio, Takuii eekT 3abe3neuyeThCsi BHACIIOK IHTEHCUBHOTO
noApiOHEHHS 3epeH Y MPUITOBEPXHEBUX IIapax Ta, BIAMOBIIHOTO 301JIbIICHHS K1IbKOCTI

IrPaHULb 3€PEH.

6 61—

—=— noKpUTTA Aly (4 (6)

—#— nokputta AlyO4

(a)
'™ —8— nOKPHTTA SIC (28MEM-40MEM)
A nokputTs SIC (160MiKm-200MKm)
% —v— JIC-59-1 + ¥3¥O

5 ®  nokparTd SiC (28MEM-40MEM)
T —a— nokpuTTs SiC (160MEM-200MKM) ||
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Bincrans Big MOBEePXHi, MKM

MikpoTteepaicTs, I'lla
@
MikpoTteepaicts, I'Tla
w
-

1

Bigcrans Big noBepxHi, MKM
a—micas Y3VYO 3 mopomkamu AlyO3 ta SIiC; 6 — micist 1o1aTKoBOT TepMidHOT 00pOOKH
3a remmneparypu 500 °C Ha MOBITP1 YIIPOJIOBXK 5 TOJIUH
Pucynok 4.2 — 3mina MikpoTBep0cTi 3pa3kiB garyHi JIC59-1 3a ToBumHOIO

MOIU(IKOBAHOTO APy

[lepeximna oOsacth 2 3HaXonuThcsi Ha TaMOWHI Bifg 130 Mkm g0 185 MKM,
TOJIOBHOIO BIJIMIHHICTIO € BITHOCHO TJIABHE 3MEHIIIEHHS MIKpOoTBepaocTi. OctaHHs 3-Ts
00J1acTh IPOCTATAETHCS A0 TIUONHN 6:13pK0 600 MKM 1 XapaKTepHu3y€eThCsl TOCTYTIOBUM
3MEHIIIEHHSIM MIKPOTBEPIOCTI O BUX1THOTO 3HAYEHHS.

Axmo mig wac Y3YO cmaBy JIC59-1 BUKOPUCTOBYBAaTH JOJAaTKOBE apMyBaHHS
MIOBEPXHEBUX IIapiB MmopomkaMu okcuay anomiiro Al,Oz Ta kap6iny kpemnito SiC, To
Ha PI3HIA BIJCTaHI BiJl MOBEPXHI MOXHA YMOBHO BHJILJIUTH JCKUIbKA XapaKTEPHUX
obnacreit (puc. 4.2, @, KpuB1 YOPHOTO, YEPBOHOTO Ta CHUHBHOrO KOJIHOPiB). st 1-0i
00J1acTl, KOTpa MPOCTITA€ThCs A0 TIMOMHU ~45 MKM, XapakTe€pHI BUCOKI 3HAUEHHS
MIKpOTBEpAOCTI (Maixke BABIYI Ta BTpWYl BUIi, HDK Hia Y3YO-MoaudikoBaHOTO Ta
BUX1JIHOT'O CTaHIB), sIK1 IJIaBHO 3MiHIOIOThCS Bia 4,4 ['Tla no 4,15 I'lla ta Bix 5,3/4,8 I'Tla

1o 5/4,5 I'Tla nns Bunaaky 3acrocyBanus mopomikiB Al,O; ta SiC (40 mxm/200 MKM),
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BianoBigHO. ITopiBHaHO 13 Y3YO 63 mopouikiB y 1bOMY BHUIIQJIKy CIOCTEPITaEThCs
CYTT€BE 3MEHIICHHS TOBIIMHU 1IHTEHCUBHO JAe(OPMOBAHOIO IIapy BHACTIOK TOTO, IO
YacTMHA €Heprii BUTPAYaeThCs Ha MPOLECH MOAPIOHEHHS Ta BTUICHHS MOPOIIKOBUX
KOMIIOHEHTIB TMOKPUTTS. [IpUMITHO, IO MPOTSHKHICTH 2-0i 00JIacTi Pi3KOi 3MIHH
mikpoTtBepaocti Bix 5 I'Tla go 1,8 I'Tla € 3raun0 Mermmoro, Hixk 111 Y3YO 6e3 mopoIkis,
1 3HAXOAUTHCS I oOJlacTh Ha THMOMHI Bixg 45 MkM 10 125 mxm. lle mosicCHIOETBCS
3MEHIIIEHHSM 1HTEHCUBHOCTI MPOIECIB TIACTUYHOT AedopMallii Ta KiTbKOCTI apMYHOYHX
YaCTMHOK Ha JaHi{ raubuHi. 3aranoM egekT 3MilHeHHs aocsirae rnuouan ~420 MxkM—
450 mMxm (obsacThb 3).

[Tomanpina TepmiuHa 00poOKa Ha MOBITP1 MoaU(]iKOBaHUX 3pa3kiB (puc. 4.2, 6) 3a
temrneparypu 550 °C  ynpomoBk S TOOMH HE CYTTEBO BIUIMBAE HA 3HAYCHHSA
MIKpOTBEPJOCTI, MPOTE TOBILMHA 3MIIIHEHOTO IIapy JAeuo 3MeHuryerscs (1o 20%) 3a
pPaxyHOK TEPMIYHOTO MOBEPHEHHS Ta 3HSTTS BHYTPILIHIX HANPYKEHb.

[TopiBHSIHHS OTpPUMAaHMX pE3YyJIbTAaTIB J03BOJIIE 3POOUTH BHCHOBOK I0JI0
e(peKTUBHOCTI KOMOiIHOBaHOro BIUIMBY Y3YO 3 BUKOpPUCTaHUMHU IOpPOLIKAMU Ta
TepMIYHOI OOpPOOKM Ha MIKPOTBEPAICTh MNOBEpxHEBUX mIapiB JjaryHi JIC59-1. Lle
MOSICHIOETHCS YTBOPEHHSM JiehopMaIliiHuX KOMIIO3UIIIHHUX MOKPUTTIB Ha 0CHOBI Al;O3
ta SIC ToBumMHOM B niana3oHi Big 30 Mkm—100 MkMm, mio 3a0e3nedye edeKT 3MIilTHSHHS
MOBEPXHI /10 ~5 pa3iB MOPIBHAHO 13 BUXigHUM cTaHoM JaTyHi JIC59-1. 3HaueHHs
MIKpOTBEPAOCTI TOBEPXHI JIATYHI 32 METOJIOM Bikepca 1iIKkoM 3a10BUIBHO KOPETIOIOTh
31 3HAYEHHSMH IHCTPYMEHTAJIbHOI TBEPAOCTI, OTPUMAHUMHU 32 JIONOMOTOK METOIY

HAHOIHICHTYBAHHS 3 BUKOPUCTaHHAM iHaeHTOpa bepkoBuua (tadu. 4.3).

Tabmuusg 4.3 — Mexaniuni xapaktepucTuku jgaryHi JIC59-1 (cepenne 3HaueHHs

TBepA0CTI Hit, TUIACTHYHICTH O Ta KOHTAKTHUI MOJTYJIb TIPY)KHOCTI E)

HOBerHH H|T, ITla H|T,% E, ITla E, % 8A 6A,%
JIC59-1 1,625 5,8 107,2 5,7 0,879 0,8
Y3YO 2,505 0,162 94,95 6,196 0,774 0,015

Y3YO+AIl;03 4,42 2,787 132,98 | 21,75 0,769 0,074
Y3VO+SiC 4,25 1,854 135,62 57,48 0,781 0,051
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3a/1s1 BUKIIFOYEHHSI TTOXMOOK Ta (hOpMYJIFOBAHHS JIOCTOBIPHMX BUCHOBKIB OYJIO
MIPOBEJICHO, IOHAWMEHIIE, IO JECATh BUMIPIOBaHb Y PI3HUX 30HAX 13 MOJIIOHUMH
3HAYEHHAMH IIOPCTKOCTi. VIMOBIpHO, BHCOKHMIi piBEHb PO3BHHEHOCTi INOBEpXHi Ta
BiTHOCHO HE3Ha4YHAa HEPIBHOMIPHICTh MOKPUTTS UYWHUTHUMYTh KIIOYOBHH BIUTUB Ha
GpUKIiiHI BIACTHBOCTI CIIJIaBY, &/KE 3HAYEHHS 1HCTPYMEHTAJIBHOI TBEPIOCTI IIIKOM
3aJJOBUIBHO KOPEIOIOTh 31 3HAYEHHSIMH MIKPOTBEPAOCTI (JBOKpAaTHE IiABUIICHHSA
nopiBHAHO 3 Y3Y O 0e3 NopoIIKiB Ta TPUKPATHE — MOPIBHSIHO 3 BUX1IHUM CTaHOM). By 1b-
sKa He3HauyHa PO30DKHICTh MDK HUMH MOXK€ OYTHM BUKIMKAHA PI3HOIO TEOMETPIEI0
IHJICHTOPIB Ta YCKIAJHEHHSM BHUMIPIOBaHb BHACHIJIOK HEIJACAIBHOCTI TMOBEPXHI.
[TpumiTHO, 1110 HACHYEHHSI TIOPOLIKAMU CIPUsi€ IOMITHOMY 301IbIIEHHIO MOAY 0 FOHTa

Ha BennuuHy 05113b6K0 20%—25%.

4.2 OcobuBoCTI (pa30BOro cKIaAy MOAUGPIKOBAHHUX LIAPIB

Pentrenodazosi gocnimxenns gatyHi JICS9-1 no ta micist 00poOKy MpoBeIeHO 3a
cxeMmoro (hokycyBaiabHOI reoMeTpii (puc. 4.3). ¥V BuxigHomy crasi Ta miciga Y3YO Ha
noBiTpi (puc. 4.3, a) pikcyrorbes pedaekcu Big HacTynHuxX (a3z: a(CuzZn), B(CuZn) Ta
CBUHLIIO, Mpu4yoMy BHacHiiOK Y3VYO BiaOyBaeTbcsi MEBHUM MepepO3NOALT iXHBOT
1HTEHCUBHOCTI.

[Ticns Y3YO 3 nopoikoM okcuay amoMiHio (puc. 4.3, 6) 3’ ABISAIOTHCS T0AATKOBI
peduexcu Bim Al,Os. AHnanoriuHa cutyanis i3 mopomkamu SiC pi3HOi  (dpakiii
(puc. 4.3, 6-2) — micas Y3YO 3’sBasitothest peduiekcu Big SiC.

3a 1aHUMH PEHTreHO(Pa30BOT0 KUIbKICHOrO aHam3y (puc. 4.4) BIACOTKOBHUI BMICT
oKcuaHUX BKItoueHb Al,O3 y mpumnoBepxHeBii 001acTi TOBIMUHOO 10 30 MKM—35 MKM,
3HaXOAUTHCS Ha piBHI ~19,5% Bar. OTpruMaHi pe3yabTaTH 33J0BUIHHO Y3TOIKYIOTHCS 31
3HAYEHHAMM MIKPOTBEpJOCTI MOoBepxHeBUX mmapiB yatyHi JIC59-1 micis moaudikarii
(puc. 4.1). ToOTo, MexaHiuHE JIETYBaHHS MOPOIIKOM OKCHIY aJIOMIiHIIO 1 3a0e3mneduye
JOCUTh BUCOKY MIKPOTBEPIICTh (pHC. 4.2, KprBa 4OPHOTO KOJIKOPY). BmicT moporky SiC
(puc. 4.3, 6-2) 3a aHaJOT1YHUX YMOB OOpOOKH € BUIIMM 1 ckinanae ~34% ta 28% Bar. 11s

MeHIol Ta 0ibInol dpaxiiii, BianosiaHo (puc. 4.4).
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a—micist Y3YO,; 6 — micisg Y3YO 3 mopomkom AlyOs; B — micist Y3VYO 3 mopomrkoM
SiC (28 mxM—40 mxMm); T — moporikom SiC (160 Mmxkm—200 MkMm)

Pucynox 4.3 — ludpakrorpamu 3paskis saryHi JIC59-1 3a dpokycyrouoi reometpii

[Topomok SiC wmae Oimbiry MiIKpoTBepAICTh (Tabm. 4.1) 1 BTUIIOETHCS 110
MPUNOBEPXHEBUX MIAPIB JaTyHI y OB KuUTbKoCcTi (puc. 4.4). BinnosigHo, y bOMY
BUMAJIKY MOAM(DIKOBAHWI IIap Tak0oXX Mae€ BHILY MIKpOTBEpAICTh (puc. 4.2, KpuBI
YEepBOHOTO Ta CHHBOTO KOJbOPiB). Cii 3BakaTH 1 Ha CYTTEBUN MEPEpPO3NOJLIT
IHTEHCUBHOCTEN pediekciB MaTpuyHux (a3 natyHi (o Ta ) Ta, BIAMOBIIHO, 3MIHM ii
KUIBKICHOTO (ha30BOr0 CKJIaay. 3a YMOB BHKOpUCTaHHS nopouky SiC 3 HailMEHIIO
cepen 3actocoBaHmX (¢pakmiero (28 MKkM—40 MKM) CIIOCTEpPIraeTbCcsl  3MEHIIICHHS
KUIBKOCTI 0i-pa3u MOPIBHSAHO 13 BUX1THUM CTaHOM. J1J1sl BUTIAJKy 3aCTOCYBaHHS MOPOILKIB
Al;O3 ta SiC 0inbiux Gpakiii KiabKiCTh i€l ha3u CyTTEBO 301IbIIy€eThes. KinbkicTs B-
¢da3u 3MeHnIyeThecs B ycix Bunaakax. Ilicna momansmoi TO 3a temmnepatypu 500 °C

YIPOJOBXK 5 TOIUH 3’ SIBJIAIOTHCS 104aTKOBI peduiekcu ZnO (puc. 4.5, Tadn. 4.4).
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Pucynox 4.4 — Kinbkicauii ¢gazoBuii ckian naryni JIC59-1 y BuxiiHOMy CTaHi Ta micis

InTencuBHIiCTD, iMII.

VY3VYO 3 Bukopuctansasm moporiki Al,O3 ta SIC (pizaux dpaxiiii) y Bar.%
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a—micist Y3YO+TO 3 nmopomrkom Al;O3; 6 — miciast Y3YO+TO 3 noporikom SiC

(28 mxM—40 Mkm); B — micia Y3YO+TO 3 nmopomrkom SiC (160 mxkm—200 Mkm)

Pucynok 4.5 — ludpakrorpamu 3paskiB naryHi JIC59-1 3a ¢okycyrouoi reometpii
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Panime BcranorieHo, mo Y3V O noepxHeBux mapis jgaryHi JIC59-1 na noBiTpi
€ PYUIHAHOI CHJIOK J0 mepediry ¢a3oBoro mepexoay [ — o, IPpUYOMY KIIBKICTh
OCTaHHBOI MOXKe csaratu Omu3pko 92,5% [22]. JlaHe sBHIE IMOBIPHO TOSICHIOETHCS
pO3IrpiBaHHSAM MPHUIIOBEPXHEBUX IIapiB MaTPUYHOTO CIUIaBy B IPOIECl 1HTEHCHBHOI
MJIACTUYHOI Aedopmartii.

B okucHux mporecax akTHBHY y4yacTh HpuiiMae came [-aza, OCKUIBKH MiCIs

TEPMIYHOT OOPOOKH CIIOCTEPIra€ThCs 3HAUHE 3MEHIICHHS 11 KiIbKOCTI (Tab. 4.4).

Tabnuus 4.4 — Pe3ynabTaT KUTbKICHOTO (PAa30BOTO aHATI3Y

da3oBuii ckiand, Bar.% OKP, am
- - Pb | ZnO - -
O6poOka ¢ b é * b é
CuxZn | CuZn | 3 CuZn | CuZn | o
5 5
= =
BUXIIHUN CTaH 45 54 - 1 - 250 270 -
V3VOrALOs | 5y | 95 | 19 | 1 | - | 54 | 24 | 2
(35-50 mxm)
V3VO+AIL,O;
(35-50 mMKM) 50 3 20 1 25 54,7 107,3 | 41,2
+TO
YIVOHSIC | ap | 38 | 34 | 1 | - | 8 | 126 | 81
(2840 mxm)
V3VO+SiC
(28-40mxym) | 45 8 | 23 | 1 | 23 | 424 | 464 | 174
+TO
YIVOHSIC | 57 | 15 | 28 | 1 | - | 69 | 56 | 126
(160—200 mxm)
V3VO+SIiC
(160-200 mxm) 52 7 30 1 10 204 536 341
+TO

BapTto BiAMITUTH, 1II0 HAHECEHHSI KOMITO3UIIIHHUX MOKPUTTIB JTOJATKOBO CHPUSIE

3MEHIIICHHIO CTYMEHI0 OKHUCHEHHSI TOPIBHSHO 13 BHXITHUM CIJIAaBOM, IS SIKOTO 3a
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JiTepaTypHUMHU NaHUMHU KidbKicTe ZNO moxe csratu 40%. HaiiGinpmuii 3axucHuit
edekT 3adikcoBano st Bunaaky Y3YO 3 mopomkom SiC (160 mxm—200 MkMm), amxke
KUTBKICTh OKCHy IMHKA He mepesutrye 10%.

[Ticns Y3YO 3 nopomikamu BifOyBaeTbcsi CyTTeBe 3MeHIeHHS po3mipy OKP,
Hanpukian, st Bumaaky Al,Os: a-da3u y ~4,6 pasis, a s B-dasu y ~11 paszis. ITicis

HACTYIHOI TepMiuHOi 00poOku po3mip OKP 301bl1y€eThCsl BHACHIIOK PEKpUCTaTI3aIli.

4.3 MikpocTpyKTypa Ta XiMiuHHii CKJIaJ C()OPMOBAHUX MOKPUTTIB

OcoOauBOCTI MIKPOCTPYKTYpH TIOBEpXHI Ta MPHUIIOBEPXHEBHX IIApiB JaTyHl
JIC59-1, nedopMoBaHHMX yIBTPA3BYKOBOI VYAAPHOIO OOpOOKOIO Ha TMOBITpI 13
nopormikamu Al,Oz ta SiC (puc. 4.6 ta puc. 4.7), ToCIiKeH] 32 TOIOMOTOI0 PacTPOBOT

€JIEKTPOHHOI MIKPOCKOITIi.

| ez

SEM HV: 10.0 kV WD: 15.59 mm | MIRA3 TESCAN
View field: 48.4 ym Det: BSE + SE 1 0 MKM

SEM MAG: 5.97 kx

a — MOBepXHsI; 6 — MonepeyHuil mepepis
Pucynok 4.6 — Mop@oJiorist Ta XIMIYHUM CKJIaJ] KOMITO3UIIIHHOTO I1apy, CHHTE30BaHOTO

VY3VYO0 3 mopomkom Al,O3 Ha moBepxHi natyHi JIC59-1

CrnoctepiraeTbCcsi 3Ha4HE 3POCTAHHS MIOPCTKOCTI moBepxHi micaa Y3VO 3
okcuaHUMU YacTUHKamMu AlpO3z, 1m0 NpOSBISETHCS Yy BUTISAAI BHUCOKOKOHTPACTHUX
obmacreit (puc. 4.6, a). Jlani MiKpO-peHTICHOCIEKTpaIbHOrO aHamizy (tad. 4.5)

CBIIUYaTh MPO MEXaHIYHE JieryBaHHs MoBepxHi JatyHi JIC59-1 okcUIHUM TOPOITKOM
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Al;O3 1 cuHTe3 KOMITO3HUIIHHOTO MOKPUTTS Ha MOro OCHOBI. XapaKTEPHOIO O3HAKOI €
JaCTKOBE MEePEMIIIyBaHHSI MATPUIHOTO CIUIABY i3 OKCUAHUMH BKIIFOUCHHSIMHU.

Jlo momiOHOro BHCHOBKY MOXXHA JidTH aHamizytoun PEM-300paxenHs
MOTEPEYHOTO Mepepi3y BIAMOBIAHUX 3pa3kiB (puc. 4.6, 6). 3aragom MokHa OaYUTH, 1110
Ha TOBEPXHI CIUIABY YTBOPIOETHCS TOCUTH CYIUTBHHM IIap BHCOKOI KOHTPACTHOCTI
(IMOBIpHO BNPOBAIKEHUX O METAJCBOI MAaTPHINl CIJIaBy OKCHUIHHX YAaCTUHOK) 13

CCpCI[HiM 3HAa4YCHHAM TOBIINHU ~9 MKM.

Tabmui 4.5 — XiMiuHUEN CKIIaa pi3HUX oOnacTedt gqociipkeHHs garyHi JIC59-1 13

komno3uiiiaum mapom Al,O3

Criextp KonmnenTparis enemenTis, at.%

Cu Zn Pb Al O
Puc 4.6,a,1 | 61,08 34,68 0,2 3,04 -
Puc 4.6,a, 2 | 12,21 6,46 0,18 79,15 -
Puc 4.6,a, 3 | 57,03 36,26 0,5 3,21 -
Puc 4.6,6, 1 | 3,06 2,29 - 33,8 58,9
Puc 4.6, 06, 2 | 64,47 35,53 - - -
Puc 4.6, 6, 3 | 60,33 30,82 - - 8,85
Puc 4.6, 6, 4 | 60,06 24,84 11,62 - 3,48

EnexTpoHHO-MIKpOCKOMNIYHI 300pakeHHs1 MOBepxH1 3pa3kiB micig Y3YO 3
nopormkoM SiC (28 Mkm—40 mxMm) (puc. 4.7, a) cBig4aTh TPO TIE€BHI MOPYIICHHS
PIBHOMIPHOCTI CHHTE€30BaHOTO MIAPY/TOKPUTTSL, IO € OUThII MOMITHUMH Y TIOPIBHSIHHI 31
3pa3koM Y3VO+AIlOs. YV nanoMmy BHUMAIKy CIIOCTEPIraloThCs JIOKAIBHO PO3MOIiICH] Ha
MOBEPXHI TJIOOYJISIpHI TEMHI 00J1acTi, KOTP1 JOCUTHh WUMOBIPHO € BTIJICHUMH 32 PaXyHOK

VY3VYO BigHocHO Benukumu nopomurHkamu SiC.
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SEM HV: 10.0 kV WD: 1550 mm | |

View field: 1000 ym  Det BSE + SE 70 M Kll\l

SEM MAG: 2.89 kx

a — MOBepXHsI; O — MmonepeyHuil nepepis
Pucynok 4.7 — MopdoJioris Ta XiMidHH# cKJiaa KoMno3uiiiHoro mapy SiC Ha

noBepxHi natyni JIC59-1

3a pesynapTaTaMu EHEPTOAMCIEPCIMHOTO aHaji3y, TOOTO KIIbKICHUMH JTaHUMH
II0JT0 XIMIYHOTO CKJIaJy TOBEPXHEBUX MIapiB JaTyHi (Tabi. 4.6), 114 rirmoTe3a MOBHICTIO

M1TBEPIKYEThCS.

Tabmuus 4.6 — XiMiuyHUN CKIIa]] pi3HUX oOsactei nocmikenHs datyni JIC59-1 i3

KOMIO3UIIHHUM mapom SiC

Criextp KoHuentpanis eaemeHTiB, aT.%

Cu Zn Pb Si @) C
Puc4.7,a,1 | 0,88 1,09 0,31 97,72 - -
Puc4.7,a,2 | 64,63 |33,79 (0,18 1,4 - -
Puc4.7,a,3 | 6594 |34,67 |0,37 0,02 - -
Puc4.7,a,4 46,14 2582 |0,39 27,65 - -
Puc 4.7,6,1 | 25,06 14,83 |- 25,36 7,34 27,41
Puc4.7,6,2 {6197 |3332 |- - 0,57 4,14
Puc4.7,6,3 | 5533 |2943 |- - 7,97 1,27
Puc4.7,6,4 | 47,07 18,61 |26,86 - 2,21 5,25
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Takox BapTO BIAMITUTH, 1110 KOMIIO3UIlIHHE TOKPUTTA Ticias Y3YO 3 mopomkom
SiC (puc. 4.7, 6) XxapakTepu3yeThCS XBUIISICTOIO MOP(OJIOTIEI0/CTPYKTYPOIO MEPEX1THOTO
apy MiK TOKPHUTTSIM Ta METAIOM-MaTPHIICIO, MPUYOMY MaKCHMaJlbHa TOBIIUHA I[LOTO
mapy gocsirae 12 mxm—13 MxMm.

Jloctemenno BimOmo, mo Y3YO mnoBepXHEBHX MIapiB JATYHI Ha MOBITPL 3a
KIMHATHOI TEMIEpaTypyu MOXE MPHU3BOAUTU 0 IHTEHCUBHOTO JehOpMaIifHOTO 3CYyBY
MPUNOBEPXHEBUX 3epeH 3a paxyHOoK II1/1. JlaHe siBUIlle MPOSIBIASETHCS CYTTEBUM HAXUIIOM
TPaHMIIH 3€PEH IO BiHOIICHHIO JI0 MEPIICHIUKYIISIPHOTO MOBEPXHI HAMPpAMKY. [Ipudomy
pO3MOoALT TIacTUYHOI Aedopmallii Mae rpagieHTHUN Xapaktep [22]. [loxionuit edekr
croctepiraeTbcsi Takok 1 miciast Y3YO naTyHi 13 MOpOILIKaMu/apMyBaJbHUMHU
yacTUHKaMH. [IpudyoMy pO3CISIHHS 4YacTUHHU €Heprii, KoTpa HeoOxigHa Juisl mepediry
IHTEHCUBHOI INTACTHUYHOI ieopmaliii, Ha mporecH MoApiOHEHHS OKCUIHUX YU KapO1THUX

YaCTHHOK Ta MEXaHIYHOT'O JICTYBAHHS ITPUITIOBEPXHEBUX mapiB J'IaTYHi, HC 3aBa’Ka€ IbOMY

edexry.

4.4 MopddoJorisi noBepxHi KOMIIO3ULIHHUX NOKPUTTIB

XBUIIENOAIOHNIM XapakTep penbedy TOBEPXHI MAa€ CHPHUSITH CYTTEBOMY
MOKPAIICHHIO aJre3ii CHHTE30BAHOIO MOKPUTTS JO MATPUYHOI OCHOBH, ToMy Y3VYO
MPOBOJIMIIM OJIPA3y MICJIsi TOKAPHOI OOPOOKHM MOBEPXHI BUTOTOBJICHUX 3pa3KiB JIATyHI.
OTxe, MIKpoOpenbed MOBEPXHI y BUXIIHOMY CTaHI MaB MEPIOJAMYHUN XapakTep 13
YepryBaHHSAM BHUCTYIIIB Ta 3amaJMH OJHAKOBOi BUCOTHU (32 MOJyJieM) T CUMETPUYHOI
dbopmu (puc. 4.8, a).

[Ticmgs Y3YO 3 mopomkamu (puc. 4.8, 6, ) crmocTepiraroThCs 3HAYHI 3MiHH
MOPQOJIOTii MOBEPXHI 32 PaXyHOK MPOIIECIB IHTEHCHUBHOI MJIACTUYHOIT tepopmartii.

Ha puc. 4.9 naBeneno neoBumipHi Tonorpadii moepxHi 3paskiB naryni JIC59-1
K 10, Tak 1 micmsa apmyBanHs moporikamu Al,Oz ta SIC, a TakoX BiAMOBIiIHI

npodiorpamu.
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a — Buxigamii ctad; 0 — mciasg Y3YO 3 mopormkom AlOs;
B — micist Y3YO 3 nopomkom SiC

Pucynox 4.8 — TpuBumipHi 300pakeHHs Tororpadii nosepxui 3paskis JIC59-1
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a —y BuXigHOMY ctaHi; 6 — micist Y3VYO 3 nmopormikom Al,Os;
B — micisg Y3YO 3 noporikom SiC

Pucynox 4.9 — JIBomipHi 300paskeHHs Tororpadii moBepxHi 3pa3kiB JIC59-1
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[IlopcTKicTh TOBEPXHI 3pa3KiB MICHS CHUHTE3Y MOKPUTTIB CYTTEBO 3MIHIOETHCS
MOPIBHSHO 13 BUXITHUM CTaHOM TMOBEpXHi JaryHi (Ta6m. 4.7). Jlnsa HaoyHOCTI —
HIOPCTKICTh BUXITHOTO 3pa3ka 3HaXOAUTHCA B CEPETHROMY B Mexkax: Ry — 3,54 mxMm, R, —
11,75 MKM, a reOMETPUYHI NapaMeTPH CTAHOBJIATH: IIONA HOBEpXHi Ss — 53991,3 MKM?
Ta BigHocHa mioma Sy — 1,14 mxm?. [Iponec Y3VO cnpusic iHTEHCHBHOMY IIACTHIHOMY
nedhopMyBaHHIO BHUXITHUX Me(EKTIiB Ta MIKpOHEPIBHOCTEH, a TaKOXX PI3HOMaHITHUX
BHUCTYIIIB, CaMe€ TOMY CIIOCTEPIraeThcsi €(peKTUBHE 3ri1a/pKyBaHHS MoBepxHI — Ry = 0,18
MkM, R; = 0,93 mxm. [lomatkoBuM (hakTOpoMm € 3alOBHEHHS 3alauH Ta HACHUYCHHS
MOBEPXHEBUX IIApiB apMyBaJbHUMHU yacTuHaMu. Bcranosieno, mo micas Y3YO 3
nopomkoM Al;O3: Ry — 2,404 mxm Ta R; — 4,946 MM, TOOTO 1€ BiAOBI A€ 3MEHIIIEHHIO
HIOPCTKOCTI Maii’e BABIYl NOPIBHSAHO 3 BUXITHUM CTaHOM.

BaxxnuBo, 110 MiHIMaIbHI 3HaYEHHS apaMeTPiB MIOPCTKOCTI Micisd MoaudiKailii
CTHIOCTEepiraroThes s BUMaaky Bukopuctanusg nopomky SiC (Ra = 1,76 mxm, R, = 4,53
MKM). 3arajioM c()OpMOBaHHI peNbE(P MOBEPXHI XapaKTEPU3Y€EThCA 3HAUHUM PO3BUTKOM
MOBEPXHI — BEJMKOIO KIJIbKICTh BUCTYIIIB Ta 3aIlaJiiH, A0 TOTO K IJIOIIa MOIU(IKOBAHOT

IOBEPXHi cTaHOBUTH S = 56068,5 MKkM?, a BiHOCHA mutoma Sy cknanae 1,18 Mxm?, o €

JIenIo OUTHIIIMMHY MOPIBHSHO 3 BUXITHUM CTAHOM.

Tabmuug 4.7 — IlapameTpu mopcTkocTi noBepxHi ciiary JIC59-1

3pa3zox Ra, MKM R,, MKM Ss, MKM? S, MKM?
JIC59-1 3,541 11,75 53991,3 1,14
Y3YO 0,179 0,923 48682,9 1,02
Al,O3 2,404 4,946 58243,5 1,23
SiC 1,759 4,528 56068,5 1,18

IMoBipHUME (pakTOpamH, KOTpl BIUIMBAIOTH HAa BCTAHOBJIEHI PO301KHOCTI
napameTpiB MIOPCTKOCTI MOBEPXHI 3arajioM (TOOTO, HE JIMIIE JIOKAIbHI ), MOXYTh OyTH
0co0IMBOCTI Nepediry ¢ha3oBUX NEPETBOPEHD Y MPUIIOBEPXHEBUX IIapax JaTtyHi (f — o)

il BIUIMBOM IHTEHCHUBHOI TIUTACTUYHOI jaedopMalii, BUXITHAH cTaH/MOPQOIoris
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MOBEPXHI apMyBaJIbHUX IMOPOIIKIB, HEPIBHOMIPHICTh TJIUOMHU iX MPOHUKHEHHS Ta

PI3HUH CTYIIHb NOJIPIOHEHHS OPOIITNHOK.

BucnoBku 10 po3ainy 4

Y3V O-cunte3 nokpuTTs 3 nopomkoM Al,Oz 103B0Is€ 301TBIITUTH MIKPOTBEPIICTh
noBepxHi jatyHi JIC59-1 no ~5,3 I'Tla, T06T0 y ~4 pa3u, MOPIBHAHO 13 BUXITHUM
cranoM. Bukopucranus mopomky SiC 103BoJi€ AOCATTH MaKCHUMAJIbHOTO €(eKTy
3MIIHEHHS Y ~5 pa3iB, 3HaYEHHsI MIKpOTBEPJOCTI ckiaaarTh ~5,65 I'Tla ta ~6,7 I'Tla
st ppakmin 28 MkmM—40 MM Tta 160 MEM—200 MKM,  BiZITOBITHO. 3HadYeHHs
MIKPOTBEPAOCTI 3a MeToJoM Bikepca 3aJ0BLIBHO Y3TOMXKYIOThCS 31 3HAUCHHSIMU
IHCTPYMEHTAJIHO1 TBEPA0CTI 32 Meliepom.

3poctanHs MiKpoTBepaocTi noBepxHi jgaryHi JIC59-1 micnsgs Y3VO 3 nopomikom
SiC 00yMOBITIOETHCSI KOMIUIGKCHUM BIUIMBOM IIPOIECIB apMyBaHHS BHCOKOMIIIHUMHU
KapO1JHUMU YaCTUHKAMHU, JIMCIIEPTYBAHHS 3€PEHHOI CTPYKTYPU MATPUUHUX CKIIAIOBUX
(mo ~70 uM Ta ~50 HM a4 o-Ta B-da3, BiAMOBIAHO) Ta Pa30BUM NEPETBOPEHHIM B—a (13
3MEHIIICHHSIM BTpHUUl KUIBKOCTI -(ha3m).

YacTkoBe NoipiOHEHHS Ta BTUIEHHS MOPOILIKIB A0 TPUIOBEPXHEBUX IIAPIB JATYyHI
BHACIIJIOK 1HTEHCUBHOI TIacTH4YHOI nedopmartii, cnpuunHeHoi Y3V0, 00yMOBIIOIOTH
IPaiEHTHY CTPYKTYpPYy CHUHTE30BaHUX TMOKPUTTIB: YUIUJIbHEHUN Iap TMOPOIIKY
TOBUIMHOIO Onu3bko 100 MKM; MaTpUyHUH CIUIaB, 3MIHEHUH YaCTUHKaMHU MOPOIIKY,
TOBITMHOIO 710 150 MKkM; 001acTh nedopMariifHOro 3MIITHEHHS TOBIIHMHOIO /10 S00 MKM.

Bnacnigox Y3YO 3 nopomkaMu 3MiHIOETbCST MOPGOJIOTis MOBEPXHI JIATYHI 3a
pPaxyHOK IJJACTUYHOrO JAe(POpMyBaHHS BHUXIJIHUX MIKPOHEPIBHOCTEH, BUCTYMIB Ta
3allOBHEHHS 3alaiIiH MaTepiajioM apMyBaJbHUX YacTHHOK. MiHIMalbHE 3HAYCHHS
napametpy 1mopctkocti (Ry = 1,76 MmxM) cioctepiraethbes micist Y3YO 3 mopomkom SiC
1 € BIBIYl MEHIITUM 3a BUXigHuM cTaH (Ry = 3,54 Mkm).

36inbmieHns (pakiii mopomuiky SiC crpusie He TITBKH 3pOCTaHHIO MiKPOTBEPAOCTI
MoaudikoBanux mig yac Y3YO npumnoBepxHeBUX IapiB yatryHi no ~6,7 ['Tla, ane 1
MOKPAIICHHIO OTIOPY 10 OKUCHOTO pyiHYBaHHS 3 yTBOpeHHsM ZNO (BiICOTKOBUIA BMICT

OCTaHHBOT'O 3MEHIyeThes 3 23% 1o 10%).
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PO3/ILJI 5 CTPYKTYPHO-®A30BUI CTAH TA BJIACTUBOCTI TOBEPXHI
CILTABY AMI'6 ITIICJISA EJIEKTPOICKPOBOI'O JIET'YBAHHSA TUHTAHOM
TA YJIABTPA3BYKOBOI YIAPHOI OGPOBKHU

VY nanomy po3aiii MpoaHali30BaHO MIKPOCTPYKTYpY, (pa30BUl CTaH, XIMIYHUN
CKJIaJ, Ta MIKPOTBEP/ICTh TOBEPXHEBHUX IIAPIB AIOMiHIEBOTO CIuTaBy AMr6 micis
KOMOIHOBAHOTO BIUIMBY €JEKTPOICKPOBOTO JIETYBaHHS THUTAaHOM 1 YJIBTPa3BYKOBOI
yaapHoi o00po6ku [2, Homatoxk A]. OcobiuBa yBara NPHAUIAETHCA KOPO3IMHUM
BIacTUBOCTAM. [IpoBeeHO MOpiBHAILHUN aHami3 3 pe3ynbTatamu Y 3YO cruiapy AMr6

0€3 J0JJaTKOBOI'0 3aCTOCYBaHHS €JIEKTPOICKPOBOTO JIETYBaHHS.

5.1 Xapaxrep 3miH MmikpoTBepaocTi mia aiero Y3YO ta koM0iHOBaHOI 00pO0KHU

OO0’eKTOM JOCHIJKEHHST € KOHCTPYKLIMHUN antoMiHIioBUl criaB  AMroé6
HACTYITHOTO XiMiuHOTO ckiaaay (00. %): Al-92,5; Mg-6,5; Mn no 0,8. Jocmigni 3pa3ku
nTiHApUYHOT Gopmu (miametpoMm 18 MM Ta BucoTor 10 MM) BUTOTOBJICHO HUISIXOM
pi3aHHs MpyTa NEPIEHAUKYJSPHO A0 HampsiMy BajbloBaHHsA. [liciis 4oro mpoBeneHo
Biamnan o remrnepatypu 320 °C ta BUTpuMKy 3a temrepatypu 250 °C BIpoaoBX rOIUHA
13 MOAAJIBIIMM OXOJOJKEHHSM O KIMHATHOI TEMIEPATYPHU Pa30M 3 MIUYIO JJIsl 3HATTA
BHYTpilIHIX HanpyxeHb. EIJI gocnigaux 3pa3kiB MPOBOJWIN HA BIAKPUTOMY MOBITPI 13

2 i3 TPHMBAIICTIO, €HEPricI0 Ta YaCTOTOIO

MUTOMOIO TPHUBATICTIO 00poOku 1 XB/cM
MPOXOIPKEHHA eNeKTPUYHUX IMITyJIbCiB — 200 mkc, 1 [Ix 1 50 I'n, BignoBigHO.

3a neryBaibHUH edeMeHT 00paHo Ti, OCKUIBKHY Tepeadavanock, mo mia yac EIJI
MOXYyTh (opmyBatucs iHTepMeranmian 13 Al Ta okcugni ¢azu tumy TiOs.
BukopucroByBanu THUTaHOBMM aHoj y dopmi apoty aiamerpom 0,5 mm—1 mwm.
VYapTpa3ByKoOBY yapHy 00pOOKYy MPOBOAMIIN 13 BUKOPUCTAHHIM CEMHUOOMKOBOI y1apHO1
TOJIIBKU 3 aMILIITy0t0 15 MKM yripoaosx 15 ¢—60 c.

MikpoaropoMeTpuyHi  JOCTIIPKEHHS]  3aCBIMUYIOTh  CYTTEBE  ITiIBUIICHHS

MIKPOTBEPAOCTI MOBEPXHI CIUIaBy /10 ~ 2,5 pa3iB BHACTIOK 3aCTOCYBaHHS KOMOiHAIIil

Elli + Y3YO (puc. 5.1, xpupa 2). Ilicnas Y3YO (puc. 5.1, kpuBa 1) 3pocTaHHs
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MikpoTBepAocTi He nepepuiye 80% (1430 MIla 1 1520 MIlIa 3a tpuBanocti ¥Y3VO 30 ¢

Ta 60 ¢, BIAMOBIIHO), III0 3HAYHO MEHIIIE Y TTOPIBHIHHI 13 KOMOIHOBaHOIO 0OPOOKOIO.
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1 —micas Y3YO; 2 — micns komO6iHoBaHOo1 00poOku ElJITi+ Y3VO

Pucynok 5.1 — 3anexHicTs MiKpoTBepIOCTI BiJ yacy Y3VO

3a OTpUMaHMMM JaHUMHU PO3PAxOBAaHO psJ MapaMeTpiB, TAaKUX SK CTYIIHb
3MIIHEHHS |3y T4 IHTCHCUBHICTD 3MIIHEHHSI Kayiy, TOBEpXHEBUX MIapiB (Tab. 5.1) criaBy
AMro6 BHachifok sk aedopmariitnoro BBy Y3V O, Tak 1 koMOiHOBaHO1 00poOKku ElJI T

+ VY3VYO.

Buxopucrano meronuxy [100], 3a ko0 CTyMiHb Ae)OpMAIlifiHOTO 3MIITHEHHS

3Min

Ksuwin BA3HAYAETHCS K CITIBBIIHOIICHHS MK CEPEIHIM 3HAYCHHSIM MiKPOTBEPIOCTI Hu

3MIIHEHOTr0/MOIM(piKOBAHOTO APy Ta MIKPOTBEPAOCTI BUXIAHOTO cruiaBy H "™

H3Miu
ksmiu = F H&”X . (5.1)

[HTEHCHUBHICTD 3MIIHEHHS MPUIIOBEPXHEBUX IIAPIB PO3PAXOBAHO 3a HACTYITHOKO

dopmystoro [100]:
(HBMiH _ HBI/IX)
IBMiu = : : hsMiu ) (52)

ne h.,., — ToBImuHa MoaudikoBaHoro mapy (00paHo 3HadeHHS S0 MKM).
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AHaJ3 po3paxoBaHUX 3HAYEHb CBIIUMTH MPO ICTOTHE 30UIBIICHHS MapaMeTpiB
Ksmin T@ lsyiy K JUTSE IEPILIOTO, TAK 1 AJIS APYrOro BHIMAAKIB (OB, HIXK yaBidi). [Tpraomy
HACHYEHHS TOBEpPXHI CIJIaBy TUTAaHOM i 4Yac TMOIMEPEeIHbOTO EIEeKTPOICKPOBOTO
JIeTyBaHHSl CIpUsie OUIbII IHTEHCHMBHOMY 3MillHEHHIO. lle Moke mosicHIoBaTucs
YTBOPEHHSIM IIUIBHOTO BUCOKOAATE3MBHOTO TIOKPHUTTS 32 y4acTi THUTAHY 3 MOJAIBITAM
CyTTeBUM  nedopMaliiHUM  3MilHEHHSIM y mpomeci Y3YO 3a  paxyHOK
HAHOCTPYKTypH3allii moBepxHeBUX 3epeH. He MeHIm BaximMBUMH (akTopamu, 110
MOXXYTh OTIOCEPEAKOBAHO BIUIMBATH HA BUINE3TAJAHE SIBUIIE, € MIABUINCHHS T'YCTUHU
qucioKalil 'y mMoaudikoBaHOMY Imapi, pi3Ke 3pOCTaHHS KUIBKOCTI CyOMex Ta ix
MOCTYIIOBE PO30PIEHTYBAaHHA, 3BICHO, 1[0 HE MOXKHA BHUKIIOYUTH 1 BIUIMB
HOBOYTBOPEHUX, BHACIIIOK TEPMIYHOIO Ta Ae(POPMALIHOTO BIUIMBY, IHTEPMETATITHUX
¢a3 anmoMiHIIO Ta Marxilo.

JlonaTkoBe TMOKpaiieHHs (I3UKO-MEXAHIYHUX BJIACTUBOCTEU, SIKE BUKJIMKAHE
komOiHarieo MetoaiB EJITi+ Y3VYO, iMoBipHO 3a0€31e4y€eThCsl YTBOPEHHSIM TBEPAOTO
po3uuny Ti-Al. [Ipu npomy iHTepMeTanmiaHi (a3 Ha OCHOBI ATIOMIHIFO—THTaHY, IO
3a3BUYall BUHUKAIOTh Ha TPAHUILIX PO3JALTY 3€peH Ta CyO3epeH, MOXYThb I'paTH pPOJib
apMyrounx 4YacTuHOK. J[lo Toro x, 3a wmexaHizMoM OpoBaHa — HAHOPO3MIPHI

IHTEpPMETAITIJIHI BKJIFOUEHHS OOYMOBIIOIOTH JOJATKOBE CYTTEBE 3MILIHEHHS MarepiaiiB

[149, 150].

Tabmuusg 5.1 — BnactuBocTi noBepxHi criaBy AMro6 micist pi3Hoi 00poOKku

Marepiai / 06poOka MikpoTBepaICTh Cryninp [HTEHCUBHICTD
HV, I'Tla SMIIHCHHS | 3MIIHEHHS |,yiy,
Kiminc MIIa/mxm
AMTr6 / 1o 06poOku 0,84 1 0
AMr6 / Y3YO (60 c) 1,52 1,8 13,6
AMr6 / EUIti+ Y3YO (60 c) 2,5 2,97 33,2
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5.2 OcobauBoCTi BIUIMBY KOMOIHOBAHOI 00pOOKM Ha MIKPOCTPYKTYpPY

NMOBEPXHEBHUX LIAPiB

3ams TOCHIDKEHHS CTPYKTYPHHX OCOOMMBOCTEH MOAM(IKOBAHOTO IMapy Ta
BUSIBJICHHSI MEXaHI3MiB Je(dOpMalliifHOr0 BIUIMBY 3aCTOCOBAHO METOJ TPAaHCMICIHHOI

eJIEKTPOHHO1 Mikpockortii Ha pocBiT (TEM).

a—micist Y3YO,; 6 — micnsa EUITi+ Y3YO
Pucynok 5.2 — TEM-300paskeHHsI MIKPOCTPYKTYPH 1 KAPTUHU €JIEKTPOHHOI TudpaKilii

MOBEPXHEBOIO APy aAJFOMIHIEBOTO CI1aBy AMr6

AHaJi3 300paX€Hb MIKPOCTPYKTYPU, a TaKOX MIKPOEJIEKTPOHOrpaM 3pa3KiB
cruiaBy AMr6 micna Y3YO (puc. 5.2, a) ta aBoctaniitHoi 06podku ElJIti + Y3VO
(puc. 5.2, 6) nokasye, mo komOinoBanmii miaxin (EINI-Y3YO) obGymosmioe cyTreBe
30UTbLIEHHSI KUIBKOCTI peQueKciB, KOTpI HAMOUIbII IMOBIPHO MOXYTh HaJIekKaTH
OKCHJIHUM Ta 1HTepMeTaligHuM ¢azaMm (Ha OCHOBI ajtoMiHitO-TuTany). Lo cTocyeThes
MIKPOCTPYKTYPH, TO CIOCTEPIra€eThCs 3HAYHE MOJAPIOHEHHS 3€peH y MPUIMOBEPXHEBIM
obyiacti, HaBITh JO HaHOpPO3MipHOro aAianazony. Ilpuuomy Oe3nocepeaHii
nedopmarliiHuil BIUTMB YJbTPa3BYKOBOI yJIapHOi OOpOoOKM OOYMOBIIOE€ YTBOPCHHS
obJiacteil (hparMEHTOBAHOI MIKPOCTPYKTYpPH y MOBEPXHEBUX IlIapax ciiaBy AMro, ne
KOXEH (parMeHT XapakTEePHU3yEThCS BUCOKMM 3HAUYCHHSM CEpPEIHBOI TyCTHHHU

JIUCIIOKALIIA.
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3arajioM OTpUMaHy BHaCHiIOK KomOiHOBaHOi 00poOku Ellni + VY3VO
MIKPOCTPYKTYPY MOHa Ha3BaTH OIMOJAILHOI0, OCKIJILKM BOHA MPEJICTABICHA CYMIIIIIIIO
JIOCUTH BEIHMKHUX CyO3epeH Ta YJIbTPaIUCIEPCHUX 3€peH, I'yCTHHA JEe(EKTIB y SKUX €
JIOCUTh HEpIBHOMIpHOIO. Taka CTpPyKTypa, SK BIJoMO, 3a0e3medyye BHCOKI
XapaKTEPUCTUKN MIIHOCTI 13 30€peKEHHSIM 3aI0BUTHHOI TTACTHYHOCTI.

BumeBkasani epexTy MOKHA MOSCHATH 1HTEHCHBHOIO IIIACTUYHOIO JehOpMaIliero
Ta HarpiBaHHSAM TIOBEPXHEBUX IMapiB MiJg Yac OaraTokpaTHOi yJaapHOi Aii Ta

Oe3nocepeHIM TEPMIYHUM BIUTMBOM IIiJ] 4aC €IEKTPOICKPOBOTO JIETYBAHHS TUTAHOM.

5.3 XapaxkrepucTuka XiMi4YHOr0 CKJIAAy Ta TOBINMHA MOAU(IKOBAHOIO IAPY

JlochmipkeHHsT CTPYKTypU MOAM(DIKOBAHOTO IIApy IMPOBEIEHE TaKoX 3a
JIOTIOMOT'OI0  PACTPOBOI €JIEKTPOHHOI MIKPOCKOIIII MOMEPEYHUX Mepepis3iB JOCTITHUX
3pa3kiB cruiaBy AMro6 (puc. 5.3) micis pi3Hux BuaiB o0poOku. Pazom 13 THM
PEHTTEHIBCbKUII Mac-aHali3aTop JI03BOJIMB BCTAHOBUTH MNpPEUU3IMHUN  pO3MOALI
KOMIIOHEHTIB 3a TJIMOMHOI CHUHTE30BAHOTO TMOKPUTTS (puc. 5.3), SKUM HAOYHO
MPEACTABICHUA 3a JIOMOMOTOIO0 BIAMOBITHUX 300pakeHb y BTOPHUHHUX EJIEKTPOHAX
(puc. 5.4).

HasBHICTP NEBHOI KUIBKOCTI MIKPOTPIIIMH MOKHA TMOSICHUTH YTBOPEHHSAM
OKCUJHHUX Ta IHTEPMETAJIITHUX BKJIIOYEHB IT1JI Yac eJNEeKTPO-ICKPOBOTO JieryBaHHs. Taki
BKJIFOUEHHS] MalOTh MEHIINI KOE(DILIEHT TPIIIUHOCTIMKOCTI, aHIK MeTaa-MaTpHILIs, 1 M1
yac noganbinoi [TTJIT s BigMiHHICTE Oe3mocepeHbO MPOSIBISETHCS TOSIBOIO TPIIIHH.

Bapro BkaszaTu, 10 TOBLIMHA MOJIHU(IKOBAHOIO/CHHTE30BAHOIO IIApy Ha Kpasx
3pa3ka JIeIIo 3MEHIIYEThCS 33 PaXyHOK TOTO, 110 MaKCUMaJIbHa IHTEHCUBHICTh OOPOOKHU
CIIOCTEPIraeThCsl B EMILEHTPl yAapHOi Aii OOHKOBOT0O 1HCTPYMEHTY. 3arajioM TOBILIMHA
1apy, HACHYEHOTO TUTAHOM Ta KUCHEM, CTAaHOBHUTH O13bK0 11 MKM, a 3aranbHa riuOuHa

IHTEHCHUBHOTO MMPOHUKHEHHS KUCHIO MepeBuiye 30 MKM.
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Pucynox 5.3 — PEM-300paxeHHs ONepeyHoro nepepizy Ta po3mno/Iija KOMIOHEHTIB

anmtoMiHieBoro craBy AMr6 nicns EUIri+ Y3VO

Jlane siBuiie MOXHa MOSCHUTH MPOLECAMH aKTUBHOTO OKMCHEHHS JIIOMIHIIO Ta
TUTAHOBOTO  €JIEKTPOAY 3d pPAXyHOK HArpiBaHHs IiJl Yac EJIEKPOICKPOBOIO
JIeTyBaHHS (Yepe3 BUCOKY CHOPITHEHICTD JI0 OKCUTEHY Ta HU3BKY YKAPOCTIMKICTh TAHUX
€JIEMEHTIB) Ta SIBUIIAMH aHOMAJIbHOT'O MaCONIEPEHECEHHSI.

He BukmtoueHo i BIMB jAe(opMaIiifHOro po3irpiBaHHsS 3a YMOB MOAAIIBIION
VY3VYO. Otxe, MOXKHA IINTH TOTO % CaMOT0 BUCHOBKY, 110 MPOLIECH, KOTP1 BIIOYBAIOTHCS
y MOBEPXHEBUX IIapax cruiaBy AMro6, 30UIbIIyIOTh MBUIKICTE OKUCHEHHS 1 COPUSIOTH
(opMyBaHHIO OKCHIHUX TUTIBOK/OKCHIHUX KOMIO3UTIB TiTa Al i3 HEe3HAYHOIO KIJIBKICTIO
IHTepMETANIIHUX  BKJIIOYEHb, M0 SAKICHO TMIATBEPIKYEThCS JTaHUMH E€HEpro-

JIMCTIEPCIMHOTO aHaTi3y.
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SEM HV: 20.0 kV WD: 16.73 mm MIRA3 TESCAN
View field: 306 pm Det: BSE 50 pm
SEM MAG: 1.18 kx

Pucynok 5.4 — PEM-300paxeHHs MONepeuHOoro nepepizy, Manu po3noairy
KOMITOHEHTIB cIiaBy AMr6 ta cxema cunre3oBaHoi BHacninok ElJlTi+ Y3VYO

IPaJlIEHTHOI CTPYKTYPH MOKPUTTS

AHami3 MIKpOCTPYKTYPH Ta €JIIEMEHTHOIO PO3MOAUTY 3a TJIMOWHOIO JI03BOJISIE
MPUIYCTUTH, 1110 YTBOPEHE BHACIIOK KOMOIHOBaHO1 0OPOOKH MOKPUTTS MA€E IPAIIEHTHY
CTpyKTYpy: 1) OKCHAHA IUIiBKa, 110 mpeacTaBieHa aHaTazoMm 110, abo OJIM3BKHM 3a
CTCXIOMETPi€l0 OKCHIOM, 2) TBepauid pozunH Ti-Al, 3) mapysarta 1uriBka 3 OKCHIIB
amoMinito Al,O; ta anatasy TiOy, 4) obmacts aedopmarniiinoro 3minHeHHs. [TomioHa
niapyBata CTPYKTypa OKCHUIHOI IUTIBKM B3araji BJIACTUBA OKHUCHEHHWM Ha TMOBITPI
TUTAaHOBUM cIUiaBaM. ToBmuHa AedopMaiiifHO 3MIIHEHOTO IIapy CKjiagae OJIM3bKO
40 mem—50 Mmxkm  [75, 76]. CxeMaTHUHO Tpaji€HTHA CTPYKTypa CHHTE30BaHOTO

KOMITO3UIIIITHOTO MOKPUTTS MPEACTABIECHA HA pUC. 5.4.

5.4 ®opmyBaHHs iHTepMeTaATiTHUX (a3 y NPUNIOBEPXHEBUX MIAPAX

HMudysis maTepiany eaeKkTpojaa 0 MOBEPXHEBUX IApIB MATPUYHOTO Martepiany,
JOKaJbHI 30HHM BHUCOKOTEMIIEPATYPHOTO 3BAPIOBAHHS/OIUIABICHHS (JIETYBAJIBHOTO
€JIEMEHTY 3 MaTepiajoM OCHOBH), Pi3KE€ OXOJIOKEHHS Ta BUCOKI 3HAYEHHS 3aJTUIITKOBUX
HaIpY>KeHb MOXXYTh 3a0e3MeuyBaTh CHHTE3 IHTepMeTaTiTHuX (a3 3a 3HAYHO HIDKUUX

TemMiiepaTyp (OpIBHIHO 13 AiarpamamMu (a3oBoi piIBHOBAru).
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3amns  MIATBEP/UKEHHS YW CIOPOCTYBAaHHS  JAHOI  TIMOTE3H  IPOBENIECHO
pentreHoda3oBi AOCTIHKEHHS] MOBEpXHEBUX IapiB ciiaBy AMr6. BceranoBieHo, 1o
CUHEPTeTUYHOTO BIUIMBY pPI3HOMAHITHUX YWHHUKIB JOCTaTHbO JJII  CHHTE3Y
iHTepMeTamiaiB Ha ocHoBi T1, Al Ta Mg, mpoTe iX KiJIbKICTh € TOCHTH MaJiolo (puc. 5.5, a),
10 HaBpSAJ YUHUTHME CYTTEBUHM e(deKT Ha (Di3MKO-MeXaHIYHI BIACTHBOCTI MaTepiaiy.
Hapsimy 13 mmMm juig 3paska, sSKHH JierOBaHWH T1, XapaKTepHHHA IEpPepO3IOJIiia
IHTEerpaJlbHUX 1HTEHCHUBHOCTEH peduiekciB HasBHUX (a3 (30UIbIICHHS 1HTEHCUBHOCTI
pedekciB Bif OKCHIHUX (a3 MOPIBHAHO 13 MATPUIHUMH Ta JIETYIOUUM KOMITOHEHTaMH).

OTxe, mpoliecu IHTEHCUBHOT'O HACUYECHHS MOBEPXHI CIJIaBY KUCHEM Ta YTBOPEHHS
okcuaHuxX BKIFOUeHb MQTiO3, Al,O3, TisOs € qoMiHyFOUNMHE 1 caMe BOHH 3a0€31eUyHOTh
OCHOBHHM €(EKT 3MIITHEHHS! CHHTE30BaHOTO MTOKPUTTSL.

Jnst OLabIn MpEenu3iMHOro BU3HAYEHHS CITIBBIIHOIICHHS I1HTEPMETANIIHUX Ta
OKCUJHHUX BKJIIOYEHb y MOJHU(PIKOBAHOMY IIapl MPOBEACHO PEHTIEHIBCHKUI (ha30BHiA
aHaJi3 3a TEOMETPIEID KOB3HOTO MPOMEHI0. BCTaHOBIIEHO, 1110 IHTEHCUBHICTH PEQIIEKCIB
BiJ iHTepMeTanmiaHuX a3, Hacammepen TIAl, (puc. 5.5, 6), y moBepxHEeBUX MIapax
MaTtepially 3HaYHO 3pOCTa€ MOPIBHAHO 13 okcuaHuMu ¢pazamu. daza TiAl, moxe icHyBaTH
3a KIMHATHHX TEMIIEpaTyp 3a paxyHOK po3naay Bucokotemmeparyproi daszu TisAli;.

OnnouvacHo 13 uM daza TIAl; € TocuTh HecTaOLTLHOO 1 OUTBIN IMOBIPHO 3a3HAE
nepeTBOPEeHHS Ha ¢a3y iHIoi crexiomerpii — TigAlys. [le YMHHUTD BILIMB HAa PO3IIUPCHHS
BIJINOBITHUX MaKCUMYMiB Ha nudpaktorpami. JlaHuii BUCHOBOK TaKOX MATBEPIKYETHCS
pesyabratamu [151], siki cBiI4aTh, IO IHTEPMETANIIHI BKJIIOUCHHS (Y KOMIO3UIIISIX Ha
ocHoBi mopoimkiB Ti Ta Al) y mpoiieci iHTEHCHBHOI X0JIOAHOT AedopMariii MmiIaloThes
nporecaM oO0epHEeHUX (Ha30BUX IEPETBOPEHb, 10 MPHUKIIATY, CIIOCTEPITAETHCA PO3IAT
TizAl mo TiAl.

3aranom, CHIBCTaBICHHS OTPUMAHUX PE3YJbTATIB 3 JITEPATypPHUMH JTaHUMH
CBIYHTH, IO YTBOPEHHS IHTEPMETANIHMX BKIrO4YeHb Ty AlsMQ, 3a maHux ymoB
OoOpoOKM MajoWMOBIpHE, aJK€ 1 CIOJyKa Ma€ HHU3bKY CTaOlUIbHICTh, TOMY
IHTEpMETANITHUM CKJIa/1 IPEICTABISETHCS OUTBI CTA0LTPHIUME (Da3aMu Ha OCHOBI TUTAHY

ta amomiHiio — T1Al, Ta fimoBipHO TigAlys.
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a — (hokycyBangbHa TEOMETPisi; O — FrEOMETPist KOB3HOTO IMTPOMEHIO

Pucynok 5.5 — Iudpakrorpamu cruiapy AMro6 micina EULTi+ Y3VO

MoskHa TmiACyMyBaTH, IO PEHTTEHIBCBKMM  (pa30BUil  aHai3 YacTKOBO
NIATBEPKYE Tepedir (a3oBUX TMEPEeTBOPEHb MiJg 4Yac KOMOIHOBaHOI OOpOOKH
anmominieBoro crutasy AMr6 meronamu EUITi Ta Y3V O, To6TO MOAMbiKoBaHMil m1ap €

TBEpAUM po3unHOM Ti-Al, sKkuii MIiCTUTH CyMilll 3HAYHOT KiIbKOCTI OKCHIHHX Ta

HE3HAYHOI KUIBKOCTI iIHTepMeTaliIHUX (a3.
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5.5 EdekT nokpameHHsi KOPO3iiHUX BJIACTUBOCTEH MOBEPXHEBUX HIAPIB

JlocTreMeHHO BiOMO, IO PiBEHb KOPO3IMHUX BJIACTUBOCTEH Marepiany MoOKe
3aJIeKaTH BIJl CTaHy IMOBEPXHI, 11 MIKPOCTPYKTYPHHUX OCOOJIMBOCTEH Ta (pazoBOro 4uu
XIMIYHOTO cKkiany. Y faHid p000Ti e(eKTHBHICTh CHHTE30BaHMX OaratOga3Hux
KOMITO3HINIIMHUX TOKPUTTIB OIIHIOBAJIACS IIJISTXOM KOPO3IMHUX BUTIPOOyBaHb y 3,5%
BogHOoMY po3urHi NaCl 3a gBomMa cxeMaMu: BU3HAYEHHS MOTEHIIIaTy BIIKPUTOT KOMIPKHU
B 3aJICKHOCTI BiJl YaCy BUTPUMKHU B €JIEKTpOIITI (puc. 5.6) Ta BUSHAYCHHS MOTEHITIATY
noJisIpu3allii  3a CTAaHIAPTHOIO TPHUEIEKTPOIHOI CXEMOI 13 BHKOPUCTAHHSIM

KaJOMEJIBHOTO Ta TUIATHHOBOTO €JIEKTPOIiB (puc. 5.7).

-0,7
[=a}
] L e .
= QY| -y
& Z
e
g. o
: o ©79-0—0-—0—0—0—g_o0 & o |
=
=
=
g 0,84 o
é H AMg6 (¥Y3Y0) B AMg6 (Buxiaauii cTan)
AMg6 (ELL_+Y3Y0)
I ' I . 1
0 30 60
Yac, XB.

PucyHnok 5.6 — 3anexxHOCTI MOTEHIiaTy KOpo3li BIAKPUTOI KOMIPKH BiJ Hacy

KOPO31WHUX BUNIPOOYBaHb 3pa3kiB criaBy AMr6

AHani3 OTpUMaHMX pe3yibTaTiB 11 ciiaBy AMro6 nicis Y3VYO ta komOiHOBaHOT
o0pobku ElIti + Y3YO neMoHCTpye CyTTEBE MOKpAIICHHS KOPO3IHWHOT CTIHKOCTI
MOPIBHSHO 13 BUXITHUM cTaHOM (puc. 5.6). HaBeneH1 3a/1e3KHOCT] TOTEHIIATY BIIKPUTOT
KOMIpKH B 3aJI€KHOCTI BiJl 4acy BUTPUMKH JOCIIIKYBAaHOI MOBEPXHI Yy EJIEKTPOJIITI
MIITBEP/KYIOTh BUCOKY CTaOlIbHICTh 3HAYEHb IMOTEHIIAIIB, a OTXe, CTaOUIBHICTD 1

CYLIJIbHICTh MOKPUTTS YIPOJOBXK IOBITOTPUBAIIOTO BIUIMBY KOPO31MHOIO CEpeAOBHILIA.
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JonaTkoBe MiABUILECHHS TMOTEHIIATy KOpO3ii (3CyB 110 OLIbII TMO3UTUBHUX
3HA4Y€Hb) Ta 3MEHIIIEHHSI TYCTUHU CTPYMY KOpo3ii micis komOGiHoBaHOi 00poOku ElJITi Ta
Y3VO (puc. 5.7, kpuBa 3eJI€HOTO KOJIHOPY) 3aCBIAUYIOTH CYyTTEBE 3POCTaHHS KOPO3IHHO1

cTifikocTi y nopiBHAHHI 13 Y3VYO (puc. 5.7, KprBa 4epBOHOTO KOJIBOPY).

-0,5 AMg6 (ELIL;+Y3YO0) 7
_ AMzsg6 (V3VO
& g6 ( ) E iy (Y3YO0) l'

== \ °
K -0,6 - — s
= 2 e
g a .
= T O-9 Q
< ... ./
q -0’7_ . .-"“’_ 1
= ‘@ @
W ~
= ] LN \
s ®
=

-0,8 - Q -

| ) | : I . |
-6 -5 -4 -3
I'yeTtnna ctpymy Koposii i, MKA/cM’
Pucynok 5.7 — Kpusi nonspu3zaiii 3pa3kiB cruiasy AMr6 nicnst EUITi+Y3VO y

MOPiBHSAHHI 31 cTaHoM Ticis Y3YO

Jobpe Bigomo, 1110 MaTepiaiu, KOTpl BOJOAIIOTh MEHIIT HEraTUBHUM MOTEHIIAJIOM
KOpO3ii 3HAaYHO Kpallle MPOTHIIFOTH KOPO31MHOMY PYHHYBAHHIO, 1, BIJIMOBITHO, HABIIAKH
[98, 100, 128, 152]. Hapsiny 13 uum, ryCTHHA CTPyMY KOpO3ii O€3Mocepe/IHhO BKa3ye Ha
CTYNECHb JIeTpajailii maTepialy Mij Yac IOBrOTPUBAJIOTO KOPO3IWHOTO BILTUBY. Tomy
MO’KHa 3pOOUTH BHCHOBOK, 1[0 HHMXKYl 3HAYEHHS CTPyMYy KOpPO3ii BKa3ylOTh Ha BHIILY
KOPO31iHY CTIMKICTb.

AHani3 OTpUMaHuX PE3yJIbTATIB JOOPE KOPEIIOE 13 TaHUMU MIPKYBaHHSIMU, aJ[Ke
BEJIMYMHA I'YCTUHU KOPO31MHOTO CTPYMY ISl 3pa3KiB Miciist komOiHoBaHOi 00poOku ElJIy;

+ VY3YO € cyTT€BO MEHIIOW, aHIX [JIs BUXIJHOTO craHy. [Ipm 1npoMy 3HaueHHs
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MOTEHIIIATy KOpOo3ii 3pocTaroTh Ha BeluuuHy Onu3bko 90 MB mopiBasHO 13 Y3VYO 1
0mu3pko 120 MB mOpiBHSHO 13 BUXIIHUM cTaHOM (Tadi. 5.2).

3a o1iHKaMu 3aXHCHa e()eKTUBHICTD BiJl KOpOo3ii y conboBoMy posuunti 3,5% NaCl
MIPUIIOBEPXHEBHUX MIapiB cruiaBy AMro6 micist koMOiHoBaHoi o0pobku ElJlIti + Y3VO

3pocTae Ha 26%, MOPIBHSHO 13 BUX1THAM CTaHOM.

Tabmuig 5.2 — EnextpoxiMiuHi XapaKTepUCTUKH TBEPAUX PO3UMHIB Ta

iHTepMeTaniHuX (a3 criaBy AMro6

Marepian/daza [Torenitian Kopo3ii JiKepeto
E, MB

AMr6 775

AMr6+Y3yo 745 Jlana po6ota
AMr6+EUIT+Y3V0 -655

TiAl3 700 53]

TizAl _460 53]

y-TiAl -497...-595 [154]

OnHuM 13 BaXKIUBUX (DAKTOPIB, 1110 BIUIUBAE HA KOPO31MHY CTAOUIBHICTD € SIBUILA
MITIHTY, SKI MOXHAa BUSBUTH 3a MEperMHaMu Ha TOJSIpU3AIliiHUX KpUBUX. BoHU
XapaKTepHU3ylOTh IMIBHJAKICTh PI3KOTO 3pOCTAaHHSA YK 3MEHLIEHHS CTPyMy KOpo3ii
BHACIIJIOK TOTIPIICHHS] KOPO31MHUX BJIACTHUBOCTEH B IMEBHUX JIOKAIBHUX OOJACTAX
(MiIBUIIEHHS MIBUAKOCTI KOPO3ii Yy MEBHUX IUISHKAX MOBEPXHi) — 30HAX MITHHTY Ta,
0e3nocepeIHbO, BEIUYUHY MOTEHIUany mTiHra Egp;. JlaHi 30HM TakoXX Ha3uMBaIOTh
TOYKOBUMH KOPO3IMHUMU siMKaMH (PItS), B IKUX HIBHAKICTh KOPO31HHOTO PyHHYBaHHS €
Ha MOPS0K BUILO0, aH1K B 0e3/1ePEKTHUX 00IaCTIX.

[Ticns Y3YO noreHuiaim MiTHHTY CKIIaAarTh -695 MB Ta -605 MB, 1110 110B’s13aH0
13 iHTeHCcU(DiKaIli€r0 KOPO31HHUX e(PEeKTIB Ha TOKaIbHUX AedekTax (y 3B 3Ky 13 BUCOKOIO
HIOPCTKICTIO MOBEPXH1), TPAHUIISX 3€PEH Ta CKYMUEHHSIX AMCIOKALIM y MOBEPXHEBUX
miapax CIUlaBy. 3HAQUeHHsA [MOTEHIally MITHUHTY Micis KOMOIHOBaHOI 0O0poOKH

3aikcyBaTH HE BIAETHCS, IO MOXKE CBIIYMTH MPO 3HAYHY CTAOUIBHICTH TMOKPHUTTS HE
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TUIBKK B IUIOMY, a ¥ Ha JOKajJbHOMY piBHI. OJHOYACHO 13 ITUM, MOYXKHa 3pPOOUTHU
NPUIYIICHHS, MO yTBOpeHi iHTepmeraniani TixAly [155] i okcuaHi BKITIOYEHHS, SKi
BUHUKAIOTH Y MPOIIECI €IEKTPOICKPOBOIO JIETYBaHHS MOBEPXH1 3pa3ka TATAHOM, MOXYThb
TaKOX MO3UTUBHO BIUIMBATH HA JIOKAJIbHY KOPO3iHHY CTIMKICTb.

Amnani3 poOit [128, 156] cBiguuTh, 10 HAIBHICTH PI3HUX XIMIYHUX CJIECMEHTIB Ha
MOBEPXHI MOAM(IKOBAHOTO CIJIaBy MOXE HETAaTUBHO BIUIMBATH HA JOBTOTPHUBAIICTH
OTOpy KOpPO3ii. AJIKE CyTTEBA PIZHUII MK €JIEKTPOAHUMU IMOTEHIIaJaMU CKJIaJIOBUX
MO3K€ TIPU3BOJIUTH JI0 YTBOPEHHS MIKpOTajlbBaHIYHUX Map Ha MOBEpXHI Marepiany. [lanHi
napu OynyTh TrpaTH poOJib I[EHTPIB KOPOJIYBAaHHS 13 TMOJAJBIIUM HIBEIIOBAHHIM
MNO3UTUBHOTO BIUIMBY MOKPUTTA 32 PAXYHOK NMPOHUKHEHHS PYHHIBHOTO CEpEJOBHILA B
OUIBII TIIMOOKO pO3TAIIOBaH1 Mapy (HE3aXUIIEHUH MAaTPUYHUMN CILJIaB).

CyTHICTb JaHOTO €(EeKTY MOoJISIrae y ToMy, 110 3a3BUYail MeTal-MaTPUIIs IPae pojib
aHOJ/Y B JaHUX Mapax, 1 TOMy 3a3Ha€ OiIbII arpECUBHOTO PYyHHYBaHHS-PO3UMHEHHS [152,
156]. Ilpote, €JNEKTPOJAHI MOTEHI[IAIM OCHOBHUX CJIEMEHTIB IOKPUTTS OOWpasncs
MakcuMajbHO Onm3bkumMu (st Al 1ie 3nadenns cranoButh 1,66 B, a mis T — 01u3bKO -
1,63 B) aOu 3HU3UTH YM HABITh YHEMOXKIIUBUTH ITPOSIB IOAIOHNX e(DeKTiB. A 3a paXyHOK
TOTO, IO KUIBKICTh IHTEPMETANIJHUX BKIIOUEHb O€3MOocepeHh0 Ha TMOBEPXHI €
MI3EPHOI0, TO 1 SIBUL MITHHTY HE CHIOCTEPITAETHCS.

CnpoBOKOBaHE BHACHIJOK 1HTEHCUBHOI IUIACTMYHOI jAedopMauii (popmyBaHHs
YIBTPATUCTIEPCHOI CTPYKTYPH 13 BUCOKUM 00 €MHHUM BMICTOM MEX 3€PEH, MOKpAIlye
KOPO3iiHYy CTIMKICTh MOBEPXHEBUX IIAapiB. 3TiIHO JiTepaTypHux AaHux [98, 128, 156],
YIBTPAIUCIIEPCHI 3€PEHH] CTPYKTYPH CXHIIbHI JI0 YTBOPEHHS HOBUX TUIIBOK TMacHBaIlii,

KOTP1 XapaKTePU3YIOThCsI BUCOKOIO KOPO3IHHOIO CTIAKICTIO.

BucHoBku 10 po3aiay 5

EnexTpoickpoBe JieryBaHHA THUTaHOM cCIulaBy AMr6 3 mogaiblioro
yIBTPA3BYKOBOIO yIAapHOIO OOpOoOKOI 3a0e3medyroTh 3pOCTaHHS 10 ~3 pasiB
MIKPOTBEPAOCTI HOTO MPUITOBEPXHEBUX IAPIB, MOPIBHSAHO 13 BUXITHUM CTAHOM, 3aB/SKH
TBepaopozunnHomy (Ti-Al) Ta qucnepciitnoMy (iHTepMeTatiiHi Ta okcuaH1 pazu Ti1 Al)

3MII[HEHHIO, @ TakoX (OPMYBaHHIO YJIbTPAJUCIEPCHOI 3E€PEHHOI CTPYKTYpH.
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InTencuBHicTh 3MinHeHHs micis EIJI-Y3VO 3pocrtae maiike BTpuUUl MOPIBHSIHO 13
V3VYO ta cknanmae 13,6 MIla/mxMm Ta 33,2 MIla/MKM, BIAIIOBIIHO.

CuHTe30BaHE BHACIIJOK KOMOIHOBaHOI OOpPOOKM TOKPUTTS Ma€ TPaTi€HTHY
CTPYKTYpy: 1) OKCHAHA ILIiBKa, 10 MpeacTaBiecHa aHatazoM 110, abo OJIM3BKHM 3a
cTexioMeTpiero okcuaoMm, 2) tBepauid pozuuH Ti-Al, 3) mapyBara 1utiBKa 3 OKCHIIIB
ammominito Al,O3; ta anarazy TiOy, 4) obnmacts aedopmariiiinoro 3MmirHeHHSA. CepeaHs
TOBIIMHA MOJIM(PIKOBAHOTO/CUHTE30BAHOTO MIAPY 31 3HAYHUM BMICTOM THUTaHY Ta KHUCHIO
CTaHOBUTH Onm3bko 11 MKM, a 3aragpHa TJIMOWHA I1HTEHCHBHOTO TIPOHUKHEHHS
OCTaHHBOTO JJOCATAE 32 MKM.

Kom6inoBanuii BrmuB EJITi+ Y3V O no3Boise 101aTKOBO MOKPAIUTH KOPO31HY
CTIMKICTb TOBEPXHEBOTO I1apy ciuiaBy AMr6 y BognoMy posuuHi 3,5% NaCl 3a paxyHok
MPUIIBUANICHOTO ()OPMYBaHHS MMAaCUBYBAJIbHOI OKCUAHOI TUTIBKH, IO MPOSBISETHCI Y
cTabum3anli 3aJIeKHOCTI MOTEHIAy BIIKPUTOI KOMIPKM BiJ 4Yacy Ta NiABUIICHHI
3Ha4YeHb MOTEeHIany Kopo3ii Ec Ha ~13,4% Tta 16,8% nopiBHsHO 13 Y3YO Ta BUXigHUM
CTaHOM, BIJMOBIAHO. 3axucHa €()EKTUBHICTh BiJ KOpo3ii (Omip KOPOJYyBaHHIO) MiCIs
koMO1HOBaHO1 00poOku ElJITi+ Y3V O 3pocrae Ha 26%, MOPIBHAHO 13 BUX1THUM CTaHOM.

[Ticns Y3YO noTeHIianu miTHHTY CKiIanaTh -695 MB Ta -605 MB, 110 noB’s13an0
13 IHTeHCU(DIKALI€I0 KOPO31iHUX e()EeKTIB Ha JTOKAIbHUX AeeKkTax (y 3B’ 53Ky 13 BUCOKOIO
HIOPCTKICTIO MOBEPXH1), TPAHUIISIX 3€PEH Ta CKYMUYEHHSX AMCIOKALIN y MOBEPXHEBUX
mapax criaBy AMro6; micist KoMOiHOBaHOT OOpOOKH SIBUIIE MITUHTY BIJICYTHE OCKUIBKU
YTBOPEHI MiJl 4Yac EJEKTPOICKPOBOIO JIEryBaHHS TMOBEPXHI 3pa3ka TUTAHOM
inTepmeranignai TixAly, Ta OKCHIHI BKIIOYEHHS TO3WTHBHO BIUIMBAIOTh HA JIOKAIBHY
KOPO3iiHY CTIMKICTb.

BusiBneni no3utuBH1 epekTH KOMOIHOBaHOI OOpPOOKH  OOYMOBIIOIOTHCS
OCOOJIMBOCTSIMH CTPYKTYPHO-(pa30BOTO CcTaHy Moau(ikoBaHOi moBepxHi. DopmyBaHHS
XapaKTepHOI ISl alFOMIHIEBUX CILIaBIiB OIMOJQIBHOI CTPYKTYpH, SIKAa CKJIAQJIA€ThCS 3
MOPIBHSHO BEJIMKHUX Cy03epeH Ta YIbTPAIUCIIEPCHUX 3€PEH, € KIIFOYOBUM (DAaKTOPOM, IIIO
Mae 3a0e3neuyBaTi He TUTBKH JOCTATHHO BUCOKI 3HAYEHHS MIITHOCTI, ajie 1 3aI0BUTbHY

[JIACTAYHICTb.
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3AT'AJIBHI BUCHOBKHA

Bukopucranas BUCOKOMIITHHX aucriepcHuX mopomikiB SizgN4, Al,Ozta SiC minx gac
yIbTPa3BYKOBOI ynapHoi oOpoOku cruiaBiB BT6 Ta JIC59-1 no3Bonmiio cuHTE3yBaTu
KOMITO3HITIMHI TIOKPUTTS 13 MABUIICHOIO 10 4—5 pa3iB MIKpO- Ta 1HCTPYMEHTaJIbHOIO
TBEPJICTIO 1 KOPO31MHOIO CTIWKICTIO, TOBIIMHA SKHX BH3HAYA€THCS MEXaHIYHUMH
BJIACTUBOCTSIMU BUX1JTHOTO CILJIaBY Ta TPIIIMHOCTIHKICTIO MMOPOIIIKY .

Buacnigok ynpTpa3ByKoBOi yAapHOi OOpoOKH 3 mopomKamu (OpMYyeThCs
rpajileHTHA CTPYKTypa CHUHTE30BAHOTO MOKPUTTS: YIIUIBHEHUN IIap MOJAPIOHEHOTO
MOPONIKY; KOMITO3ULIIMHUI map (MaTpUYHUH CIJIaB apMOBAHUI YaCTUHKAMHU MTOPOLIKY );
001acTh AePopMaliiftHOTO 3MIITHEHHS 3 MOJU(BIKOBAaHUM (ha30BUM CKJIAJIO0M.

VYibTpa3BykoBa yiapHa o0pooka i3 moporikamu o-SizNg, B-SisNg Ta Al,O3ramsmye
BHCOKOTEMIIEpaTypHE OKHCHEHHs MOBepxHI cruiaBy BT6 3a paxyHOK MeXaHIYHOTO
JIETYBaHHs MOJpPIOHEHUMH YAaCTUHKAMH JI0 3HAYHOI TNIMOWHH, mepediry audy3iiHuX
MPOIIECIB MiJ] YaC TEPMIYHOI OOPOOKHU Ta YACTKOBOT'O CIIKAHHSI KOMIIOHEHTIB TTOKPUTTSI.
[Micia Y3YO 3 nopomikom B-SisN4 BTpaty Macu micis S0 roJuH UKITIYHOTO BiAATy Ha
noBiTpi 3a Temmepatypu 650 °C 3MeHITIeHO B/IBI14i, MOPIBHSHO 13 BUXITHUM CTAHOM.

VYabTpa3BykoBa yaapHa oOpoOka NpUNOBEpXHEBUX wIapiB crmaBy BT6 3
nopomkoM Al,O; Ta HacTynmHe TIOBITpsIHE OKHCHEHHS (3 €HEpri€lo akTuBarlil
~264 x/Ix/mMoib) 3a0e3nedmyii CUHTE3 KOMITO3HUIIIHHOTO TOKPHUTTS, K€ MOPIBHSHO 13
BUX1JTHUM CTaHOM, XapaKTEePHU3y€ETHCS:

— y ~4 pa3u BHIIOIO IHCTpyMeHTalnbHOIO TBepAicTio (~12,8 ['Tla) Ta Ha ~50%
BUIIMM MoayJeM npyxHocti (170 I'Tla);

— B ~1,5 pa3u kpamior TepMOCTIHKICTIO 3a TeMiepaTypu 650 °C;

— BHIIUM B ~6,5 paziB onmopoM kopo3ii B cepenonuii 3,5% NaCl;

—y ~2,5 pa3u MEHIIUM KOE(ILIEHTOM TepTs Ta JOBIIMM nepiogom (~30 mukiiB
BUNPOOYBaHb) WOTO HU3BKUX 3HA4YEHBb, B ~2(0) pa3iB MEHIIMMHU BTpaTaMH MaTepialy Ha
3HOITYBaHHSI.

Y3V O-cunre3 nokputts 3 nopomrkoM Al,Oz 103BOSUB 301IBIIUTH MIKPOTBEPAICTh

noBepxHi JatyHi JIC59-1 mo ~5,3 ['Tla, T06T0 y ~4 pa3u, MOPIBHSIHO 13 BUXITHUM
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ctaHoM. Bukopucrtanus nopomky SiC mig gac Y3VO 3abe3neunsio MaKCUMaJbHUM
e(eKT 3MIIHEHHS Y ~5 pa3iB 3aBasKu KOMOIHOBAaHOMY BILUIMBY MPOIIECIB apMyBaHHS
BUCOKOMIITHUMH KapOIIHUMU YaCTUHKAMU Ta CTPYKTYpPHO-(a30BUX MEPETBOPEHb —
JUCTIEPTYBaHHS 3€PEHHOI CTPYKTYPH MaTPUUHUX CKIIAMoBUX (110 ~70 HM Ta ~50 HM 1715t
a-Ta B-¢asz, BIAMOBIIHO) Ta 3MEHIIEHHS BTPUY1 KUIBKOCTI B-(ha3u; mpu [bOMY 3arajibHa

rmbuHa aedopmariitHoro BBy 01u3bka 10 S00 MKM.

Bracnizok Y3VYO 3 nopomikom SiC mopcTkicTh moBepxHi jaryHi (R = 1,76 Mkm)
3MEHIIIEHO BJIBIYl TOPIBHAHO 13 BuximHuM ctaHoM (R, = 3,54 MKM) 3a paxyHOK
IJIACTUYHOTO J1eOpPMyBaHHS BUXIAHUX MIKPOHEPIBHOCTEH, BUCTYIIB Ta 3allOBHEHHS
3alaJInH MaTepiajoM apMyBaJbHUX YaCTUHOK; 301IbIIICHHS (pakiiii moporky SiC BaBivi
MOKPAIIMJIO OIp 0 OKHUCHOTO pyHHYBaHHS 3 yTBOpeHHsSM (aszu ZnO (3a maHuMuU
peHTreHo(ha3zoBUX T0CIIIKCHb BiICOTKOBHIA BMICT OCTaHHBOI 3MeHIIeHO 3 23% 10 10%).

EnextpoickpoBe JieryBaHHs  TUTaHOM cIulaBy AMr6 3  moJaliblioro
yIBTPa3BYKOBOIO YAApHOIO O0O0pOOKOI0 3abe3medymsio 3pocTaHHS 10 ~2,5-3 pasiB
MIKPOTBEPAOCTI HOTO MPUITOBEPXHEBUX IIAPiB, MOPIBHSIHO 13 BUXITHUM CTAHOM, 3aBJISKH
TBepaopo3zunHHoMy (Ti1-Al) Ta qucnepciitHomy (iHTepMmeTaniaHi Ta okcuiHi (a3u Ti1 Al)
3MIITHEHHIO, a TakoX (OpMYyBaHHIO YJIBTPATUCIEPCHOI 3EPEHHOI CTPYKTYpPH.
IntencuBHicTh 3MinHeHHs micist EIJI->Y3VO 3pocrtae maiike BTpuul MOPIBHSIHO 13
VY3VYO rta cknagae 13,6 MIla/mxMm Ta 33,2 MIla/MxM, BIATIOBITHO.

Kom6inoBanuii BruB ElJITi+ Y3YO n103B0MB MOKpAIIUTH KOPO31HHY CTIHKICTD
MOBEepxXHEBOro mapy criaBy AMré6 y BogHomy posuuHi 3,5% NaCl 3a paxyHok
MPUIIBUAMICHOTO ()OPMYBaHHSI MMaCUBYBAJIbHOI OKCUAHOI TUTIBKHM, a TAKOX 30UIBIIUTH
3aXMCHY €(DeKTUBHICTH BiJl KOpPO3ii (OIip KOPOayBaHHIO) Ha 26%, TOPIBHSIHO 13 BUX1THUM
CTaHOM, Ta YHUKHYTH SIBHIII I THHTY.

BcranoBineHi 3akOHOMIPHOCTI (POpMYBaHHS TEPMIYHO- Ta MEXaHIYHO-1HTyKOBaHUX
TPaJiEHTHUX CTPYKTYPHO-(DA30BUX CTaHIB y NPHUIIOBEPXHEBUX Iapax IPOMHUCIOBUX
ciaBie BT6, JIC59-1, AMr6 min nai€er0 1HTEHCHUBHOI IIJIACTUYHOI Jaedopmartii

BIJIKpUBAIOTh MEPCIIEKTUBYU CTBOPEHHS IHHOBAIIIMHUX TEXHOJIOT1H 1H)XXKEHEpIi MOBEPXHI.
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