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AHOTAIIS

lllepemem B. I 3akoHoMipHoOcTi ¢(opmyBaHHA CTPYKTYpH Ta ¢i3uko-
MeXaHIYHUX BJaacTuBocrTeil TBepaux cmiaBiB WC-Co B ymoBax i30CcTaTMYHOIO

THCcKY. — KBamidikamiitHa HayKoBa mparis Ha IIpaBax PyKOIHUCY.

Jluceprariist Ha 3100yTTsI HAYKOBOTO CTYIICHS JIOKTOpa (piocodii 3 ramysi 3HaHb 13
MexaniuHa iHxeHepis 3a crnemianbHicTio 132 Martepiano3HaBcTBo. — HarionansHuit
TEXHIYHUM YHiBepcuTeT YKpaiHu «KuiBChbKHUM MOJMITEXHIYHUNA IHCTUTYT iMeHi lrops

Cikopcbkoroy, Kuis, 2025.

HucepraniiiHa poOoTa NPUCBIYEHA JOCIIHKEHHIO 3aKOHOMIPHOCTEHW BIUIMBY
XOJIOTHOTO 130CTaTUYHOTO MpECYBaHHS (XIIT) HECTIEUCHUX  KOMIIAKTIB
BOJIb()PAMOKOOQIBTOBUX TBEPAMX CIUIaBIB Ha (OPMYBaHHSA CTPYKTYPH, KIHETHUKY
(ha30yTBOPEHHS, KOMILIEKC (hI3UKO-MEXaHIYHUX BJIACTUBOCTEH Ta eKCILTyaTalliiHi
XapaKTepUCTUKU CIEYEHUX BUPOOIB 3 1ux MmarepiaiiB. OcoOnuBy yBary NpUALICHO
MOIIYKY TEXHOJOTIYHUX TNPUUOMIB TIABUIIEHHS EKCIUTyaTalliiHUX BJIACTUBOCTEH
CIIEYEeHUX BUPOOIB 3aCTOCYBaHHIM OOPOOKH BUCOKUM TifpocTaTuuHuM THCKOM (BI'T).

VY pob6oTi HaBenEHO JIiTepaTypHUIl OIS aKTyallbHUX JOCHIIKEeHb, Cy4YaCHUI
CTaH PO3BUTKY TEXHOJIOTIN oJiep:KaHHs Ta 00poOKu TBepaux cruiaBiB. [IpoanarnizoBaHo
BUPOOHMYI MIAXOIM, CHOPSAMOBAHI Ha NIABULIEHHS (YHKIIOHAIBHUX BIACTUBOCTEHN
BUpPOOIB 3 BOJb(PPaMOKOOATBTOBUX TBEpPAMX CIUIaBiB. Iloka3aHo, IO HANOLIBII
MOIIMPEHI METONM OJIEp KaHHS ITMX MaTrepiajiB MalTh HU3KY TEpeBar MOPIBHSHO 3
TPAAUIIHOI TEXHOJIOTIEI0 ONEpKaHHS IUX MarepiaiiB (KOMITAKTYBAaHHSI B 3aKpPUTHX
npec-hpopMax Ta MOJaNbIIe CIIKaHHS y BaKyyMi) OJIHaK, B TOW e 4dac, He Mo30aBieH]
HeAoiKiB. Tak, micis 101aTKOBOI 0OpOOKHM CIIeueHUX BUPOOIB 3 TBEPAOIO CIUIABY, PICT
OJIHIET 3 BIACTUBOCTEN YaCTO CYNPOBOJKYETHCS MAIIHHIM THIIHX.

Takum 4MHOM, BCTAaHOBJICHO, IO aKTYyaJIbHOIO 3a/1a4€l0 € CTBOPEHHSI HAYKOBUX Ta
MPaKTUYHMX 3acajl 010 PO3BUTKY TEXHOJIOT1I O/Iep>KaHHS Ta 00pOOKH TBEPIUX CILIABIB,

ska 0 3a0e3medyBaina MiABUIICHHS PIBHS KOMIUICKCY (Pi3MKO-MEXaHIYHUX BIIACTUBOCTEH



Ta eKCIUTyaTallliHUX XapaKTepUCTHK 1 Oyna O mo30aBieHa HEOJIKIB, MPUTAMaHHUX
yCTaJICHUM METOaM.

Jlpyruii po3ain aucepramiitHoi poOOTH BKJIIOYAE 3arajbHI XapaKTEPUCTUKH
BUXIJIHMX MaTepiajiiB, OMUC METOAUKH OJEp)KaHHS Ta OOpOOKH 3pa3KiB 3 TBEPAUX
crutaBiB.  [IpuBemeHo omuc BUKOPUCTAHUX B POOOTI  METOMIB  JOCIIIKCHHS
MIKPOCTPYKTYpPH, XIMI4HOTO Ta  (a3oBoro  ckimamgy, (i3WKO-MEXaHIYHUX 1
eKCIUTyaTaI[iiHUX BIACTUBOCTEH.

Y TperboMy po3aijii BCTAaHOBJIEHO OCHOBHI MEXaHI3MHU YIIUTBHCHHS TIiJ] Yac
kommakTyBanHs XIIT tuckamu Big 100 MIla no 400 MIla tBepaux crutaBiB WC-3Co,
WC-8Co, WC-15Co. Buxoasuu 3 BU3HAYECHUX 3aKOHOMIPHOCTEH, OOIPYHTOBAaHO BUOIp
ontuMasibHoro Tucky XIII, skuil 3abe3nedye HaWBUINY I[IIJIBHICTh KOMIIAKTY,
dhopMyBaHHS CTPYKTYPHU ITPECOBOK TBEPIMX CIUIABIB 3 OB Ip1OHUMH yacTUHKaMu WC
Ta MJABUIIEHHS PIBHS 3aJIMIIKOBUX HanpyxeHb y WC.

JlocmiIpKeHO B3a€EMO3B’SI30K MIXK 3MIHOKO HaIPYXEHO-1e()OPMOBAHOIO CTaHy
komnakTiB TBepAux cruiaBiB WC-8Co 1 WC-15Co, onepxxannx XIII, Ta KiHETHKOIO
npoiieciB (ha3oyTBOpPEHHs Mij yac ix crmikaHHs. [lokazaHo, 1110 Ha BIAMIHY BiJl ClIEYEHUX
npecoBok TBepaux cmiaaBiB WC-8Co 1 WC-15Co, oxpepkaHuX OJHOBICHUM
NpecyBaHHSIM, B SKHUX KoOanbT mnepeBaxHo 3HaxoauBcs B ['LHK nomimopdnii
Moaudikalli, KoOaJbT B CIUIaBaX 1IEHTUYHOIO XIMIYHOTO CKiamy, siki mignaBanu XIIT
nepen CrikaHHsaM, nepeBakHo 3HaxoauBcs B ['IIT momimopdHiit moaudikarii.

Pe3ynbraTi peHTreHOCTPYKTYPHOIO aHalli3y CBIIYATh MPO 3MIHY CIIBBIJHOIICHHS
IHTEHCUBHOCTEeM aAudpakiii TIOMUH rekcaroHanbHoi Ipatku WC Ta cymapHoi
inTencuBHOCTI mudpakmii mwiommH [T[K-Co B cmmaBi WC-8Co-0,3VC, onepkaHoro
XIIT, mopiBHSIHO 31 CIUIaBOM, OJIEpKaHUM OJTHOBICHUM MPECYBaHHSM, IO BKa3ye Ha
3MEHIIIEHHS CEPeIHbOTO po3Mipy 3epeH WC Ta 3MiHY po3MoaiTy KOOAJIBTOBOT 3B’ SI3yH0UOT
B CTPYKTYp1 KOMIO3UTY, OJIEp>KaHOro 13 3actocyBaHHsIM XIII.

Y d4erBepTOMY PpO3diJi HABEICHO pPE3YJbTAaTH JOCHIIKEHHS MEXaHIYHUX
BiactuBocTedt TBepaux cmiaBie WC-8Co, WC-8Co-0,3VC 1 WC-15Co. PosrsinyTo
0COOJIMBOCTI CTPYKTYpPH CIIEUEHUX TBEPAUX CIUIABIB, CPOPMOBAHMX 13 3aCTOCYBAHHSIM

XIII, mo sKiCHO BiApi3HSE JMaHI KOMIO3WTH BiJl 1IJEHTHUYHUX 3a XIMIYHHUM CKJIJOM,
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OJIEpP’)KaHUX OJHOBICHUM IpecyBaHHSAM. [loka3aHO MPUHIMIIOBY BIJIMIHHICTH JIOKAJIbHOI
B3aemoii 3epeH WC Ta ko0anbpToBO1 Marpuill, iX aedopmallii Ta pydHyBaHHS Mija dac
MeXaHIYHUX BHUMNPOOyBaHb CIUIaBiB, oaepkanux XIII, mopiBHSHO 31 cmlaBamy,
OJIEp>KaHUMH OJTHOBICHUM MPECYBaHHSIM.

Bcranosneno, mo 3mina nonimopduoi moaudikamii 3 I'LIK wa T'IIIT 3naunoTrO
00’eMy KOOQJIbTy Ta 3MEHIICHHS CEpelIHbOro po3mipy 3epeH WC y TBepIoMy CIuiaBi
WC-8Co, onepxanoro 13 3actocyBanHsM XII1, npu3Beno 10 miABUIIEHHS TBEPAOCTI Ta
TPAaHMIIl MIIHOCTI KOMIIO3UTY TOPIBHSHO 31 CIUIAaBOM, OJEPKaHUM OJHOBICHUM
IIPECYBaHHSIM.

[Tokazano, mo XIII cmaBy, JIeroBaHOTO 1HTIOITOPOM POCTY 3€peH, chHopMyBalo
YMOBH, IO 3a0€3MEUYUIIN YTBOPEHHS OIMOJANBHOI CTPYKTYpU CIIEYEHOTO KOMIIO3HTY 3
TOMOT€HHUMHU OOJIaCTSIMU 3B’513y10uoi (pasu — ocepenkamu KobansTy. BectaHoBieHo, 1110
31 3MEHILIEHHM cepeHboro po3mipy 3epeH WC y crunasi, sskuii miggaBanu X111, Ha psay
31 30epeKEHHSIM TEH/ICHIII1 M1IBUIIIEHHS TBEPAOCTI HETUIIOBO, SIK JIJIs CIJIaBIB, IETOBAHUX
1HT1061TOpaMu POCTY 3€PEH, TPIIIUHOCTIMKICT, KOMIIO3UTY 3pocia B 1,5 pa3u MopiBHIHO
31 crutaoM WC-8Co-0,3VC, onepxkaHOro 0JJHOBICHUM MPECYBaHHSIM.

Busineno, mio inimiioBana XII1 3mina tuny kpucraniynoi rpatku 3 ['TIK na LTI
B 00’emi kobOanbTy TBepaoro crapy WC-15Co BiioOpa3uiiacs Ha 3HUKEHHI 31aTHOCTI
KOMITO3UTY J0 CYNPOTHUBY YTBOPEHHIO Ta TMOIIMPEHHIO TPINIMHH, OJHAK MPHU3BENA 10
IIBUIIICHHS TPAHUI[I MIITHOCTI Ta TBEPJOCTI KOMITO3HTY.

VY m’sitomMy po3aisti MpoBEIEHO OLIIHKY 3HOCOCTIMKOCTI IHCTPYMEHTIB 3 TBEPIUX
crutaBiB WC-6Co, WC-8Co ta WC-15Co, onepxanux XIII, mig yac ix BunmpoOyBaHHSs B
HAWOUTbII TUIIOBUX YMOBax eKCIUTyaTalli i KOXHOI 3 JOCHIJKYBaHHUX MapoK.
BcranoBineHo, 1110 B TOPIBHSAHHI 3 1HCTpYMEHTOM 3 TBepaux ciuiaBiB WC-6Co, WC-8Co
ta WC-15Co, oaep>kaHUM OJHOBICHHM TPECYBaHHSIM, THCTPYMEHT 3 TBEPIIUX CIUIABIB,
onepxannii  XIII, mokazaB Kpaily CTIMKICTh 1O 3HONIYBaHHS IIiJI Yac MOro
eKcIuTyarariinoro BunpoOyBanHs. [lokazano, 1o y cruiaBax, onepxanux XIII, 3apnsku
3MiHI  (Da3oBOro  CKjamy, HaMpyXeHO-IePOPMOBAHOTO CTaHy Ta CTPYKTYpH,
nepeBakarouuM OyB MPUHIMIIOBO BIAMIHHUNA MEXaHI3M 3HOIIYBAHHS MOPIBHSHO 31

CIUTaBaMH, OJIEp>)KaHUMH  OJHOBICHMM TpecyBaHHsM. Ilmactumuna nedopmarris



MOBEPXHEBUX IIaPiB OYpOBOTO, PIXKYYOTro Ta 1e(hOPMYIOUOT0 IHCTPYMEHTY 3 MOJATBIITAM
BiIIapyBaHHAM JedopMoBaHOrOo 00’eMy Marepiany IIiJI 4Yac aAre3iiHOro THUITY
3HONTYBaHHS Oyna TpUTaMaHHA CIIaBaM, OJEPKaHWM OIHOBICHUM IIPECYyBaHHSM,
MOCTYIOBe a0pa3vBHE 3HOIIYBaHHS MOBEPXHEBUX IIApiB IHCTPYMEHTY 3 MOJAIBIINM
BUKPUIITYBaHHSM okpemux 3epeH WC — mis crnaBis, ofgepxanux XII1.

VY mocromy po3aiji 3amponoHOBaHO cHOoCciO 00pOOKM TBEpAUX CIUIABIB BUCOKUM
rigpoctatuuauM TtuckoMm (BI'T). [lokazano, mo oOpodka BI'T tBepmoro crmaBy WC-
15Co iHimiroe MapTeHCUTHE (a30Be NEPETBOPEHHS B 3B’S3YIOUIM CKIIAIOBINA, IO
CYIPOBOKY€eThes 30UbieHHs KiabkocTi ['LIIT momimopduoi Mmonudikariii kodbansTy y
KoMI103uTi. Busineno, mo 06podka BI'T ¢opmye rpagieHTHUI pO3MOILT BIACTUBOCTEN
1o 00’ €My KOMIO3UTY, TaK, 3MIHU, CIPUYMHEH1 00pOOKOI0, HAWCUIIBHIIIE MPOSBIISIOTHCS
Ha TTOBEPXHI CIJIaBY Ta MEHII BUPAXEH1 B 1oro 00’eMi y Mipy BiJiJIaJICHHS BiJl TOBEPXHI.
ExcniepumenTanbHo BcTaHOBIEHO, 10 00poOka BI'T TBepmoro cmimaBy WC-15Co

M1JBUIIY€E HOT0 TPAHULIIO MIITHOCTI, TBEPIICTH Ta 3HOCOCTIUKICTb.

KurouoBi  ciioBa: XojnogHe 130CTaTMYHE TMPECYBaHHsS, TBEPAl  CIUIABH,
KOMITO3MIIIHI Marepiai, TPEeCyBaHHS TMOPOIIKIB, PEHTTEHOCTPYKTYPHHM aHami3,
MeTaJOKepaMiuHi MaTepialiy, JIETyBaHHS 100aBKaMH, HalpyXeHO-1e()OpPMOBAHMI1 CTaH,
IJIacTUYHA Jedopmalis, 3alMIIKOBI HANpy>KeHHs, (a3oBl MEPETBOPEHHS, MEXaHIYHI

BJIACTUBOCTI, TBEPAICTh, 3HOCOCTINKICTD, pi3aHHS.



ABSTRACT

Sheremet V. I Regularities of the formation of the structure and
physicomechanical properties of WC-Co cemented carbides under isostatic

pressure. — Qualification scientific work as a manuscript.

Thesis for the Doctor of Philosophy Degree in field of study 13 Mechanical
Engineering in program subject area 132 Material Science. — National Technical

University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The PhD thesis is devoted to the study of the regularities of the influence of cold
1sostatic pressing (CIP) of unsintered compacts of WC-Co cemented carbides on the
formation of structure, phase formation kinetics, a set of physical and mechanical
properties, and performance characteristics of sintered products from these materials.
Particular attention is paid to the search for technological methods to improve the
performance properties of sintered products by applying high hydrostatic pressure (HHP)
treatment.

The paper provides a literature review of recent research, the current trends in
development of technologies for the production and processing of cemented carbides.
Production approaches aimed at improving the functional properties of products made of
WC-Co cemented carbides are analyzed. It is shown that the most common methods of
obtaining these materials have a number of advantages over the conventional technology
(uniaxial compaction and subsequent sinter-HIP sintering), but at the same time, they are
not without drawbacks. For example, after additional processing of sintered cemented
carbide products, an increase in one of the properties is often accompanied by a decrease
in the other.

Thus, it has been established that an actual objective is to create scientific and
practical principles for the development of the cemented carbides production and

processing technology which would ensure an increase in the level of physical and
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mechanical properties and performance characteristics and would be devoid of the
disadvantages inherent in conventional methods.

Chapter two of the thesis includes general characteristics of the initial materials,
a description of the methodology for obtaining and processing samples from cemented
carbides. A description of the methods used in the study of microstructure, chemical and
phase composition, physical, mechanical and operational properties is given.

In the third chapter, the main mechanisms of densification during CIP compaction
with pressures from 100 MPa to 400 MPa of WC-3Co, WC-8Co, and WC-15Co cemented
carbides are established. Based on the established dependencies, the choice of the optimal
CIP pressure is substantiated, which ensures the highest density of the compact, the
formation of the cemented carbides structure with smaller WC particles, and an increase
in the level of residual stresses in WC.

The correlation between the change in the stress-strain state of WC-8Co and WC-
15Co cemented carbides compacts produced by CIP and the kinetics of phase formation
processes during their sintering was investigated. It is shown that unlike the sintered
cemented carbides compacts of WC-8Co and WC-15Co produced by uniaxial pressing,
in which cobalt was mainly in the FCC polymorphic modification, cobalt in composites
of identical chemical composition that were subjected to CIP before sintering was mainly
in the HCP polymorphic modification.

The XRD analysis results indicate a change in the ratio of diffraction intensities of
the WC hexagonal lattice planes and the total diffraction intensity of the FCC-Co planes
in the WC-8Co0-0.3VC cemented carbide produced by CIP compared to the composite
produced by uniaxial pressing, indicating a decrease in the average WC grain size and a
change in the distribution of the cobalt binder in the structure of the composite produced
by applying CIP.

Chapter four provides the results of studying the mechanical properties of WC-
8Co, WC-8Co0-0.3VC, and WC-15Co cemented carbides. The features of the structure of
sintered cemented carbides formed using CIP are observed, which qualitatively
distinguishes these composites from those of identical chemical composition obtained by

uniaxial pressing. The principal difference between the local interaction of WC grains and
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the cobalt matrix, their deformation and fracture during mechanical tests of the
composites produced by CIP compared to the composites produced by uniaxial pressing
is shown.

It was found that the change in polymorphic modification from FCC to HCP of a
significant amount of cobalt and a decrease in the average grain size of WC in the
WC-8Co cemented carbide produced by using CIP led to an increase in the hardness and
strength of the composite compared to the alloy obtained by uniaxial pressing.

It is shown that the CIP of the cemented carbide with the addition of VC grain
growth inhibitor formed conditions that ensured the formation of a bimodal structure of
the sintered composite with homogeneous areas of the binder phase - cobalt pools. It was
found that with a decrease in WC average grain size in the composite that were subjected
to CIP as well as the tendency to increase hardness atypically as for cemented carbides
with grain growth inhibitors the crack resistance of the composite increased by 1,5 times
compared to the WC-8Co0-0.3VC cemented carbide produced by uniaxial pressing.

It was found that the change in the type of crystal lattice from FCC to HCP of a
significant amount of cobalt of WC-15Co cemented carbide initiated by CIP affected the
decrease in the ability to resist crack formation and propagation but led to an increase in
the strength and hardness of the composite.

In chapter five the wear resistance of instruments made of WC-6Co, WC-8Co, and
WC-15Co cemented carbides produced by CIP was evaluated during their testing under
the most common operating conditions for each of the studied grades. It has been
established that in comparison with the tools made of WC-6Co, WC-8Co, and WC-15Co
cemented carbides produced by uniaxial pressing, the cold isostatically pressed tools
made of identical chemical composition composites showed better wear resistance during
its operational testing. It is shown that due to the changes in phase composition, stress-
strain state, and structure of the cemented carbides produced by CIP a fundamentally
different wear mechanism prevailed compared to the composites produced by uniaxial
pressing. Plastic deformation of the surface layers of drilling, cutting, and deforming tools
with subsequent delamination of the deformed material volume during adhesive wear was

inherent in the composites produced by uniaxial pressing, and gradual abrasive wear of
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the tool surface layers with subsequent crumbling of individual WC grains was typical
for the composites produced by CIP.

In chapter six the method for cemented carbides processing by high hydrostatic
pressure (HHP) is proposed. It is shown that the HHP treatment of WC-15Co cemented
carbide initiates a martensitic phase transition in the binder component which is
accompanied by an increase in the number of HCP polymorphic modification of cobalt
in the composite. It was found that the HHP treatment forms a gradient distribution of
properties over the volume of the composite, so the changes caused by the treatment are
most pronounced on the surface of the composite and less pronounced in its volume as it
moves away from the surface. It has been experimentally established that HHP treatment
of WC-15Co cemented carbide increases its strength, hardness, and wear resistance of

deforming tools made of this material.

Keywords: cold isostatic pressing, cemented carbides, composite materials,
powder pressing, X-ray diffraction, cermet materials, additive alloying, stress-strain state,
plastic deformation, residual stresses, phase transition, mechanical properties, hardness,

wear resistance, cutting.
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BCTYII

AKTyajbHicTh podoTu. TBepai cmiaBu € Haly)KMBaHIIIMMH MaTepiajiaMud B
00pOOHi MPOMHUCIIOBOCTI Ta OTHUMU 3 HAMOUIBII IITMPOKO BUKOPUCTOBYBAHUX MPOAYKTIB
nopomkoBoi Metanyprii 3araniom [1]-[3]. Pi3anns, mrammnoBka, ¢pe3epyBaHHS,
BOJIOYUIHHSI, BUpPOOW CIELIaJbHOTO TPU3HAYCHHS Hapa3l HEMOXJIMBO YSBUTH 0e€3
3aCTOCYBaHHSl TBEPAMX CIUIABIB pi3HUX Moaudikaiiil. 3abe3nedueHHs] BUCOKOTO PIBHS
Gb13UKO-MEXaHIYHHX Ta, K HACIIJOK, eKCTUTyaTaIlItHIX BIACTUBOCTEH MOKIIMBO 3aBIISKU
MOEIHAHHIO HAJTBEP/Oi TYTOIUIABKOI CHONYKHM — KapOigy Boib(pamy Ta OUIBII
IJIACTUYHOTO METally — KOOalbTy B OJHIA MeTaJoKepaMiyHIA KOMMO3uIlii. 3 pocToM
1HAyCcTplaji3alii 3pocTae 1 moTpeda B MiABUILIEHH] €KCIUTyaTalliHUX XapaKTePUCTUK IIUX
MmatepianiB. Cepel OCHOBHHMX MUISIXIB TMOKPAIICHHS BIACTUBOCTEW TBEPIMX CILIABIB
MOXXHa BUAUIMTH METOIM, MOB’s13aH1 3 MoAudikaIieo ix ximiynoro cknany [4]-[10], Ta
MeToau TepMidHOi 00poOkH [11]-[24]. JocuTh yacTo XiMi4Hy MOAU(IKALIIO Ta TEPMIUYHY
00poOKy TBEpAMX CIUIABIB 3aCTOCOBYIOTH ojHOYacHO [14]. OmHak, yacTto picT OmHIET 3
BJIACTUBOCTEHN CYyNMPOBOKY€EThCS NaaiHHsIM 1Hmo1 [11], [12], [25].

Hapasi icHye HU3Ka poOIT MO0 BUBYEHHIO BIUIUBY J100aBOK 1HT10ITOPIB POCTY 3€pEH
710 CKJIaAy TBEpJUX CIUIABIB, B IKMX aBTOPHU PEECTPYIOTh PICT TBEPAOCTI Marepiaiy, OAHaK
HOro TPIMMHOCTIMKICTh Ta MIIHICTh CyTTeBO magaioTh [4]-[10]. Tepmiuny oOpoOKy
TBEPJMX CIUIABIB MPOBOSATH SIK 32 BUCOKHX Temmeparyp [14], [26], Tak 1 3a HU3BKUX,
Bi'eMHux [11]-[24]. OOpobOka cruiaBiB Trapsg4yuM 130CTATUYHUM HPECYBAHHSIM
MO3UTHBHO BIIMBAE HA PICT X TPAHMII MIITHOCTI, OTHAK TBEPICTh Ta TPIIIUHOCTIAKICTh
Jeno 3HWKYIThCs [27]. Byno 3pobieno BUCHOBOK [28], 110 MOPUCTICTh, SIKa BCE IIIE
MPUCYTHSI TICJS TapsSIoTo 130CTaTHYHOTO MPECYBaHHS, MOSICHIOETHCS JOMIIIKAMH, IO
3aMOBHIOIOTH TIOPH, 1 IO 1X HE MOXKHA YCYHYTH TapsSuuM 130CTATUYHUM IPECYyBaHHSIM.
['muboka kpioreHHa oOpoOKa TBEpAUX CIUIABIB 3a TEeMIIEpaTypH KHUIIIHHS a30Ty 1HIIIIOE
MapTeHCUTHE MEPETBOPEHHS B KOOAIbTI Ta 3MiHY KHoro noniMopdHoi momaudikamii 3
KyOlyHOI Ha TeKCaroHajbHYy, IO CYINPOBOMKYETbCA IMIJABUIICHHAM TBEPIOCTI Ta
3HOCOCTIMKOCTI KOMITO3UTY, OJHAK MOT0 MII[HICTh CYTTEBO 3HUXKYETHCS 32 PAXYHOK MOSIBU

B CTPYKTYpi AecTpyktuBHoi n-dazu [11], [12], [25].
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Yci 3 3anporoHOBaHUX METO/IIB € EHEPTOMICTKMMHU Ta MAIOTh PsIJT HEIOMIKIB. Y psiji
pOOIT MO BUBUEHHIO BIUIUBY XOJOJHOTO 130CTaTUYHOTO MPECYBAHHS Ha XapaKTEPUCTUKU
KEpaMiKy Ta KOMIO3UTIB OyJI0 MOKa3aHO MiABUIICHHS PIBHS MEXaHIYHUX BIIACTUBOCTEH
nux MarepianiB [29]-[36]. B omunmunmx pob6orax XIIT 3acTocoByBasioch B SIKOCTI
JIOTIOMDKHOT omepariii JjIs MiJBHUINCHHS IIUTBHOCTI MPECOBOK 3 TBEpAMX CIUIaBiB [37],
[38], asie TpyHTOBHOTO BMBYEHHS BIUIMBY JAHOTO METOJY Ha BIACTHBOCTI TBEPAUX
CIUIaBiB HE MPOBOAMIIOCH.

AKTyanpHOIO 3aJau€l0 Yy BHUpPOOHMYIN NpPaKTHUIl € MiHIMI3allid CTPYKTYpHUX
HEJOMJIKIB Ta JAeeKTiB y roToBUX BupoOax. [IiABUINIEHHS MEXaHIYHHMX BIACTHUBOCTEH
3pa3kiB 31 ctam 3161, KoHCOMJOBaHUX 3a aJUTUBHOIO TEXHOJIOTIEI0, BAAIOCS JOCITTH
3aBJIAKM 00poOILi LIOrO Marepialy BUCOKHUM TifgpocTatnyHuM TuckoM y 500 MIla [39].
OnnHak, poOIT TO BHUBYEHHIO BIUIMBY OOpPOOKM BHCOKHUM TIJPOCTATUYHUM THCKOM
CIIEYCHUX TBEPAUX CIUIaBIB HA KOMIUIEKC (DI3UKO-MEXAaHIYHUX Ta EKCIUTyaTalliHUX
BJIACTUBOCTEHN BUPOOIB 3 [IUX MaTepiaiiB 3HAlEHO HE OYII0.

TakuM yMHOM, IPOBEIEHHS KOMIUJIEKCHOTO JOCIIKEHHS 110 BU3HAYEHHIO BILIUBY
XOJIOMHOTO 130CTaTUYHOTO TPECYBaHHS HECIEUEHUX 3aroTOBOK 3 TBEPAUX CILIaBiB Ta
BITUBY OOPOOKH BHCOKHM TIAPOCTAaTUYHUM THUCKOM CIIEYEHMX TBEPIUX CILJIaBIB Ha iX
(dazoBuil CKIal, HanpyKeHO-Ae(POPMOBAHUN CTaH, CTPYKTYpy, (Hi3UKO-MEXaHIUH1
XapaKTepUCTUKU Ta EKCIUTyaTalliiiHi BJIACTUBOCTI IHCTPYMEHTY 3 LMX MarepiajiiB €
aKTyaJIbHOIO HayKOBOIO 33/1a4€10, 1110 CTAHOBUTH IPAKTUYHHI 1HTEpEC.

3B'A130K po0OTH 3 HAYKOBMMH NpOrpaMam, IJIaHaMM Ta Temamu. HaykxoBa
poOoTa BUKOHYBajach Ha Kadenpi BucokoremrepaTypHuxX maTepialliB Ta MOPOIIKOBOT
MmeTanyprii HaBuanbHO-HayKOBOTO 1HCTUTYTY Marepiajo3HaBCTBA Ta 3BaprOBaHHS 1IMEHI
€.0. Ilarona HamioHanpbHOrO TEXHIYHOTO YyHIBepcuTeTy YKpainn «KuiBcbkuit
MOJITEXHIYHUN 1HCTUTYT iMmeHl Iropss Cikopchkoro» Ta Maja 3B’SI30K 3 HAayKOBO-
TocaigHuMKu  poboTtamu: «CTBOpPEHHSI OCHOB TEXHOJOTIl IIBUAKICHOTO CITIKAHHS
CyOMIKpO3EpHUCTUX METaJIOKepaMIYHUX MarepiaiiBy (HOMep Iep>KaBHOI peecTparlii
0121U100503);  «biopo3urHHI  TOPOIIKOBI ~ Marepiaau s OpTomedii  Ta
BUCOKOE(EKTUBHOI  pealumiTauli MopaHeHUX» (HOMEp JEep)KaBHOI  peecTparlil

0123U100934).
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MeToro po6oTH € JochiIKeHHs 3akoHoMipHOcTed BruuBy XIII HecreueHux
3aroTOBOK 3 BOJIb(PPaMOKOOATBTOBUX TBEPAUX CIUIABIB Ta BIUIMBY OOpPOOKH BHCOKHM
TAPOCTATUYHUM THUCKOM CIIEUEHUX TBEPAUX CIUIaBiB Ha (OPMYBAHHS YMOB, IO
3a0e31euyoTh 3MiHY (a30BOTro CKJIamay, CTPYKTYpH, KOMILIEKCY (13MKO-MEXaHIYHUX
BJIACTUBOCTEH Ta CTIMHKOCTI IHCTPYMEHTY 3 IIMX MaTepiajliB MiJ yac HOro BUMIPOOYBaHHS
B HAMO1JIBII TUIIOBMX YMOBAaX €KCILTyaTallii Al KOXKHOI 3 TOCIIHKYBaHUX MapOK.

JIJist JOCSITHEHHS MOCTaBJIEHOT METH 1]l YaC BUKOHAHHS JUCEPTaIliiHOI poOOTH
BUPIIIYBAIUCS HACTYTIHI 3aBAAHHS 10C/IiIKEHHS:

l. [IpoBecTn excnepuMeHTaldbHE JAOCHIDKeHHS BIUMBY TuckiB  XIIIT
HECIIEUYEHUX BOJIb(PPAMOKOOATBTOBUX TBEPAUX CIUIABIB HA IPOLECH YIIUIBHEHHS Ta
B3aeMoIit0 ckiaanoBux cucremMu WC-Co;

2. Hocniautu 3akoHOMipHOCTI BIuiuBY XIII BonbppamMokoOanbTOBUX TBEPAUX
CIUIABIB JI0 CIIKAHHS Ha (Da30BUH CKJIaJl, 3AJIMIIKOBI HAIIPYKEHHS Ta CTPYKTYPY CHEUEHHUX
MaTepialiB;

3. BcraHoBUTH B3a€EMO3B’SI30K MK 3MIHOIO (Da30BOro CKJIaqy Ta CTPYKTYypHU
TBepAUX ciuiaBiB, onepxkaHux XIII, 1 ¢di3uko-MexaHIYHUMHU BJIACTUBOCTSIMU IIUX
MaTepiallis,;

4. Jlocniautu 3HOCOCTIMKICTH BOJIbPPAMOKOOAIBTOBUX TBEPAMX CIUIABIB,
onepsxanux XIII, mijx yac ix BUMpoOyBaHHS B SIKOCTI IHCTPYMEHTY B HAOUJIbII TUITOBUX
YMOBaX eKCIUTyaTallii Il KOXKHOI 3 TOCI1HKYBaHUX MapoK;

5. Jlocniautu 3akOHOMIPHOCTI BIUIMBY 00poOku BI'T cneuenux TBepaux
CIUTaBiB Ha 1X a30BUMl CKJIad, KOMIUIEKC (DI3UKO-MEXaHIYHUX BIACTUBOCTEH 1
eKCIUTyaTalliHl XapaKTEPUCTUKH IHCTPYMEHTY 3 LIbOTO MaTepiaiy.

O0’exT pocaimkeHns — npoiec GpopmyBaHHs (Ha30BOro CKIaLy, MIKPOCTPYKTYpHU
Ta BJACTUBOCTEH MOPOIIKOBHX BOJb(PAMOKOOAIBTOBUX TBepAuX cruiaBiB mig yac XIIT
HECTCUCHUX TBEPAMX CIUIABIB 1 iX TMOJAJIBIIOIO BaKyyMHOTO CITIKaHHSA Ta OOpOOKH
criedeHux cruiaBiB BI'T.

IIpenmer nocaigxeHHs1 — BCTAHOBJICHHS 3aKOHOMIPHOCTEH BIUIMBY (ha30BUX

MEePETBOPEHD 1 CTPYKTYPHUX 3MiH Ha (h13UKO-MEXaHIYH1 BJIACTUBOCTI Ta €KCILTyaTalliiHi



18

XapaKTepUCTUKH  BOJb()pPaMOKOOATBTOBUX  TBEPAMX  CIUIaBIB,  OJECpXKAHUX 3
3actocyBaHHsAM XIII 1o crikanus Ta o6po6aenux BI'T micis crikaHHs.

MeTtoan aociaiuKeHHsI: KOMIAKTYBaHHS 3aroTOBOK 3 BUXIJIHHUX TOPOIIKOBHUX
CyMillel MTPOBOAMIIM METOJIOM IIPECYBAHHS B 3aKPUTHX Tpec-(hopMax Ha T1IpaBIiYHOMY
npeci Ta metogoM XIII B kamepi BUCOKOTO THCKY Ha BUIIPOOYBAJIbHOMY TiJIpaBIiyHOMY
npeci [IMM-125. CrikanHsi 3aroToBOK 3 TBEpJOTO CIUIaBy MPOBOAMIN Yy BakyyMmi B
IIPOMMUCIIOBIH T1edi cepii VA, 00poOKy rapsyuM 130CTaTUIHUM MIPECYBAHHIM MPOBOIMIN
B mieui 10 MPa Vacuum Sinter-Hip.

Busnauennss Mopgonorii CTPyKTYpHHX CKJIAQJOBHX Ta XIMIYHOTO CKIJIaJIy
NOPOILIKIB, HECHEUYEHUX 3arOTOBOK Ta CIEYEHUX MarepiajliB MNpPOBOAWIN 13
3aCTOCYBaHHSAM aHAJIITUYHOI CKAaHYIOUO1 €JIEKTPOHHOI MIKpOCKOMIi Ha Mikpockoni PEM-
1061, obnagHanoMy eHeprogucnepciitium ximivaum ananizaropom Oxford X-Max 20 ta
Mmikpockori AxiaChemiSem, ob6nannanomy anamizaropoMm TrueSight X. Jlns anamizy
(da3zoBoro ckiamy IOCHIIPKYBaHHX MarepliajiB 3acTocoByBaiu audpaxtomerp Rigaku
Ultima IV 3 CuKa BunpomMiHiOBaHHSM, 00JaJHAHUM BHCOKOTEMIIEPATYPHOIO KaMEpPOIO
Anton Paar HTK 2000N Tta mudpaxtomerp HAPOH-4 3 Buxopuctanusm MoKa
BUIIPOMIHIOBaHHSA.  BH3HaueHHs  MeXaHIYHMX  BJIACTUBOCTEH  BUKOHYBaIU 3
3acTocyBaHHsM TBepaoMipiB Poksena — TK-2, Bikkepca — MHV — 1000 1 Leeb LHBRV-
187.5DX Ta MammHu 11t MEXaHIYHUX BUNpoOyBaHb ¥Y-10-1.

BusHaueHHs  eKCIUTyaTallliHUX — XapaKTePUCTUK  JOCHIDKYBAaHUX  CIUIABIB
POBOJIMIIM Ha BUIPOOYBAJIBHUX CTEHIAaX, 3MOHTOBAaHMX Ha YHIBEpPCAJIbHUX TOKAPHUX
Bepcratrax CJ6250YB, JIIT1-200 Ta 16K20. 3mina wmikpopenbedy MOBEPXOHB
JOCIIDKYBAaHUX ~MarepiajiB  BiACIIIKOBYBajach 3a JOTOMOTOI0 O€3KOHTAaKTHOTO
iHTepdepeniiitnoro 3D npodinorpady Micron-alpha ta npodinomerpy-npodinorpady
SM-Instruments RT-10.

HaykoBa HOBH3HA O/IepsKaHUX Pe3yJIbTATIB:

l. VYhepiie, B paMKax y3arajJlbHEHOTO aHajizy cepii pi3UdyHUX €KCIIEPUMEHTIB,
BcranoBieHo, o XIIT mecmeuenux tBepaux cmiaBieB WC-8Co ta WC-15Co 3anmae
KIHETUYHI YMOBH, 1110 3a0e3MeuytoTh (OPMYBaHHS CTPYKTYpH CII€YEHHX CIUIaBIB 3

nepeBakatouoto ['IHIT momimopdHOO Momudikaiiero KoOaIBTy Ha MPOTHBATY
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nepeBaxkarouii ['TIK momudikamii 3B’A3yr0uoi CKIag0BOI B CIIaBax, OACP)KAHHUX
OJTHOBICHUM IIpecyBaHHAM, nuisxoMm iHimiamii mapreHcutHoro I''IK—ITIII ¢a3zoBoro
nepeTBopeHHs Co Imi1 yac CIiKaHHS.

2. Ha ocHOBI MOpIBHSUIBHOTO aHalli3y €KCIEPUMEHTAJIbHUX JIaHUX BIIEpIIE
nokazaHo, 1o 3acrocyBaHHa XIII wecneuenoro TtBepmoro crmmary WC-8Co-0,3VC
NPU3BOANTHh JI0 CTPYKTYPHHX 3MiH B CIEUYCHOMY CIUIaBi, IO CYNPOBOIKYIOTHCS
3pOCTaHHSAM CyMapHOi 1HTeHCUBHOCTI nudpaxmii Big mrommH 'K nmomimopdHoi
Moaudikaiii K00anbTy Ha MOPSAJOK MOPIBHIHO 31 CIVIABOM TOTO 3K XIMIYHOTO CKJIany,
OJIEP’)KaHOTO OJHOBICHMM IIpecyBaHHSIM. BopHowyac moka3aHo, IO CHIBBIIHOIICHHS
iHTeHcuBHOCTEeW nudpakmii mionmH (001) WC no audpaknii momuna {100} WC s
cnedyeHoro cmiay WC-8Co-0,3VC, sikuit migaaBanu XIII, 3pocno Ha 15 % mopiBHSHO 31
CIUTABOM TOTO 3K XIMIYHOTO CKJIaay, OJIEpKaHOTO OJJHOBICHUM MPECYBAaHHSAM, II0 BKa3ye
Ha cnaakyBaHHs (popmu kprcTtamB WC BUX1THOTO MOPOUIKY.

3. Y  poGoTi Bhoepiie EKCHEPUMEHTAIBHO BCTAHOBJIECHO MOXJIUBICTh
1JIBUIIICHHS MIIIHOCTI, TBEPIOCTI Ta TPIIIMHOCTIHKOCTI TBepaux ciiaBiB WC-8Co, WC-
8Co0-0,3VC, WC-15Co, onepxanux 13 3actocyBanHsm XIII, 3a paxyHok 3MiHH (pa30BOro
CKJIaJly Ta 3MEHIIIEHHS pO3MIpy CTPYKTYpHHX ckianoBux. Tak, B crutaBi WC-8Co, saxuit
niggaBanu XIII, MinHICTE MPU TPUTOYKOBOMY 3ruHI 3pocia Ha 9 %, a TBepAICTh HA 2
onuuuill 3a Mmkaiorw HRA mopiBHSHO 13 CIUTaBOM, OJIEp’KaHUM OJHOBICHUM
MpPECYBaHHSIM, II0 BKa3ye Ha MOXJIMBICTH 3acTtocyBaHHs XIII B sKocTi anbTepHATHUBU
onepauii I'lIT TBepaux cmnasis. [lokazano, mo 3actocyBanna XIII mig yac onep:kaHHsS
tBepaoro criapy WC-8Co-0,3VC BioOpa3uaoch y MiABUIIEHH] HOTO TPIIIMHOCTIMKOCTI
Ha 52 % 13 30epeXeHHSAM TEHJEHIIT 3MeHIIeHHsT po3mipy 3epeH WC, 0 € KpUTUIHO
BXJIMBUM IS CIIaBiB 3 1HT101TOpamu pocty 3epeH (IP3). 3acrocyBanns XIIT mig yac
onepkannst TBepaoro criaBy WC-15Co 103BONMIO MIABUINWTH MIIHICTh TPHU
TpUTOUKOBOMY 3rHHi Ha 13 % Ta TBepaicTh Ha 1 oguHUIKO 3a mKanoo HRA.

4. VY pamMkax ekcruryaTaliifHuX BUITPOOyBaHb BIEPIIE BCTAHOBIICHO, 1110 O1IbII
BHUCOKY 3HOCOCTINKICTh MalOTh TBep/l cruiaBH, siki miggaBanu XIII mo cmikanus. Tak,
IIMpUHA IUISTHKYA 3HOUTYBaHHSI Ha BCTaBIll OypoBOro j0J0Ta 3 TBeporo criapy WC-6Co,

akuit migmaBamm XIII, kopormia Ha 16 % MOpIBHSHO 3 TUM >XK€ TMapamMeTpoM Ha
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IHCTpYMEHT!1 31 CILJIaBy, OJICPYKAHOTO OJHOBICHUM MpecyBaHHAM. [[oBKWHA MUISTHKH
3HOUITYBaHHS Ha Kpaiui pi3us 3 tBepaoro ciapy WC-8Co, sxkuit miggasanu XIII, y 3
pa3u KOpOTIIA y MOPIBHSHHI 3 TUM K€ MapaMeTpoM Ha pi3Ili 31 CIUIaBy, OACPKAHOTO
OJTHOBICHUM IPECYBaHHSAM, 1 OUIBII HIK y 2 pa3u KOPOTIIA MOPIBHSIHO 3 JOBKHUHOIO
JUTSTHKY 3HOIITYBaHHSI Ha KpaMIll pi3is, oaepxkanoro 13 3acrocyBannsM ['1I1. JloBmia Bick
TUISIMU eJTTITAYHOL TUISTHKY 3HOIITYBAaHHS Ha POOOUiil MOBEPXHI BUIIIAKyBa4a 3 TBEPAOTO
crutapy WC-15Co, axuit mignaBanu XII1, Maiixke y 2 pa3u KOpOTIIa MOPIBHAHO 3 TUM KE
napaMeTpoM Ha IHCTPYMEHTI 31 CIIIaBy, OICPKAHOTO CTAHIaPTHOIO TEXHOJIOTIELO.

3. VYhepmie BusBieHO, o0 o0OpoOka TBepmoro cruiapy WC-15Co Bucokum
rigpoctaTuyHuM TUCKOM iHiIitoe maprencutne ['TIK—TIIIT da3oe nmeperBopeHHs y
k00anbTi. 301nbmeHHs KinbkocTi 'TIIT moaudikariii Co mo BiIHOIIEHHIO 0 3arajbHOi
KUIBKOCTI KOOaJIbTy B TBEPJIOMY CIUIaBl BiI0OPA3UIOCh HA POCTI TBEPJOCTI Ta MIITHOCTI
oOpobsienoro BI'T crutaBy. YHacnigok 3MiHM (pa30BOrO CKIIay Ta 3MIHHU XapakTepy
B3aemonii 3epeH WC Tta Co miaBUIIMIACE 3HOCOCTINKICTh TBepaoro criapy WC-15Co,
SAKUW Ticas cmikaHHs mignaBanu oopo6ii BI'T. Tak, moBmia Bich €MINTHYHOT TISIMH
3HOUIYBaHHS Ha poOOYll MOBEPXHI BUIVIAJKyBaua 31 CIUIaBy, KM MiAgaBaid oOpoOI
BI'T, na 37 % xopoTiiia mopiBHSHO 3 TUM K€ ITApaMeTPOM Ha IHCTPYMEHTI 31 CILJIaBy, AKUN
HE M1JIJIaBaJIU JIOJATKOB1M 00poOiIi.

IIpakTuyHe 3Ha4YeHHs oOJep:KaHUX pe3yabTatiB. Ha ocHOBI mnpoBeaeHUX
TOCHKeHb  Oyiau  po3mmpeHi  yaBieHHs mono BmmBy XIII  Hecnmewenmx
BOJIb()PAMOKOOAIBTOBUX TBEPJMX CIUIABIB HA KIHETUKY CTPYKTYpO- Ta (ha30yTBOPEHHS
ITiJT 9ac CITIKaHHS Ta KOMIUIEKC (Di3MKO-MEXaHIYHUX BJIIACTUBOCTEH Ta eKCILTyaTallliHUX
XapaKTEPUCTUK CTICYEHOTO IHCTPYMEHTY 3 IIUX MaTepiaiB.

Po3po0neHo TexHOooriuHI npuiloMu OOpOOKHM CIIEYEHUX TBEPAMX CIUIABIB, IO
3a0e3MeuyoTh MIJABUIINEHHS 3HOCOCTIMKOCTI OOpOOJICHOTO 1HCTPYMEHTY 3 IIHUX
MmatepianiB. [lepCnekTHBHUM € PO3BUTOK TEXHOJOTIYHUX aCIMEKTIB OJEp>KaHHS Ta
0OpoOKM TBEpAMX CILJIABIB 3aCTOCYBaHHSM 130CTaTUYHOIO THUCKY, SKi B MOJAIBIIOMY
MOXYTh OYyTH KOHKYPYIOUOIO aJbTePHATHUBOIO TPATUIIHHUX BHUCOKOCHEPTETUIHHUX

METO/IIB.
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Oco0ucTuii BHecok 3100yBaya. OCHOBHI HAyKOB1 y3arajbHEHHS, IMOJIOXKEHHS,
pe3ylbTaTd Ta BHCHOBKH, IO BioOpaXkeHl1 y JUCepTarliiiHii poOOTI, BUKOHaHI
3n00yBaueM ocobucto. [locTaHoBka 3amay DOCTIKEHHS Ta OOTOBOPEHHS OJIEp>KaHUX
pe3yabTaTiB MPOBE/ICHI 3 HAYKOBUMU KEPIBHUKAMU K. T. H., AoleHToM TpocHikoBoro . FO.,
K. ¢.-M. H., ¢. H. ¢. AkumoBuMm I. . Tta axkamemikom HAH Vkpainu, npodecopom
Jlo6omoto I1. 1. Pesynbratu ekcriepuMeHTANIbHUX AOCTIIKEHb Y BUITISL OMYOIiKOBAaHUX
cTarei, Te3 I0NoBiJeH ToTyBaIucs Ta 0(OPMITIOBAIIMCSA 3a AKTUBHO1 y4acTl 31100yBaya.

Anpo0anis pe3yiabratiB aucepranii. OCHOBHI HayKOBI IOJIOKEHHS Ta PE3yIbTaTH
JTYcepTaliiiHol poOoTH OyJIo TpEACTaBICHO Ta OOroBOPEHO Ha BITYM3HSIHUX Ta
MDKHAPOJHUX HAyKOBO-TEXHiYHMX KoH(pepeHuisx: 6™ International conference
«HighMathTech 2019» (Kuis, 2019); Oaunanausara koH(epeHilis MOJIOAUX BUCHUX Ta
cnemiaiictiB  «HanrBepai, KOMMO3UINNHHI Marepiaqd Ta TOKPUTTS: OTpPUMAaHHS,
BIACTUBOCTI, 3acTocyBanHs» (Kuis, 2020); 7™ International materials science conference
«HighMathTech-2021» (Kuis, 2021); VIII™ International Samsonov conference
«Materials science of refractory compounds» (Kuis, 2022); 2" International research and
practice conference «Nanoobjects & nanostructuring» (JIesis, 2022); 8™ International
materials science conference «HighMathTech-2023» (Kuis, 2023); IX" International
Samsonov conference «Materials science of refractory compoundsy» (Kuis, 2024).

Iyonikamii. HaykoBi pe3ynbratu nuceprauniiHoi podoTu omyOmikoBaHo B 13
HAyKOBUX TMpaIgX: S5 HAyKOBUX CTAarTAX y (axoBUX BUAAHHSX, IO I1HIACKCYIOTHCS
HayKOMETpUYHUMH 0azamu aaHux Scopus Ta/abo Web of Science (2 3 HUX y BUJaHHSIX
BiJIHECEHUX JI0 TpeThoTo KBapTmiisd (Q3), 2 no yerBeproro kBaptuiist (Q4) BiAMOBIIHO 10
knacudikauii Scimago Journal & Country Rank ta 1 HaykoBa cTaTTs y (haxoBOMY BUJIaHH1
VYkpainu kareropii A; 8 myOmikamiid y 30ipHMKaX HAayKOBHX Mpallb 3a MarepiajaMu
JIOTIOBIICH Ha KOH(EpeHITisX ).

Crpykrypa Ta odcsr auceprauii. {ucepraitiiina podota CKIagaeThes 13 BCTYIY,
IIECTH PO3/AUTIB, BUCHOBKIB 1 mepeniky Jxepen mnocuianHa (161 6i6miorpadiune
NMOCHUJIaHHs). 3arajdbHUN 00CIT nucepTaiiiiHoi poOoTH CTaHOBUTH 184 CTOpiHKU Ta

MmictuTh 90 pucyHskis 1 10 Tabauils.
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1 METAJIOKEPAMIYHI KOMITO3UIIMHI MATEPIAJIA HA OCHOBI
KAPBIAY BOJIb®PAMY TA KOBAJIBTY

MuHyno ctopiydsi 3 MOMEHTY BHJIaHHSI MEPIIOro MaTeHTy, 0 OMUCYBAaB METOJ
OZIEp’)KaHHS METaJOKepaMiyHOTO KOMITO3MIIITHOTO Marepiady Ha OCHOBI KapOimy
BONB(PaMy Ta KoOabTy IUIAXOM NPECcyBaHHS i crikaHHsa [2]. M moruHi, 32 06’eMoM
BUKOPHUCTaHHS, TBEP1 CIUJIaBU HE JIMIIE 30€periu MepIIicTh Ha CBITOBOMY PUHKY Cepe/l
TBEPAUX Ta HAATBEPIAUX MaTePialliB, a i MPOJOBKYIOTH TTOCUITFOBATH MTO3HUIIIT 3pOCTaHHIM
00’eMy BUpOOHUIITBA IIUX MaTepialiB B cBiTi [40].

TBepal cmiaBu BIAHOCSTBHCS JIO0 KJacy METAJOKepaMIYHUX KOMITO3UIIIMHUX
MaTepialiB, SIKI CTPYKTYPHO CKJIAJarOThCAd 3 KepaMiyHOi ckiaaoBoi — 3epeH WC,
BIIPOBA/PKEHUX B METAJIEBY 3B’SI3yI0Uy CKJIAJ0BY — TBEPAMM PO3UYMH BOJIbppamy Ta
BYIJICIIO B KOOaJbTI a00 1HIIMX MeTajax Tpymnu 3aii3a, B KUIBKOCTI Bif 2 mac.% 10
30 mac. %. 3 METO MIJBUIICHHS EKCIUTyaTalliiHUX XapaKTepUCTHK 3B’si3ytody ¢azy
TBEPJIMX CIUIABIB JETyIOTh [41], [42] piako3eMelIbHUMHU 200 OJIArOPOTHUMHU MeTajlaMH Ta
ix xkapoinamu (V, Cr, Ta Ta 1H.), sK1 Biiomi sIK 1HT101TOpU pocty 3epeH (IP3), ockinbku
BOHHU NMPUTHIYYIOTH picT 3epeH WC mia yac pigkoda3HOro CIiKaHHS.

BianoBigHO 10 CTaHIapTU30BaHOI METOJUMKH BUMIPIOBAHHS po3Mipy 3epeH WC
[43] TtBepai cmmaBu WC-Co, B 3aJIeKHOCTI Bia cepeaHboro posmipy 3epeH WC,
KJIacU(PiKyIOTh 32 HACTYITHUMU TPYyTaMu:

- HaHoO, 3 cepenHiM po3mipoM 3epeH WC, meHum 0,2 MKM;

- yABTPaIpiOHO3EpHUCTI, 3 cepenniM po3mipom 3epeH WC Big 0,2 MM
10 0,5 MxM;

- CyOMIKpOHHI, 3 cepeaHiM po3mipoM 3eped WC Bix 0,5 mxm 110 0,8 MKM;

— JIpiOHO3EpHUCTI, 3 cepeariM po3mipom 3epeH WC Bix 0,8 MM 110 1,3 MKM;

- CepeaHbOl 3€pPHUCTOCTI, 3 cepenHiM po3mipom 3epeH WC Big 1,3 Mk
710 2,5 MKM;

- KPYIMHO3EPHHUCTI, 3 cepeaHiM po3mipom 3epeH WC Bix 2,5 Mkm 110 6,0 MKM;

- EKCTPaKPYITHO3EPHUCTI, 3 cepeHiM po3mipom 3epeH WC, Outbium 6,0 MKM.
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BnacTuBocTi TBepaMX CIUIaBiB BHU3HAYAIOTHCS TIOEJHAHHSIM  PHHIIUIIOBO
BIJIMIHHUX CKJIQJIOBUX: M'SKOi 1 IJJACTUYHOI 3B's3yrouoi Ha ocHoBi Co Ta TBepaoi i
3HOCOCTINKOI — KapOimom Bombppamy WC [44]. Ilnsxom miabopy BiAMOBIIHOT
CHUPOBUHH, CKIaAy Ta IMapaMeTpiB OOpOOKHM MOXKHA JOCSTTH IIHPOKOTO CIEKTPY
MEXaHIYHUX BJIACTUBOCTEH. 30KpeMa, VyHIKaJdbHE TOE€THAHHS TBEPHOCTI Ta
TPIIIMHOCTIAKOCTI POOUTH TBEPAl CIUIABHM HE3aMIHHHUMH B 0araTbOX Traiy3sax

npoMucioBocTi (puc. 1.1).

10 + AHMHB
NPOMMCNOBICTb

Ta byaisHMLTBO

MpokaTka

0.5

Po3amip 3eper WC, um

Obpobka 1200

KOMMO3MTIB

0.2

BmicT kobanbTy, mac. %

Pucynok 1.1 — KombinoBana niarpama po3mipy 3epeH WC 1 BMICTy KOOaJIbTy B TBEpAUX
crutaBax WC-Co, 1110 IEMOHCTPYIOTh IITUPOKHUI CIEKTpP 3aCTOCYBaHb; JIHISIMU BKa3aH1

3HAYEHHS TBEpAOCTI 3a Bikkepcom [2]

OneprkanHs BUPOOIB 3 TBEPIUX CIUIABIB 1€ CKIAAHUI MPOIIEC, M0 BKIIOYAE HU3KY
eTafiB — METOJIIB OPOIIKOBOT METaNyprii, TAKUX SIK: OJEP>KaHHS BUXIAHUX MOPOILIKIB
TBEPAOCIUIABHOI CYMIIlll, PO3MEIIOBAaHHS 1 3MINIyBaHHS TOPOIIKIB, 3MIITyBaHHS
MOPONIKIB 3 IIACTU(PIKATOPOM Ta TPaHYJIIOBaHHS, KOHCOJIAAIS MpPEeCyBaHHSIM abo
IHITUMU METOJIaMH, BUJIAJICHHS TIACTU(IKATOPY 1 MOMEpPEeaHE CIIKAaHHA, CIIKaHHS Ta
KiHIleBa 00pobOka [45]. OTxke, 3MIHOIO MapaMeTpiB OAHIET a00 ACKUTHKOX BHUPOOHUYHMX

JIAHOK MOYKHA 3a/1aBaTH KIiHIIEB1 BIIACTUBOCTI BUPOOIB 3 TBEPJUX CIIABIB.
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1.1 TeoperuyHi acnekTH Ta npakTu4Hi 3acaau cnikanusa WC-Co TBepaux

CILIABIB

OcHoBHUM MeTooM crikanHs WC-Co TBepiuxX CIIIaBiB € piakodaszHe CIiKaHHS B
BakyyMi. Pinka (aza mocsiraeTses Mmij 4ac HarpiBaHHs KOMIIO3UIIIT BUILE TeMIepaTypu
yrBOopeHHs eBTekTukH (1320 °C [46], [47]) — TBepaoro po3unHy Ha ocHOBI Co. Y mporieci
CIIKaHHS CKJIaJ0Bl I'PpaHYIhOBAaHOI HEOAHOPIIHOI CyMIIll MalOTh MEPEPO3NOILIUTUCH,
YTBOPHUBIIM TOMOT€HHY CTPYKTYpy. 3aBIsku BiAMiHHIN 3MouyBaHocTi WC pinkum Co
[48], [49] mig yac criikaHHS KOOAJIBT PIBHOMIPHO PO3MOAUISAETHCS MK yacTUHKaMu WC,
YTBOPIOIOYM TaK 3BaHy KOOAJIBTOBY Marpuilio. Brepie nepepo3nonis piakoi ¢a3u OyB
onucaHuil sk Mirpamis koOanery A. ®. JlicoBckkum [46]. B ekcnepuMmeHTi Oyiio
nokJageHo nmoBHicTio criedeHnid WC-Co cTpuxkeHb Ha HecnedeHy 3arotoBky WC-Co
posirpity a0 1400 °C 1 BUABIEHO, 110 00'€éM CTPUKHS 30UIBIIUBCS IMICJS MOTIIMHAHHS
BEJIMKOI KITBKOCTI pikoi ¢azu. Ockinbku KuUIbKicTh piakoi ¢asu 3a 1400 °C Oyna
po3paxoBaHa TaKOIO X, K 1 KUIBKICTh 3B's3ytodoi (asu B kommo3uti WC-Co, Oyio
BUKITFOYEHO MOXJIUBICTH TOTO, 1110 CIIOCTEPEKYBaHE MOTIMHAHHS P1AKOT pa3u CTPUIKHEM
Oymo 3ymoBieHe audys3ier0. BiH Takok 3a3Ha4yMB, IO CIIOCTEPE)KYBaHE SIBUIIE
BIJIPI3HSIETHCS B1J] 100pE BIIOMOTO KaIsPHOTO NOTOKY (MOITIMHAHHS PIAMHHA IOPUCTUM
CEpEeIOBHUILEM ), OCKUITBKH B MOBHICTIO criedeHOMY cTprkHI WC-Co BiACYTHS IOPUCTICTb.

[cHyIOTH TakoX 1HIIN MPUKIATX MIirpaiii pifkoi ¢a3u, ePpekT K01 3aCTOCOBYIOThH
JUISL CTBOPEHHS TpajieHTHUX TBepaux ciuiaBiB [S50]. TepMoauHaMiuHy PYUIIAHY CUITY
Mmirpamii pinkoi (a3 MOXKHA TOSICHUTH 3MEHIIEHHSM 3arajlbHoi Mixk(da3Hoi eHeprii
CUCTEMU 4epe3 Pi3HUI0 MDK(A3HUX eHepriid Ha Mexi noauty ¢a3 tBepae Tinio WC/WC
1 TBepae Tino-piguHa WC/pinka eBrekrrika Ha ocHOB1 Co [46]. Bennuuny pyuiiiHoi cuiu
Mirparii piakoi (a3 MOKHA BUMIPATH 3a JOTIOMOTOIO0 TUCKY Mirpartii piguau [46]. Yum
BUILIMI TUCK MIrpallii, TUM CUJIbHINTY cuity normHanHd WC-Co YMHUTH Ha 30BHIIIHIO
pinuny Co. Tuck Mmirpaiiii piIMHU MOYKHA TaKOX Ha3BaTH THCKOM MOMIMHAHHA. THCK
Mmirparii piguau B 00’emi 3 pigkum Co nopiBHioe Hymto. [t WC-Co TBepaux CIiaBiB 3
BMicToM Co, BuliuM 32 mac. %, OCKUIbKA KOHTAKT Mk 3epHaMu WC MOBHICTIO 3HUKAE,

TUCK Mirpalii piiMHU CTa€ HYJbOBUM 1, TAKUM YMHOM, KOMIIO3UT He Oy/e MOIIMHATH
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pinkuit Co [51]. OnnHak a1t OUIBIIOCTI 3aCTOCOBYBaHUX Mapok TBepaoro criapy WC-Co
TUCK MIrpallii piluHu HEe JOPIBHIOE HYIO, OCKUIbKU BMICT Co cTaHoBUTH < 32 mac. %.
[Tpo BiAHOCHY BEIMYMHY TUCKY Mirpaiii piikoi (pa3u 3 oJHOTO 3pa3Ky 3 TBEPOTO CIUIABY
WC-Co B 1HIIMI MOXHA CY[IUTH, CIIOCTEPITaloud 3a HAIMPSIMKOM MIrpailii piakoi ¢aszu
micisl KOHTaKTy JBOX 3pa3KiB, 32 TEMIEPATypM pPiAKo(ha3HOTO CHIKaHHS. 3aJIeKHICTH
HaMnpsAMKY Mirpamii piakoi ¢asu 1 BIAHOCHOT BEJIMYMHHM THUCKY MIrpamii piuHU BiA
OCHOBHHUX MapaMeTpiB Marepiaiy, To0to BmicTy Co, po3mipy 3epen WC 1 BMmicty C,

CXEMAaTUYHO MOKa3aHO Ha pUCYHKY 1.2 [52].

Mirpauis piakoi ¢asn

o

< Bmicr Byriiemwo >

Pucynok 1.2 — Hanpsimok Mirpartiii KoOajbTy B 3aJI€KHOCTI BiJ] CEPEAHBOTO PO3MIPY

3epeH WC, BMICTy BYIVICI[IO Ta KUTBKOCTI pifkoi (azu [52]

Buxopastuu 3 Toro, mo pigkuit Co Mirpye Bij 0ubiioro Bmicty Co 10 MEHILIOTO, BiJ
kpynHimmx 3epeH WC mo apiOnimux i Bix Outbmoro Bmicty C 10 MEHIIOro, MOXHA
3pOoOUTH BHUCHOBOK, 110 THUCK Mirparii pigkoro Co miss WC-Co TBepaux CIUIaBiB 3
outbmM BMicToM Co, kpymnHimmMu 3epHaMud WC 1 6iabimiM BMicToM C MEHIIHMA, HIX
JUIst ciiaBiB 3 MeHIIUM BMicToM Co, apioHimmmu 3epaamu WC 1 meHmmm BmictoM C,
BIMOBIHO [52]. Cnijg 3a3HAYUTH, 10 KPIM ONMUCYBAHMX MApaMETPiB TBEPAUX CILIABIB

ICHYIOTh ¥ 1HIII, SIKI MOXXYTh BIUTMBATH Ha TUCK MIrpaiii piliHU 1, TAKUM YMHOM, Ha
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Mirpariiro piakoi ¢asu. Tak mokaszaHo, 1m0 B TBEPJUX CIUIaBaX, JIETOBAHUX 1HT101TOpaMu
pOCTY 3€peH, 3MouyBaHicTh 3epeH WC piIKuM KOOAIBTOM 1, IK HACTIAO0K, MITpallis piaKoi
da3u yckiiagHeHa B 3B’s3Ky 3 mosiBoro Ha Mexi moainy WC-Co cknagroro kapoiny (Me,
W)Cx [53], [54]. HenocTaTHs Teky4icTh piJikoi (a3u Mij] yac CIiKaHHS TBEPJUX CIUIaBIB
MIPU3BOANTH JIO TIOSIBH MIOPUCTOCTI Ta MaIiHHS MEXaHIYHUX BJIACTUBOCTEH 3pa3KiB [41].
[Ipote, kepyroun ogHNM, a00 BOJHOYAC IEKITHKOMA TTapaMeTPaMH, 0 BIUTUBAIOTh
Ha THUCK Mirpallii MOXXHa KepyBaTH BJIACTHBOCTSMHU TBEpPAMX CIUIABIB, CTBOPIOBATH
TpaJieHTHI CTPYKTYpH TBepaux cruiasiB [52]. dnsa tBepaux cmnaBiB WC-Co, 3 BMiCTOM
K0OaJIbTy B 3aJICKHOCTI BiJ IIIbOBOTO 3aCTOCYBaHHS, BILUIUB BMICTY BYIJICIIO MOXKE OyTH
BUBUYEHUM 3a 130TEPMIYHUM TIepepi3oM Pa3oBoi AlarpaMu CTaHy MOTpPiitHOI cuctemMu W-
C-Co (puc. 1.3). Ha 13oTepmiuHOMy mepepi3l Uisl oAep:KaHHs ABO(A3HOI CTPYKTYpH
CIICUCHUX TBEPAMUX CIUIaBIB HaWOLIBIIMK  1HTEpPEC MpEACTaBisie o0nacTb 3

KOHTPOJIbOBAHOIO CTEXIOMETPUYHOIO KOHILIEHTPALI€I0 BYIJIELIIO.

0.1 02 03 04 05
—
B Monsipna yactka W

Pucynok 1.3 — [3oTepmiunuii nepepi3 ¢a3oBoi aiarpamu crany cucremu W-C-Co 3a

temrepatypu 1420 °C [55]
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BaxxmBuM acriekToM, SKAWA CITiJ] BpaxOBYBaTH IIiJl Yac OACPXaHHS TBEPAUX
CIUIaBIB, € KOHTPOJIb BMICTY BYIVICIIO [2]. 32 HU3BKOIO BMICTY BYIJICIIO MOXYTh
yTBOpPIOBaTHUCS cyOcTexiomeTpuyHi kKapOiaHi ¢asu, ki Ha3uBaroThes N-hazamu (puc. 1.4
a). i da3u 3HmKYITh TIacTU4YHICTh TBepaux criaBiB WC-Co, 0coOIMBO SKIIIO BOHH
BUIAJIAIOTh B OCAJ y BUDIAAI Benukux AeHApuTiB (puc. 1.4 6). SIkmo HaBmaku
YTBOPIOETHCS TBEPAWI CIUIaB 3 BUCOKUM BMICTOM BYTJICIIO, BUIBHHI BYTJICIb MOXE
BUIIAJIaTH B 0CaJ Y BUIIIAJI ocepenkiB rpadity (BymieneBoi nopuctocTi (puc. 1.4 8)) 1

TaKOXX 3HM)KYBAaTH MEXaHIuHI BIACTUBOCTI MaTepiay.

_ ByLIeleBe «BikKHO»  BLILHHIl ByrIennb
) !

F >

1500 * !
WC
+ WwC
pin. p+C
& We .,
< 1300 B+pin g
& }
8 WC +p + pin. p+C
2 1200
= +
1100 p+C
1000 1 n 1 i 1 i ? 1
4.0 4.2 4.4 46 48 5.0 52 5.4
Bwicr Byrnerto, mac. %
a
-a3a
50 pm
o 8

a — BepTUKaJIbHuM nepepi3 aiarpamu ctany cucremu W-C-Co nnst 20 mac. % Co (M Ha
Jiarpami cTaHy o3Hauae MetayieBuid eneMeHT Co abo W); 6 — cTpyKTypa CIuiaBy 3
ocepenkamMu 1-(asa; 6 — CTpyKTypa CIUIaBy 3 OCEPEIKaMU BUIHLHOTO BYIVICIIIO
PucyHnok 1.4 — Mexi yTBopeHHsI MOJIMBUX (pa3 Ha miarpami crany cuctemu WC-20Co

Ta BIJMOBIIHI UM OONIACTSIM CTPYKTYPH CIIEUCHUX TBEPAUX CIUIaBiB [2], [56]
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Tomy, BMICT BYIVIEI[IO B CIIEYEHOMY CILIaB1 MOBUHEH KOHTPOIIOBATUCS Y BY3bKHUX
MEKax, B SIKMX HE BUIIAQJIal0Th Hi 1-(a3u, Hi TpadiT, 110 3aJISKUTH Bij 3arajbHOTO CKIaTy
MaTepially Ta peKUMY CIiKaHHS. ByrineneBuM «BIKHOM» Ha3WBaIOTh 00IACTh HA Jiarpami
crany WC-Co, sika Bu3Havae niana3oH Bmicty C, Ae yHHMKaiOTh (a3, 110 HEraTUBHO
BITMBAIOTh HA MEXaHIuHI BIacTUBOCTI [56]. Ha BimMiHy Big oOmacteld yTBOpeHHS 1-(a3u
1 BiTpHOTO BymIemi, nBodasHa obmacte WC + [ (koOasibT), 1o po3TramioBaHa y
BYTJICIICBOMY «BI1KHI», BBAYKA€ThCS HAMKpaI00 y KOMO1HaIlI TBEpOCTI Ta IJIACTUYHOCTI
TBEPJIUX CILIABIB.

Ha BigMiHy Bij BUIBHOTO BYIVICITIO, SIK TPETs (ha3a B CTPYKTYp1 TBEpIUX CILJIABIB,
sKa He MPEJCTABISE TEXHOJIOTTYHOTO IHTEPECY, OCKUIBKY 3aBK/IM HETaTUBHO BIUIMBAE SIK
Ha IJTACTUYHICTh, TaK 1 Ha TBEPIICTb, TPETA (paza, 0 0CAKYETHCS 31 CTOPOHH 3 HU3bKUM
BMICTOM ByTJIeIio (puc. 1.4 a, 6) N € ePEeKTUBHUM CIIOCOOOM T1JBUIIIEHHS TBEPIOCTI Ta,
K HACIIJIOK, 3HOCOCTIMKOCTI 1HCTPYMEHTY 3 TBepaux cmiasiB [11], [25], [56], [57].
Metor Oararbox poOIT CTal0 CTBOPEHHS CTPYKTYpU 3 JHCIEPCHOI PIBHOMIPHO

posmnoaiiaeHoo B30k 3epeH WC kap0OinHoro n-dazoro [12], [13], [15], [16].

1.2 IouxiMop¢izm K00aTbTY B TBEPAHUX CILIABAX

VY OUTBbIIOCTI MPOMUCIIOBUX MAPOK TBEPJMX CILJIABIB B IKOCTI MaTepiaily MeTaneBoi
MaTpHIll BUKOPUCTOBYETHCS 3B’si3yroua Ha OCHOBI koOanbry [3]. KoGansr yTBOpIOE
nekiibka moiaiMopdHux Buao3MmiH, a came: ['IIK momimopdny momudikaiiro (Buiie
422 °C) ta TI'IIT nomimopduy momudikarito (Hmwkdye 422 °C). KobanbT mpossise
dbepomarHiTHI BIacTHBOCTI ax A0 Temmneparypu Kropi 1121 °C, mo poOuTs MOXIHBUM
BU3HAYCHHS CKJIaAy Ta CTPYKTypHu TBepaux ciiaBiB WC-Co BUMipIOBaHHSIM MarHiTHUX
BJIACTUBOCTEM.

I'ycruna I'LIK-Co cranosuts 8,80 r/cm?, a TIIII-Co 8,85 r/cm?, a Bigrax I'III-Co
3a pIBHOI KUJIbKOCTI Ma€ B 1,5 % Ounbmmii 06’em nopisusaHo 3 ['TIK-Co [3].

Ha pucynky 1.5 nokazano EBSD manu posnoauny I'lIK-Co y mikpocTpyKTypi
BOJIL()PAMOKOOAILTOBOTO TBEPAOTO CILJIABY, OXOJIOMKEHOTO BiJl TEMIIEpATypH CITIKAaHHS 31

mBujkictio 0,4 °C/xB (puc. 1.5 @) 1 14 °C/xB (puc. 1.5 6). I3 300paxkeHb BHUIHO, 110
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cepenHiil po3Mip 3epeH (MOHOKpHUCTAIIUHUX ocepeqikiB) Co y MIKpOCTPYKTYpP1 TBEPIOTrO
cIIaBy CTaHOBUTH NopsiaKy 100 MkMm 1 611b11e [58]. 3a3HagaeThes [59], 10 po3Mip TaKuX
MOHOKPHUCTAIIUYHUX OCEPENIKIB KOOAIBTY B TBEpJAUX CIUIaBax Moxe gocsratd 500 MkM.
Yr1Bopenns Takux ocepenkiB I'IIK-Co mpu kpuctamizamii mija 4ac OXOJIOJKCHHS Bij
TEMIIepaTypy CIIIKaHHS CBIIYWATH TPO Te, MO ab0 YTBOPIOETHCS MaJIO IIEHTPIB
pekpuctanizariii Co, abo 1m0 ay’Ke MIBUIKE 3pOCTaHHS MEPEBAKHO OPIEHTOBAHUX 3EPEH
I'IK-Co 3 KUIbKOX IIEHTPIB peKpHCTai3allli MoruHae Bei iHIm meHTpu [60].

Sk 3ramyBanocs Bume, ['IIK momiMopd umcroro kobanbTy CTaOUTBHHIA 3a
KiMHaTHOI Temneparypu. KoGansT y TBepaux crutaBax WC-Co MICTUTB BITHOCHO BETTUKY
KUIBKICTh PO3YMHEHOTO BoJb(Mpamy [61], skuit crabuiizye BUCOKOTEMIIEpATypHY,
MeTacTablapHy 3a KiMHaTHOT Temmepatypu, ['LIK momximopdry Momudikariito KoOabTy.
Xou y xoHBeHIIHHUX TBepaux cruiaBax WC-Co micis crikaHHs 3B’si3yloda CKJIaJoBa,
3a3Buuak, y crpykrypi npeactasieHa ['IIK-Co, nesnauna kimpkicts ['IIIT-Co Bce x

3aBXAM MPUCYTHS Yy KOMITO3UTI [58].

a — MBUAKICTE oXoJiokeHHs 0,4 °C/xB; 6 — mMBUIKICTh oxonomkeHHs 14 °C/xB
Pucynok 1.5 — Mana kpucrtanorpadiunoi opienrtaii 3epen [ TIK-Co, onepxana
MEeTO0M JTu(paKilii BIIOMTUX €JIEKTPOHIB 3 MOBEpXOHB TBepaoro criapy WC-Co,

OXOJIOJIPKEHOTO B1JI TEMIIEPaTypH CIIKaHHS 3 P13HOIO MIBUAKICTIO [S8]
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[TokazaHo, 1110, 3MIHIOIYM TEPMOAMHAMIYHI YMOBH IIiJl 4Yac CIIKaHHS, MOXXHA
3amaBatd  cepenHid posMmip 3epen  WC, ToBmmHy npomapkiB  Co, muiomnty
MoHOKpucTamuHux ocepeakiB Co 1 cmiBBigHomeHHs ['HK/T'THIT mnomimopduux
MoaudikaIiii KooaabTy B KOMIIO3HUTI.

Sx BugHO 3 pUCYHKY 1.5, 001acTi KoOanbTy 3 OHAKOBOIO KPHUCTAIOTPA(idHOIO
Opl€HTAIIIE€I0 3HAYHO O1IbIII MOPIBHIHO 3 po3Mipamu 3epeH WC Ta OKpeMuX MpoIapKiB
K0OQIbTy MK HUMH. Lle CBIIUMTH MO HASBHICTH B KOOAJIBTOBOI MATPHIIl CKEJIETy Ha
piBHI Me3ocTpykTypH [60]. Sxino nmopiBasTu po3tamryBanHs ['IIII-Co 3 obnacTsmu, aki
BianoBigaroTh ['IIK-Co, To BusBUTHeA, 1m0 kobanbT TpaHchopmyerbes B I'IIIT da3zy,
nepeBaxkHo, Ha ['TIK jginsHKax, cOpsSsMOBaHUX TMEBHUMHU KpHUCTaIorpapiyHUMU
OpIEHTAUIIMU /10 HampsIMKY, B $IKOMY I[PUKIAJAjIOCh 3yCHJUIS, IIO IHILIIOBAJIO
['TIK—I'IIIT maprencutHe ¢azoe mnepeTBopeHHS. i Toro, mo6 OUTBIN JeTalbHO
po3kputu npouec I'IIK—I'IIII ¢pazoBoro nepeTBOpeHHs METOAOM AUPPAKIIT BIZOUTHX
€JIEKTPOHIB, Oyno oaepxano [62] nomtocHi gpirypu (I1D) muommn {111} 'K Ta (0001)
[T xo6ansry (puc. 1.6). IO imocTpyroTs cuinbHy Kopessiito momumH {111} T'IHK-Co
1 (0001) I'tlIT-Co, mo Bka3ye Ha kpucTtanorpadiunuii 3’130k Mix BuxigHowo ['IIK
nonimMopdHoo Monudikariero 1 HoBoyrBopeHow ['IIIT momimopduOoro Moaudikaiiero
koOanbTy. Pesynbrar anamizy [1d Takok CBIIUWTH MNpPO TE€, IO BCl BUSBICHI 00JaCTI

['IIIT-Co moxonsats 3 ogHoro 3epHa [ TIK-Co.

—

Binnocha Binnocna
IHTEHCHBHICTh IHTEHCHBHICTB

a o
a —mnomuan {111} TIHK-Co; 6 — muouuau (0001) I'IIIT-Co

Pucynoxk 1.6 — ITontocHi ¢irypu I'LIK ta I'HIIT noniMopdHux Moaudikaiiil Kodanbry,

oneprkani 3a pesynsratamu EBSD ananizy [62]
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Binomo, 1110, 3a3Hat041 MEXaHIYHOTO BIUIUBY KOOamnbT B TBepaux cruiaBax WC-Co
3MiHIO€ TUM KpuctaniyHoi rparku 3 I'IIK na I'IIIT 3a MapTeHCUTHUM MexaHi3MoM [63].
[Tiz gac oxonomkeHHs micis crikadndsa TBepaux ciiaBiB WC-Co 3B’s3yroda MaTpuils
ckiagaeTbes 3 MmoBHICTIO cTabubHUX 3epeH ['IIK-Co. Yepes pi3HicTh Koe(DilliEHTIB
Tepmiunoro posmuperns WC (5,5 x 10°K") i Co (14,2 x 10°K™") B nux ¢asax mix yac
OXOJIOJIKCHHSI BUHUKAIOTh TePMiuHi HampykeHHs [19]. PiBeHb TEpMIYHHMX 3aJTUIIKOBUX
Hanpy>XeHb B KOXHINA 3 CTPYKTYpHUX CKJIaaoBux TBepaux cmiaBiB WC-Co onucanuit

piBHsSHHSM 1.1.

Oy — 0 AT
1/Ey+1/E,

(1.1)

Oy = — 0k =

1€ ¢ — 3aJIMIIKOB1 HanpyxeHHs1, MIla;
o — KoedilieaT TepMigHOro posmupenns, 10°K;
E — Monynb npyxuocti, MlIla;
AT — pi3auus remneparyp, K;

M, K — (pa3a MeTaJsIeBOi CKJIaJ0BO1 (M) Ta KepamiyHoi (K).

ITix yac oxonomKeHHs 00’ €M MaTepialy 3MEHIIIYEThCS, @ KPUCTATIUHI IPATKU 0T
CKJIaJIOBUX 3BYXKYIOThCS, IIO MiJIBUILY€E PIBEHb HaNpyxkeHb B ckiagoBux. Paza WC 3
OUIBIIOI0 00’€MHOIO YAaCTKOIO B KOMITO3UTI MIJITAETHCS HANPYKEHHSM CTUCHEHHS, TO1
gk (paza Co MIOOAETbCS HANPYXKEHHSAM PO3TATYBaHHS, 100 3aI0BUIBHUTH OallaHC CHII
3aMKHYTO1 cucteMu [64]. MapTeHCUTHE MEpPETBOPEHHSI MOYMHAETHCA 3 3aPOJKEHHS
JUCIIOKAIl Ta BAHUKHEHHS Je(DEKTIB MaKyBaHHs KPUCTAIIYHOI I'PaTKU Ha MEX1 MOJLTY
WC/THK-Co [65]. Binbiie akTiB 3apoKeHHS] MOYKE BUHUKHYTH B CIUIaBl 3 MEHIITUMU
3epHamu WC depes Bully nUTOMY Iutonly noBepxHi 3epeH WC, sika CIIyrye rpaHHIICIO
pO3AlTy Ta MICUSIMH 3apOKEHHS AUciIoKalii (puc. 1.7). MapTeHCUTHE IEpEeTBOPEHHS B
K0OanbTl TOB'I3aHE 3 MAaKPOCKOMIYHUMH HAMpPY)KEHHSAMH, 3YMOBJICHHUMH 3MIHOIO
aTOMHHUX BifcTane [66]. Makpockomiuna nedopmaris nius 'IIK—TTIHIT ¢azoBoro
nepetBopeHHs ctaHoButh +0,021 % mapanensro 1 -0,242 % mneprneHauKyIIpHO 10

HaWOUTBII ITITFHOYAKOBAHOI IJTIOMUHHA [67].
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Pucynok 1.7 — Cxema craniit maprencutoro I'IIK—T'LIII ¢a3oBoro nepetBopeHHs
ko0anbeTy B TBepAuX ciiaBax WC-Co 3 pi3HUM BMICTOM KOOaJIbTy, pO3MIpOM Ta

dbopmoto 3eper WC. Cipwid, )KOBTHI 1 Y4epBOHHMA KOIBOPH LTFOCTPYIoTh (hazu WC, I'TIK-

Co 1 I'ITI-Co BiamoBigHO [65]

BinmoBigHi HampyXeHHs, SKi BUHUKAaIOTh B ckiagoBux cucremu WC-Co 3a
paxyHOK pi3HUIll KoediiieHTiB TepMiuHoro posmupenHs WC ta Co MOXKHA 1HILIIOBATH
SK HarpiBaHHSAM KOMITO3UTY (pHc. 1.8 a), Tak i1 ioro oxomomkeHHsM (puc. 1.8 6). Takum
YMHOM, MapTEHCUTHE (a30Be MEPETBOPEHHS KOOAIBTY MOKE OyTH BUKIIMKAaHE TEPMIUHOIO

00p0oOKOIO CIUTaBy K 3a BUCOKHUX [22], [26], Tak 1 32 HU3bKUX (B1J €MHUX) TEMIIEPATYP

[11], [13] 1 Mae MexaHIuHY NPUPOY aKTUBALIi [68].

Harpisanus
cTucKaoui HanpyxeHHs B Co

a — HarnpyxeHHs B Co npu HarpiBaHH1; 0 — Hanpy>keHHs1 B CO MpU 0XOJIOKEHH1

Pucynok 1.8 — Cxema B3aemofii ckinagoBux TBepaoro ciiapy WC-Co 3a pi3HUX yMOB

OX0JI0/UKEHHS
po3Tarytoui Hanpyskenns B Co

il
wC

AWC ]

TEMIIEpaTypPHOIO BILUIUBY [69]

0D-TIITI1 TLOAITY]
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3MiHa cepeHbOTO 3HAYCHHSI 3aIMIIKOBUX TepMidHuX HanpyxeHb paz WC 1 Co B
tBepAuXx cruiaBax WC-Co nokaszano Ha pucyHky 1.9 [70]. Buano, mo HanpyxeHHs y das3i
WC € 3anMIIKOBUMH HANpYyXEHHSIMH CTHUCHEHHs. 3a 30UIbLIEHHS! CEPeTHBOTO PO3MIpy
3epen WC Bia 0,45 mkm 10 1,80 MKM 3HaueHHs 3anuikoBux HamypskeHb (3H) y ¢azi WC
sMmeHmyeThes Big 507 Mlla o 406 MIla. 3a 361mbIeHHs cepeaaboro po3mipy 3epaa WC
B tBepaomy crutaBi WC-10Co 3 0,60 mxm g0 2,60 mxm 3HaueHHs 3H y ¢azi WC
3MeHInyeTbes 3 514 MIla no 381 MIla [71].

1300

® MonenoBaHHs
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Pucynok 1.9 — 3MiHM 3a/IMIIKOBUX TepMiYHUX HanpyxeHb y pazax WC 1 Co B
3aJIEXKHOCTI BiJl cepeaHboro po3Mmipy 3epeH WC, ofeprkaHi Ha OCHOBI MOACIBHUX

po3paxyHkiB [70] Ta HEHTPOHHO-AUDPAKIIHHOTO eKCIIepUMEHTY [71]

Tepmiuni 3H y dazi Co € po3raryrounmu, a ix BeTUYHHA 3HAYHO OUIbINA, HIK Y
dazi WC. 3i 30inbmenHsM cepenaboro posmipy 3epeH WC 3naduenns 3H ¢daszi Co
3MEHIYEThCS [ 72]. 3aIUIIKOBI TEPMIUHI HAIPY>KEHHSI € HAMBUIIIMMU HA MexXI1 oAty ¢a3
WC i Co. KonrenTpairisi Hanpy>keHb Ha MEXi (a3 Crpuse MK3epEHHOMY TOIIUPEHHIO
TPIUIMH, IO MPUCKOPIOE pyHHYBaHHS ciyiaBy [73]. SIk moka3aHo Ha pUCYHKY 1.9,
3HaueHHs 3H y ¢azax WC 1 Co BosibppamMoKoOaIbTOBOTO TBEPAOTO CIUIABY 3MIHIOIOTHCS
31 3MiHOIO po3Mipy 3epeH WC, mianopsIKOBYOUUCH CIiBBIIHOIIIEHHIO Xoia-Ilerya [70,

74], mo onucaHo piBHSHHIM 1.2.
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Gx = Oox + kxdyd s (1.2)

1€ Oy — 3aJIMILIKOBI HANIPYKECHHS,
G x — HaIpy >KEHHs, 10 IPOTHIIIOTh PyXY JUCIOKAIIIH;
ky — KOe]iIiEHT 3epHOTPAaHUYHOTO 3MIIIHEHHS;
dywc — cepenniii po3mip 3epeH WC;

X — ¢aza metaneBoi ckimanoBoi (Co) ta kepamiunoi (WC).

Ockinbku 30utbiIeHHs KinbkocTi ['IIT-Co B WC-Co TBepaux ciuiaBax crpuse
NIJBUILEHHIO TEPMIHY CIYXOH IHCTPYMEHTY 3 I[bOTO Marepiajxy Ta IOKpallye HOro
MEXaHI4H1 BIAacTUBOCTI [69], [75], METOI0 HU3KU CydacHHX POOIT € po3poOKa METOJIB,
110 3a0e3neuyroTh npoxomkeHHs MmapreHcutHoro I'IIK—TTHIT pa3zoBoro neperBopeHHs
B KOOaJbTi [69].

OnnauMm 3 QakTopis, 110 1HIIIIOE MAPTEHCUTHE (ha30BE MEPETBOPEHHS B KOOAIBTI €
TEpMIYHI HanpyKeHHs, cripuurHeHi pizHunero KTP ta, sk HacmiIok, pi3HULEI 3MIHA
00’€MIB CKJIaJJOBUX TBEPOTO CILJIaBy IiJ Yac TEMIIEPaTypHOTO BIUIMBY HAa KOMIIO3MT.
MapreHcuTHe IepeTBOpeHHs 3a3Buyai BiOyBaeThes 3a 420 °C, aje 1 yac KpioreHHO1
00poOKM 1Ooro mepedir peecTpyroTh 3a BiJI’€MHUX TeMIleparyp. PEHTreHOCTpyKTypHUI
aHai3 MoKa3aB, 110 IiJ Yac KpioreHHOT oOpoOKH B 00’ €Mi KOOAJIBTY TBEPJOTO CILIABY
WC-Co Binbynocs mMapreHcutHe (pa3zoBe meperBopeHHs yactuHu 00’emy ['TIK-Co B
['IIII-Co [14], [22]. BcTaHoBneHO, 1110 MapTEHCUTHE MEPETBOPEHHS € Oe3nu]y31itHIM
MEPETBOPEHHSAM 1 [0 MEXaH13M I[bOTO MEPETBOPEHHS pealli3yeThCsl BHACHIIOK PI3HUIN
BUIbHOI €HEeprii, sika BUHUKAE BHACIIJOK 3MIHM TEMIIEpaTypH, a 3MiHa MomiMopgdHOI
moaudikaiii nos’sa3aHa 3 MuTTeBUM nepedynyBanusM ['LIK rparku B I'LLII 3a paxyHok
POCTY IIUIBHOCTI JUCIOKAIH 1 MosiBU AedekTiB nakyBanHs [66]. Tpanchopmanis 'K
rparku ko6ansty B I'IIT mig giexo onpomMiHEeHHs BaXKKUMU 10HAMU TaKOX PEECTPyBalach
B Ha"HovyacTuHKax Co [68]. CrouaTky B po6oTi Ha miakiaami 3 SiO, copmyBanu mmiap 3
HaHoyacTUHOK Co, a TOTIM BHUKOPHUCTAIA METOJ OINPOMIHEHHS BaXKKMMHU 10HAMHU,

MOKa3aBIIN, [0 HANpPY>KEHHS 3CYBY, SKI BUHUKJIM B PE3yibTaTi IMIBUIKOTO TEIIOBOTO
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posmmmpennss Mk SiO, 1 Co, cnpuunnuiu ['IHK—TIIHIT ¢da3oBe meperBopeHHs B
OCTaHHBOMY.

OnHUM 3 NUISIXIB KOHTPOJIO KIHETHKH KpHcCTamizaiii koOaabTy Ta KepyBaHHS
cripBigHomeHHsM ['TIK/T'TIIT momudikaiiii koOanbTy B TBEPAHUX CIUIaBaX € METOJ
XIMIYHOTO JieTyBaHHA. Psg emementiB, B Tomy umciai W [14], [59], [76], saxui
PO3UMHSETHCS B KOOANbTI M dYac piAKoda3HOTO CIHIKaHHS Ta € MPOTYKTOM
nepekpuctaiizaiii 3epen WC depes piky ¢asy, MOXKYTh SIK CTPUMYBaTH MapTEHCUTHE
[MK—ITHII ¢a3zoBe meperBopeHHs KOOaIbTy 3a PAaXyHOK «e(eKTy 3aKpIIUICHHSD)
(pinning effect) BHacmimok 301IbIIEHHS €HEprii JAedeKTy MaKyBaHHS KPUCTAIIYHOI
rparku  BucokoremmneparypuHoi ['TIK mnomimopdnoi moaudikaimii koOanpTy, Tak 1
MPU3BOJUTA JO0 OUIBII TOBHOTO MPOXOJKEHHS MApPTEHCUTHOIO TIEPETBOPEHHS 31
3MEHILICHHSAM €HEeprii yTBOpeHHs Ae(eKTiB IMaKyBaHHsS. Y pe3yabTaTi CTPUMYBAHHS
['TIK—TIIIT ¢a3oBoro meperBopeHHsi y TBepaux cmiaBax WC-Co KOHBEHLIMHOIO
ckinangy Ounbima yactuHa Co 3amumaerbess B metactaOuibHIM ['HK momimopdHiit
Monuikalii micisi OXOJIOMKEeHHsI MaTepially BiJ TeMIlepaTypH CIIIKaHHS JO KIMHATHOT
temneparypu [77].

OgauM 3 €IeMEHTIB, IO CIHPHUAIOTh OUNBII  MOBHOMY HPOXOIKCHHIO
MapTEHCUTHOTO TMEPETBOPEHHSI y KOOalbTi 1 MIABUILYIOTH TBEPIICTh, CTIHKICTH 0
OKHCHEHHS Ta MPOAYKTUBHICTh P13aHHs IHCTPYMEHTY 3 TBepauXx cmiaBiB € Ru [65], [78],
[79]. JlicoBchkuii A. @. npunyctuB [61], o nogaBanHs Ru 10 ckiagy TBEpauX CIIIaBiB
WC-Co ctBOproe ymoBu aisi Outbinl nmoBHOro mnpoxomkenHs ['IK—ITIII da3zoBoro
MEPETBOPEHHS 3a PAXYHOK 3MEHIIEHHS €HEeprii yTBOPEHHS Je(eKTIB MaKyBaHHS
Bucokoremmneparypuoi ['lIK momimopdnuoi momudikarii xobambTy. 3 METOIO OIIHKH
noBHOTH TmpoxomkeHHa MapTteHcuTHoro ['IIK—IIHITI ¢a3oBoro mnepeTBopeHHs Yy
tBepaoMy crutaBi WC-Co 3 pi3HUM BMICTOM K0OambTy, hopMoro Ta po3Mipom 3epeH WC
aBTopamu [65] Oyro miarororneHo Al kommosuilii ckiaagy: WC-10Co-1,5Ru1 WC-12Co-
1,8Ru. JletanbHuil aHai3 MOKa3aB, IO MEPEBAKHUMHU MICHSAMH [JIs 3apOJKEHHS
nameneit (mactul) ['III1-Co mix gac oxomomkenns Oynu rpanutli posairy WC/T'TIK-Co
(puc. 1.10), Toxi sik 3apomxkenHst y camomy 00’emi I'lIK-Co ¢a3u BigirpaBajio MeHIILY

poisb [59], [80].
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a— WC-12Co-1,8Ru; 6 — WC-10Co-1,5Ru

Pucynok 1.10 — 300paskeHHst po3noauty ga3 MiKpOCTPYKTYpPH TBEPAUX CILIABIB
cucteMu WC-Co-Ru 3 pizaum BmicToM 3B’ s13ytodoro (3epHa WC BimoOpaxeHi cipum
KOJILOPOM; 01T Ta YOPHI CTPIIKU MOKa3yIOTh HEMIOBHI Ta OCTPIBKOBI MapPTEHCUTHI

mactuau ['IIIT-Co, BiamoigHO) [65]

Takox cnoctepiranacs HeBenuka KinbKicTh Jameneit ['TII1-Co, o manu rpanuii
3 orouytounM 00’ emoM ['TIK kobanbTy, Taki TUISTHKY BIIMIY€HI YOPHUMHU CTPLIKaMU (pHC.
1.10), 61mumu ctpinkamu BigMiueHi jJameni I'IIIT-Co, sxi 3aponuiivch Ha MeX1 po3ALTY
WC/Co, npore He TmOmMUPUINCHL 00°’eMoM K0OanbTy. KiirouoBMM BHCHOBKOM € T€, IO
3pa3ok 3 OUTBIIMM BMICTOM 3B’SI3yI0uo0i, OUTBIIUM cepemHiM po3MipoM 3epen WC
MICTUTB, TPUOIN3HO, Y 6 pa3iB Oinbiie HeTpancpopmobanoi ['IIK-Co ¢a3u nopiBHAHO 13
3pa3koM 3 MEHIIMM BMICTOM 3B’s3yl040i CKJIaoBoi. CHiBBIIHOIIEHHS MOIIMOP(HIX
monudikari kodbanery I'LIK/T'TIHIT y TBepaux crmaBax Oyio 3ampoIrOHOBAHO B SIKOCTI

Ba)KJIMBOTO MMOKA3HUKA, 1110 BIUIMBAE HA TPIMHOCTIUKICTD [81].

1.3 Bmumus JeryBanHsi TBepaux cmiaaBiB WC-Co iHriditopamm pocry

3epen WC

di3uKo-MeXaHiuHiI Ta, K HACIIO0K, eKCIUTyaTalliiiHi BIaCTUBOCTI YCiX MaTepiaiiB
1 TBEpIMX CIUIABIB, 30KpeMa, 3a7al0ThCs, MEPII 3a BCe, iX (Ha30BUM CKIIAJIOM 1 pO3MipOM
Ta PO3MOJIUIOM CTPYKTYPHHUX CKJIaJ0BUX. [IpOTAroM KiIBKOX NECATHIITH JOCTITHUKAMHI

JIETaJIbHO BUBYAETHCS BILTUB 1HT101TOP1B pocTy 3epeH (IP3) WC Ha BnacTuBOCTI TBEpAUX
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craBiB. OHE 3 MEPIIUX CUCTEMAaTUYHUX JOCIIKEHb BIUIMBY 1HT101TOPY POCTY 3€peH
Ha MIKPOCTPYKTYpY Ta BIIACTUBOCTI TBEPAMX CILIaBiB Oysio BukoHaHo LlIBapiikondom Ta
iH. [1], micas 4doro 3’sBUiAcs 3Ha4HA KUIBKICTH PoOIT [4]-[10] y mpomy HampsMKy
nociimkenb. Cepen ycix 1HTIOITOPIB POCTY 3€peH Haifuacriiie BUKOpUCTOBYIOTh VC 1
Cr;C, [5]. Ha nanuit yac Mexani3zm B3aeMoii (W,V)Cyx KOMIUIEKCIOHY, III0 YTBOPIOETHCS
Ha Mexi oty pa3z WC/Co 1ie HeqoCTaTHRO BUBYCHHM [S]. Y CYyKyImTHOCTI, JOCITIIKEHHS
[4]-[10] HamaroTh 10Ka3u TOTO, 110 HogaBaHHs 0,2 mac. % — 0,4 mac. % VC IP3 no cknany
tBepaux cruiaBiB WC-Co npu3BOIUTh 10 3MEHIIIEHHS cepeHboro po3Mipy 3eper WC. 31
3MEHIIIEHHAM po3Mipy 3epHa WC 3aKOHOMIPHO MIJABUIIYETHCS TBEPAICTH Marepiaiy.
Opnnak, nogaBanHs VC 3HHXKY€E TPIIIUHOCTIMKICTE Ta MIITHICTD [4], [5] yepe3 HasBHICTh
(W,V)Cx xommekciony Ha wmexi mnoauty mix Co ta WC. Yacrtka wmikdazHoi
KorepeHTHoOCTi mia dac ponaBanHs VC cranoButh jumie 8 %, tomi gk g Cr;C, ue
3HaueHHs csrae 18 %, a y Bumaaky ©Oe3 pomaBanHs IP3 mo 21 % [5]. Taka
HEKOT€pPEHTHICTh MO Ca0bI0€e MaTepia 1, IK HaCJI1JI0K, 3HUKY€E MIIIHICTh TBEPAUX CIJIaB1B
WC-Co. Kpim Toro, yepe3 3MEHIICHHS CEpEAHBOI TOBIIMHH MPOIIAPKIB KOOAIBTY B
TBEPAMX CILIaBax, O MICTATH [P3, pecypc miacTUYHOCTI 3B'A3KU 3HIKYEThCS [82].
BrnactuBoctamu, 1110 HanpsiMy BIUIMBAIOTh HA 3/IaTHICTH Marepiainy J0 CYyIpPOTUBY
3HOIIYBAHHIO MiJ 4Yac Pi3HOr0 poay OOpOOOK 1HCTPYMEHTOM 3 TBEPJOrO CIUIABY €
TBEPAICTh Ta TPIIUHOCTIMKICTh. 3MIHIOIOUH po3Mip 3epeH WC Ta KOTepEeHTHICTh MEXKI
nonimy WC/Co, MOXKHA KepyBaTy BUILIEBKa3aHUMH BIIACTUBOCTSMHU TBEPAMX CIUIABIB [6].
Bigomo, 110 TBEpAICTh 3pocTac 31 3MEeHIIEHHSIM po3Mmipy 3epeH WC. CrutaBu, 1110 MICTATh
no6asku [P3, maroTh BUIly TBEpAICTH 3aBIAKH ApiOHIIUM 3epHaM WC MOpIBHAHO 3
TBEpAUMH ciulaBaMu 0e3 mo6aBok [P3. OpnHak, TpPIMIMHOCTIWKICTE Ma€ 3BOPOTHY
TEHJEHIII0 1 3MEHILYEThCS 31 3MEHIIEHHSIM TOBLIMHU TpoiapkiB Co [51]. buibiie Toro,
BIUTUB 3B’s13yr0uoi COo Ha TPIMIMHOCTIMKICTH CTAa€ MEHII BAXKJIMBUM 31 3MEHIICHHSIM
CepeaHbO1 TOBIIMHU MPOIIAPKIB KoOANBTy [82] yepe3 301IbIIEHHS POJII KOTEPEHTHOCTI
mexi noaity WC/Co Ta ga3zoBux neperBopeHb ko0ansTy [83]. B nanuii yac maiixke Hemae
JOCITIKEHb, B KX aBTOpPaM BIANOCS O JOCATTH 3aJ0BIILHOTO TOEIHAHHS BUCOKOI
MIIIHOCTI, TBEPAOCTI Ta TPIIIMHOCTIMKOCTI TBEPJAUX CILJIABIB 3 JIOJABAHHAM JI0 iX CKJIay

1HT161TOpiB pocTy 3epen WC.
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1.3.1 @opMyBaHHSI CKJIAAHUX KapOiaHMX (pa3 Ta iX BIUIMB HA BJIACTUBOCTI

TBEPAMNX CILJIABIB

3 pesynprariB AochipkeHb [5], [84], mo 30cepemkeHi Ha BUBYEHHI (Hi3UKU
YTBOPEHHS KOMIUIEKCIOHIB mpu noaaBaHHi [P3 10 ckiiagy TBepaux ciuiaBiB Ta iX BIUIUBY
Ha BJIACTHBOCTI 1HCTPYMEHTYy 3 IIMX MarepialiB, BUAHO, 110 nonaBaHHsa [P3 3miHioe
Mopdororito 3epeH WC, a Takox 1HIIIIOE YTBOPEHHs KoMIUIekcioHiB. [lokazaHo (puc.
1.11), mo ¥MoBipHICTh KoTepeHTHOCTI 3B’s3ky WC/Co 3MeHIIyeThes 3a paxyHOK
nonaBanns [P3. Cepen iHr101TOpiB, AOCHIKEHUX Y 11K po6oTi, Cr;C, Mae Halicnabmmi
BIUIMB Ha 3MEHILIEHHS KorepeHTHocTi Mexi nmoaury WC/Co B TBepaux cruiaBax [5].
MoxHa IpUIMYCTUTH, N0 YAM CTAOUTBHIIIUN KOMIUIEKCIOH, TUM CHUJIBHIIIE CTPUMYETHCS
pict 3eped WC, 1 TUM MEHIIIOIO CTa€ MMOBIPHICTH KorepeHTHOCTI rpanuiii oty WC/Co

B TBEpAUX CIlJIaBax.
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Pucynok 1.11 — IlopiBHsiHHS 4acTku KorepeHTHOCTI Mexi oty WC/Co B TBepaux

CIUTaBax 3 JIOMABaHHAM JIO iX CKJIaay 1HTI01TOPIB POCTY 3epeH [ 5]

3 omiAny pucyHKy 1.12 mMokHa 3a3HauuTH, 110 B 3pa3kax TBepaoro cruiasy WC-
10Co 3 momaBannsim 0,8 mac. % VC € 6araro ckymiuens Co, 1m0 CBiq9HUTh mpo Te, 110 1P3
VC 3umxkye 3mouyBaHicTh 3epeH WC piakoro ¢azoro, CTpUMYIOUH TeUito piakoi Ga3u Ha

OCHOBI KOOANBTY Tif 9ac pigkodaznoro cmikauHs [53], [54]. Taka 6imoganpHa CTPYKTypa
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3 TOHKUMH MpoIIapkaMy KoOaJibTy Ta TOMOT€HHO PO3MOJIJIEHUMHU IO BCbOMY 00’€My
3pa3KiB BEJIMKUMHU O3€paMH KoOajbTy 3a 30€peKEeHHS BHUCOKOI TBEPAOCTI 3HAYHO

M1IBUIIY€E TPIITUHOCTINKICTh TBEPAUX CIUIaBIB [85].

Pucynox 1.12 — OntuyH1 3HIMKY CTPYKTYpH criedeHoro TBeporo ciiapy WC-10Co-

0,8VC, xoBTrMu 00Be/ieH1 001aCTi 3 MIABUIICHUM BMICTOM KOOAIBTY [86]

Ha mexaHni4yH1 BIaCTUBOCTI TBEPUX CIUIABIB, 10 AKUX AoaaBaiu [P3, okpim BILTUBY
po3Mipy (ha30BHUX CKIAJOBUX, HE MEHIL BaXJIMBUM (PAKTOPOM BIUIUBY € MILIHICTb 3B’ SI3KY
WC/Co. Bugno (puc. 1.13), mo 3pa3zok 0e3 pomaBanHs IP3 mMae HalBuUILY
TPIIIMHOCTINKICTD, 1I€ BIAMNOBIAA€ HAWOLIBIIOMY PO3MIpYy 3€pHa Ta HaWBHILNIM YacTIl
korepeHTHOCTI Mexi noauty WC/Co (puc. 1.11). Ile o3navae, 1110 koMOIHOBAaHU BILJIMB
cepenHboro po3mipy 3epeH WC 1 4acTKH KOT€PEHTHOCTI Mexi Mik(Ga3HOTO TOITY €
BOKJIMBUM JIJI TPIIMHOCTIMKOCTI TBEPAMX CIUIaBiB. 3pa3ok 3 noaaBaHHAM Cr;C, mae
HAWBHUIIlY MIIHICTh TIPU TPUTOUYKOBOMY 3THHI, 10 € KOMIUIEKCHUM PE3yJAbTaTOM BHCOKOI
TBEPAOCTI (3 MEHIIIUM PO3MIPOM 3€pHA) Ta BEIMKOI YaCTKU KOTEPEHTHOCTI MEXKI MOALTY
WC/Co. ns mopiBHsHHA, 3pa3ok 3 VC Mae HallMeHIIMH po3Mip 3€pHa, HAWUBUILY
TBEPAICTh, HAWHIDKYI TPIIMIMHOCTIMKICTH Ta MIMHICTh, IO Y3TOMKYETHCS 3 BHUCOKOIO
CTaOUIbHICTIO KOMIUIEKCIOHY SIK Ha 0a3UCHIN, TaK 1 HA TPU3MaTUYHKX IUIOMIMHAX Y LIbOMY

CIJIaB1 Ta HAMHUKYOK YaCTKOI KorepeHTHOCcTI Mexi oty WC/Co.
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Pucynok 1.13 — I[opiBHsiHHA cepeanboro po3mipy 3epHa WC Ta MexaHI9HHUX
BJIACTUBOCTEN TBEPAUX CIUIaBIB, ofiepkaHuXx MetonoM sinter-HIP 6e3 IP3 ta 3 IP3 VC,

Cr3Ca, TiC, TaC ta NbC [5]

3 HaBENEHUX BHUILIE MIPKYBaHb IIOAO pOJII CKJIAJAHMX KapOITHUX CIOIYK Y
¢dopmyBanHi BiractuBocted TBepAux criaBax WC-Co, MO3UTUBHUM aCIIEKTOM € Te, 110
ICHYBaHHSI KOMIUIEKCIOHIB MOXke e(GeKTUBHO cTpumyBaTu picT 3epen WC, 110
MPU3BOANUTH 0 YIABTPAAUCIEPCHOT 200 HAaBITh HAHOKPUCTAIIIYHOI 3€pPEHHOI CTPYKTYpH
TBEPAMX CIUIABIB. 3 1HIIOTO OOKY, HETaTUBHUM aCTIEKTOM HAsIBHOCTI B CTPYKTYP1 TBEPAUX
CIUIaBIB KOMIUIEKCIOHIB € X IIapyBaTUH PO3MOILI HAa MOBEPXHI 3epeH. SIK HaCHIIOK,
3B'130K Mk WC 1 Co po3auIg€Tbesl CKIaAHUMU KapOi1aMH, a KOTEPEHTHICTh MixXK(a3Ho1
TPaHUIll 3HUXKYETHCS, 110 MPU3BOAUTH JO TMAJIHHS MIIHOCTI TBEPJOTO CIUIaBy 4epe3

OCJIA0JICHHSI ONOPY MIXKPUCTATIYHOMY pyHHYBaHHIO.

1.4 Kpiorenna o0po0ka TBepaux CILIaBiB

OnHuM 3 METOAIB MiJBUINCHHS BJIACTMBOCTEH TBEPAMX CIUIABIB € iX TepMiyHA

00poOKa miciis CIIKaHHS, 11€ He TOTpedye 3MIHU CKJIaly BUX1/IHOT TOPOIIKOBO1 CyMIIIIl, a

OT)KE€ ¥ 3HAUHUX BUTPAT Ha MEPEXIiTHI, PiIKO3eMEeNbHI YM OJaropojiHi Merainu abo ix
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KapOiau Ta okcuau. barato poOIT 30cepe/’KeHO Ha JOCHIPKeHH1 BIUIMBY HU3BKHUX
TeMreparyp Iiji 4ac KpioreHHoi oOpoOku [12], [13], [21], BHCOKUX Temmeparyp
3arapTyBaHHS Ta MOAAJIBIIOTO Biamycky [14], [22] Ta ix xomOinyBanHi [11], [19] Ha
KOMILUIEKC BJIACTUBOCTEM TBEpAMX CIUIaBiB. Y TOW Yac, KOJM KploreHHa oO0poOka
31e01TBIIIOT0 HE 3MIHIOE PO3MIPYy CTPYKTYPHUX CKIAQmoBuX ciuiaBy [19], B ocHOBI
TIOJTIMIIIEHHST KOMIUIEKCY BIACTHBOCTEH TBEPAUX CIUIABIB, IO MPOUIILIN OOPOOKY 5K 3a
HU3BKHUX, TaK 132 BUCOKHX TEMIIEPATYp, JEKUTh 3MiHa (Da30BOTO CKJIaAy Ta HAPY>KEHOTO
CTaHy CKJIAJIOBUX TBEPJIOTO CILIABY.

Kpiorenna o6pobka (KO) — me mpoiiec TepmiuHOi 0OpoOKH, 3a SKOTO JAeTal,
3a3BUYal, OXOJIOMKYIOTh 70 TemriepaTypu Huxkue -70 °C, 1m0 BUKIUKAE CTPYKTYpHI Ta
¢dazoBi 3miHuM B Marepiamax [11]. JlomarkoBe 3acTOCyBaHHsSI KpIOT€HHOI OOpOOKH 110
CIICUCHUX TBEPJIMX CIUIABIB JO3BOJIAE MIJBULIUTH MEXaHIUHI BIACTUBOCTI IHCTPYMEHTY 3
[UX MaTepiaiiB Ta 30UIBIIUTH TEepMiH iX ekcruryaramii [11]-[18]. 3aranom, kpiorenna
00poOKa — 11e TpUpiBHEBA TEXHOJIOTIS, 3a SIKOi HA MEPIIii CTali IHCTPYMEHT MOBLIBHO
OXOJIO/KYIOTh, TIOTIM BUTPUMYIOTH (CTafisl 2) MPOTATOM 33JaHOTO Yacy 1 TeMIeparypu
Ta HarpiBaroTh (ctaais 3) A0 TeMIepaTypyd HABKOJUIIHBOTO cepenoBumia. [Homl s
3HSTTS 3aJMIIKOBUX HAMNpPyKeHb B OOpOOJIEHHX BHpPOOAX MPOBOIATH iX JOAATKOBUMN
BIIMYCK, HarpiBatouu Ao temneparypu 200 °C — 500 °C [19].

JlocniTHUKaMH BIJOKPEMIJIEHO HU3KY 3MiH, IPUTaMaHHUX TBEPIUM CIUIaBaM, SKi
MPOUIILITIN KpiOoTeHHY 00poOKYy, cepell HUX BiJIMIYalOTh: BUMAAIHHS Y CTPYKTYpl M-(aszu,
VIIUTbHEHHSI KOOaJbTOBOI 3B'sI3yl040i, MOJApIOHEHHS 3epeH KapOiay BoJib(pamy,
TekcTypyBaHHa 3epeH WC, ¢a3oBe IepeTBOPEHHsS KOOAJIBTy 1 3MIHU 3aJUIITKOBUX
HanpyXeHb y (ha30BUX CKJIAI0BUX cruiaBy [11]-[22].

3MiHU, 10 BiIOYBalOThCS B TBEPAMX CIUIABaX IMiJi 4ac KPIOT€HHOI OOpOOKH,
HIIIIOIOTBCA 3a PaxyHOK pI3HOCTI KoedimieHTiB TepmiyHoro posmmupeHHs (KTP) B
3B’SI3yI0U1M CKJIaJIOBIM — KOOAJIbTI, Ta CKJIaOBUX KapOigHoTro ckenety — 3epHax WC. Tak,
11 KoOansTy 1e 3HadeHHs piBHe 14,2 * 100 K'!, a s xap6iny Bonsdpamy 5,5 * 10° K-
!, PisHuisg nporo nmokasHuKa Maike BTPUYI ITiJ] 9aC OXOJIOKEHHS IPU3BOIUTE 0 Pi3HOI
3MiHKM 00’€MiB IIUX MaTepiajiiB Ta, K HACIIJOK, BUHUKHEHHS B CKJIAJOBUX TBEPAOTO

CIUTaBY HANpy>K€Hb MPOTUJICKHOTO 3HAKY. 3MIHU BJIACTUBOCTEW TBEPAMX CIUIABIB JIUIIE
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BUKJIMKAH1 OXOJIOJKEHHSIM Marepiaixy 10 BIJI'€MHUX TEMIIEparyp, aje He 3alexarb

HanpsMy BiJl TeMIEpaTypH, a iHIIIHOBaH1 HANPy>KeHHsIMHU, 1110 BuHKKatoTh B WC Ta Co.

1.4.1 BruiuB kpiorennoi o0pooxu Tteepaux ciiasiB WC-Co Ha ¢a30Bi 3MiHu B

K00aJbTi

Maptencutse ¢a3oBe neperBopeHHs KyoiuyHoro rpanenenTpoatoro (I'IIK) Co B
rekcaroHanpHuil mimpbHOynakoBanuit (I'II) Co € KpUTHYHHM MeEXaHI3MOM B
M1JIBUIIICHHI TBEPJOCTI Ta 3HOCOCTIMKOCTI TBepAMX cIuiapiB [11]-[14].

VY po6oTi Mm0A0 AOCTIKEHHS BIUIMBY KPIOTEHHOT 0OpOOKM Ha TPIMHOCTINKICTD
Ta 3HOCOCTIMKICTH TBepaoro cmiapy WC-20Co mnokaszaHo, 0 TPIIUHOCTIMKICTD
o0poOieHnx 3pas3kiB 3pociia maibke Ha 15%, a Brpara Baru mija 4ac BUIPOOYBaHHS
3HOCOCTIMKOCTI IHCTPYMEHTY 3 00pOOJIEHOTO CIIJIaBy 3MEHIIUIach Ha 58%, B MOPIBHSHHI
3 HeoOpoOneHnM. OCHOBHOIO TMPUYMHOIO POCTY BIIACTUBOCTEH CTajl0 MapTEHCHUTHE

['IK—TLIIT neperBopenns Co (puc. 1.14), iHiiiioBaHe KpioreHHOIO 00poOKkoro [12].
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Pucynok 1.14 — 3HaueHHs 3arajibHOTO BMICTY Ta (pa3oBOro cKjiany KoOanibTy, ofepikKaHi

3a nonoMororo EBSD anani3zy TBepaux ciuiaBiB pi3HUX cepiid [19]

KputnuHuM y JOCHiJKEHHI 3MIH CTPYKTYpU KOOQJIbTYy B TBEPAUX CIUIaBax
PEHTTEHOCTPYKTYPHUM  METOAOM € TPYAHOINl B  KUJIBKICHOMY  BHU3HA4Y€HHI
CHIBBITHOIIEHHS TTOMIMOpGHUX Moaudikalliii 3B’ s13yr0uoi ckianoBoi. YiTka nudpakiis

Bia muionmH ['TIK Ta/a6o I'LII xo6aneTy cTae MOMITHOIO JIMILE 32 BMICTY KOOANbTy B
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TBepaoMy crutaBi Oinbie 20 % — 30 % mo maci [23], [75], [87]. Ockinbku, nudpaxitiiHi
niku 3B’s3ytodoi ¢azu Co Maixke He TPOSBISAIOTHCS Ha AMQpakTorpamMax Ta BaKKO
miATBepAUTH (azoBe MEPETBOPEHHS y KOOanmbpTi depe3 HakjiagaHHs Iudpakuid Big
O1MBIIOCTI TWIOMIMH K0OansTy 3 AudpakiisMu Big miommH WC g giTkoi peecTpartii
¢$a30BUX 3MIH YacTO 3aCTOCOBYIOTh METOJA BHUOIPKOBOI €IEKTPOJITUYHOI KOPO3ii AJis
ButpanmoBanHs 3epeH WC [23], [24], ogHak, JaHUN METOI MOXE 3MIHUTH HAIPY>KEHO-
nedopMoBaHMii cCTaH CKIIa0BUX ciuiaBy. Ha nudpakrorpamax (puc. 1.15) BonbdppamoBux
TBEpJUX CIUIaBIB MICIS BUOIPKOBOTO EJIEKTPOJITUYHOTO BUTpaBiioBaHHA 3epeH WC
criocTepiraiocsi 30UIbIICHHS 3arajibHOl IHTEHCUBHOCTI audpakiii Big rmomuna ['IITT

K0OaNbTy Micis HMO0KOT KpIOTeHHOT 0OpOOKH CIIIaBiB.
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Pucynoxk 1.15 — Jludpaxrorpamu TBEpAUX CIUIaBiB A0 KpiOTeHHOI 00poOKu (/) 1 micis

KpioreHHO1 00poOku (2) [23]
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VY nocaimxenHi [23] Oysio BUSIBIEHO, 1110 A0 KpioreHHOi 00poOku KiibKicTh [ TIIT-
Co nonimopdHoi Mogudikalli y MaiokoOaJIbTOBUX TBEPAUX CIUIABAX € HUKYOIO, HIXK Y
OararokobansToBuX (pHC. 1.16 @). [Ipote, micas kpioreHHOT 00pOOKH PiBEHB 30UTBIIICHHS
BMicTy ['IIIT-Co y BUCOKOKOOATbOBUX TBEPAUX CIUIABaX 3HAUHO MEHIIHMM MOPIBHSHO 3

MaJIoKoOapTOBUMU crutaBamu (puc. 1.16 0).
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Buict koDansTy B TBEPAHX CIIIABAX

a — kunbkicts ['IIT-Co B 3anmexHOCTI BiJ BMICTY K0OanbTy; 6 — piBeHb 3minu ['TII1-Co
MiCTIsl KPIOTeHHOT 00pOOKH B 3aJIEKHOCTI BiJl BMICTY KOOAQJIBTY
Pucynok 1.16 — Cniinnomenss I'IIIT-Co no 3aransHOro BMicTy K0OajabTy B TBEPAUX

crmaBax WC-Co [23]

1.4.2 BruiuB KpioreHHoi 00po0KHM HA YTBOpeHHH 1)-pa3u

Kpiorenna o0poOka TBEpIMX CIUIaBIB YaCTO CYNPOBOIKYETHCS MOSIBOIO M-(hasu
[11], [17], [18], [20], [21], [22] ckmany CosW3C ta CosWsC (puc. 1.17). HeBenuka
KUIBKICTh M-(a3u Moxke yTBoproBatucs Ha Mexi pozauty WC 1 Co 3a paxyHOK
nepeKkpucTaiizaiii IUISTHOK 3 MIJBUIIEHOK KOHIIEHTpaliero Boib(ppamy. HasBHICTH B
KOMITO3HIIIT 1)-(ha3u HETAaTUBHO BIUIMBAE HA BIACTUBOCTI TBEPOTO CIUIABY, OKPUXIITYIOUN
Horo Ta 3HWXKYHOUM MIIHICTH [ 18], ogHak, y Aeskux podoTax mokazaHo, 110 MmosiBa 1-¢asu
B 00p00I€HOMY 332 HU3BKOi TEMIIEpaTypy TBEPAOMY CIUIaBl O3UTHUBHO BIUIMHYJIA HA HOTO

3HOCOCTIHKICTB [20].
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@ — 110 Kp1OT€HHO1 00pOOKH; 6 — MicIIsd KpIOTeHHOI 00pOOKH
Pucynok 1.17 — CEM 300paxkenns tBepaoro cruasy WC-11Co; anantoBaHo 3a

Matepiaamu [ 18]

ABTOpH OLTBIIOCTI POOIT MO0 BUBYCHHS BILIUBY KPIOT€HHOT OOPOOKH TBEPIUX
crutaBiB WC-Co Ha 3HOCOCTIMKICTh 1HCTPYMEHTY 3 LUX MaTepialiiB MO3UTUBHUM picT
eKCIUTyaTallliHUX  BJIACTUBOCTEH  TOB’SA3YIOTh  BHUKJIOYHO 3  MPOXOIKECHHSIM
MapTEHCUTHOTO (hpa30BOTO IEPETBOPCHHS 1 30ibIIeHHSIM BigHOCHOTO BMicTy ['IIIIT
nojiMopdHo1 Monudikalii KodanpTy Ta 3MiHOIO 3aiuIIKoBUX HanpyxkeHb B WC ta Co.
[Iporte, B mux poO0OTax HEXTYIOTHh BIUIMBOM ITOSBHM, BHACIIIOK KPIOTEHHOI OOpPOOKH, M-
¢da3u Ha 3HOCOCTINWKICTh TBepAUX ciiaBiB. [losBa B koMIio3uTi M-(a3u miaBHILY€E HOTO
TBEPIICTb, 1110, B CBOIO YEPTY, MiJIBUIIY€E 3HOCOCTINKICTh IHCTPYMEHTY, 1110 i OMUCYETHCS
neskumu apropamu [11], [20]. B iHmmx poboTax miABUIIEHHS TBEPAOCTI Ta TMaIHHSI
MIIHOCTI 1HCTPYMEHTY, SKMHM MiJfaBajJid KpIOT€HHIH OOpoOIll, MOIIU MOMHUIKOBO
MPUMUCYBAaTH BUKIIOYHO 30uIbIIeHHIO0 BimHOCHOTO BMicTy ['IIIT xoGambry, amxe picT
TBEPJIOCTI Ta MaJIHHS MIITHOCTI TAaKOX MOXKHa BIAHECTU 1O 3MiH, HAOyTHUX BHACIIIOK
nosiBu M-¢hazu. TBepIKeHHS PO 3HMKEHHSI MIIIHOCTI TBEPAUX CIUIABIB, K1 MiA1aBaIH
KpiOreHH1M 00poOIll, BHACIIIOK IHIMIAIli OCTAaHHHOK MAPTEHCUTHOTO (ha30BOrO

MEePETBOPEHHS B KOOAJIBTI TAKOXK € HEOJHO3HAYHHMM, OCKIIBKH B JesKUX poOotax [20],
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[88], Brmrouaroun naHi [89], [90], 36inabmenHs BigHocHoro Bwmicty ['IIIT xobanbry
MO3UTHBHO BIUTMHYJIA HA MIIHICTh TBEPAUX CILIABIB.

VY nmocnmiKeHHI MO0 BUBUEHHS BIUIMBY KpPIOT€HHOI OOpOOKH TBEPIOTO CILIaBY
WC-11Co Ha dazoBuii ckiaj, CTPYKTYpy Ta 3HOCOCTIMKICTH 1THCTPYMEHTY 3 LIbOTO
Mmatepiany [91] Oyno mokazano BUMaAiHHS KapOimiB n-a3u B CTPYKTYypl Marepiaiy, 1Mo
nigaaBanu KpioreHHid o6poomi (puc. 1.18). Haitbinbma cTymiHs BUMAMIHHS IPIOHUX
yacTUHOK 1M-kapOiny ckiany CosWsC peecTpyBanach B MOPOJOPYWHIBHINA BCTABII, SIKY

i/1aBajau KpioreHHii 0opooiii 3a -196 °C npoTtsirom 24 ronuH.

42000 -

-2 5 __ 8
Tz = 55 ~8& =
— 35000 - 29 o TS £35S §
’ = Qo 07¢ ¢
z 21 | crs 28 8 % 2
.= 28000
m
" CT 30 =
T CogW,C Co,C
.© 21000 oM e
g . - ET24<>
Co,W,C o - —_
= 's"Vs | Co,C
i l |__CT18 i1 0 W T
guooo-;—"@ = _ :
W,
e i ay | J BB e i
jas]
~ 7000 - }
CTé . Gl
0 l I uTt A A, A

20 30 40 5 60 70 80
26, rpan

Pucynok 1.18 — ludpakrorpamu TBEpIUX CIUIaBiB A0 KPIOTEHHOI 0OpOOKH Ta Micis
KpIOr€HHOI 00pOOKHM MPOBEIEHOT 3 PI3HUM YaCOM BUTPUMKH; aJJalTOBAHO 3a

Marepianamu [91]

MonaudikoBaHi TBEp/Il CIJIaBH SIK JieryBaHHsAM [P3, Tak 1 TepMiuHOI0 00POOKOIO X0U
1 JEMOHCTPYIOTh PICT OfHI€i, ab0 JEKUIbKOX BIACTUBOCTEH B TMOPIBHAHHI 3
KOHBCHI[IMHUMM CIUIaBaMH, OJlHaK, HEMHUHYyYe, MaloTh psJ HEraTUBHUX 3MiH,
CIPUYMHEHUX JOAATKOBUM BIUIMBOM 3alPONOHOBAHUX BHUIIE METOMIB iX MoaudiKallii.
TakuM 4uHOM, W TOHWHI, 3aBAAHHIM HAayKOBUX POOIT € MOIIYK NUISXIB 3a0€3MEeUCHHS
OJTHOYACHOTO TI1JIBUIIIEHHS TBEPIOCT1, MIIIHOCTI Ta TPIIIMHOCTIMKOCT1 TBEPAUX CIIJIABIB,

SIK OCHOBHUX BJIACTUBOCTEM, 110 ()OPMYIOTh €KCIUTyaTaIliiiHi XapaKTepUCTUKN BUPOOIB 3

IIUX MaTepiaib.



47

1.5 3acTocyBaHHA i30CTATHYHOI0 THCKY Y BUPOOHUYII MPaKTHII MOPOUIKOBOL

MeTaJyprii

Xomonue 13ocrarnuHe TipecyBaHHs (XIII) — 1me TexXHosoris MOPOIIKOBOI
MeTaJyprii, o BCE YaCTIIIe BUKOPUCTOBYETHCS Y BUPOOHUIITBI METAICBUX 1 KEPAMIUHUX
BUpOOiB [92], mo MatoTh popmy Onu3bKy A0 3aAaHoi (near-net-shape) ¢popmu rotoBoro
BUpoOy. Ha psay 3 iHImMMUH, OUIbII €HEPrOEMHUMM Ta 3aTPAaTHUMH, TEXHOJIOTISIMHU
KOHCOJIIAIl MOPOIIKiB TapsyuM 13octatuuHuM mnpecyBanHsMm (['II), imkekmiitHum
mutTsam  (IJIID), ickpo-mnasmoBum cmikanHsM, XIII, oxpim 3a0e3neueHHs 3amaHol
reoMeTpii, JI03BOJISIE OACPKYBATHU BUPOOM 3 EKCIUTyaTallliHUMHU BIACTHUBOCTSIMHU, IO
BIJIMOBIAI0Th, a TO ¥ MEPEBUIYIOTh E€KCIUTyaTallliiH1 BIACTUBOCTI JINTUX, KOBAHUX YU
3BapHUX BUPOOiB [93]. 3aramom, y 3a1€KHOCTI BiJl CIOCOOY KPITJICHHS €J1aCTHYHOT Ipec-
(dbopMH Ta NPUHLMITY il HA HEi TUCKY poOoUOoi piiuHKA po3pi3HsA0Th ABa T XIII: 3a
MIPUHIIAIIOM «CYyXOTO0» Ta «MOKpOTO» HoxJia [92]. ¥ nporieci mpecyBaHHsI 32 MPUHIIUIIOM
«MOKPOT0» 40XJia €1acTHYHY Ipec-(hopMy 3alOBHIOIOTh 1 TEPMETU3YIOTh 1032 KaMEpPOIO
BHCOKOTO THCKY, a JIWIIIEe TIOTIM 3aBaHTAXKYIOTh B HEl Ta CTUCKAIOTh MOCEPEITHUIITBOM

30UTBIIIEHHS TUCKY B Kamepi (puc. 1.19).

A

[ — pyXxoMuii ITOK; 2 — MOPOIIOK a00 KOMIAKT; 3 — KaMepa BUCOKOTO THCKY;
4 — enactuuHa npec-popma; P — HAaBaHTaKEHHSI

Pucynoxk 1.19 — Cxema ycTaHOBKM MYJIBTUILTIKAIIHHOTO TUITY
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VY mporieci mpecyBaHHS 3a MPUHIMIIOM «CYXOTO0» YOXJia KiHIlI €1acTU4YHOI mpec-
dhopmu KOPCTKO 3aKpiIieH] B ipec-ocHacTIl (puc. 1.20), 1o 103BoJIsI€ aBTOMATU3yBaTH

BUPOOHUIITBO, 301TIBIINTH MPOAYKTUBHICTH METOTY, OJICPKYIOUN 3HAYHI 0OCSTH BUPOOIB

BIJIHOCHO MPOCTOi (PopMHU.

o

N
. [\

A §
e O w

~J

9
[ — cucTeMa ympaBJIiHHS 3alTYIIKOI; 2 — BEPXHE MOJIOKEHHS 3aTTyIIKH; 3 — HIXKHE
MOJIO’KEHHS 3aNIyIIKY; 4 — BEpXHIN MyaHCOH; 5 — MAaHXKET JJIsi TepMETU3aIlii piJInHuU;
6 — BCTAaHOBJICHUI KOHTEHHEP-4OXO0J1; / — KaMepa BUCOKOTO TUCKY; § — OTBIp JUIsl
BITYCKaHHSI PIIMHU; 9 — HUKHIN TyaHCOH
Pucynok 1.20 — Cxema yCcTaHOBKH 130CTaTUYHOTO MPECYBAHHS 32 METOJIOM «CYXOT0)

yoxJia [92]

[30cTaTuYHUM TUCK 3aCTOCOBYIOTH SIK JUIsl KOMITAKTYBaHHS MeTaneBux [32], [34],
[94], xepamiunux mopomikiB [29]-[31] Ta ix xommosuiid [35], HOYIIUIbLHEHHS
noTepeHLO C(HOPMOBAHUX OTHOBICHUM ITPECYBAHHIM 3aroToBOK [33], TaK 1 17151 00poOKH
BXKe criedeHux BHUpoOiB [39], [95], [96]. Huswpki cumum TepTs Ta pPIBHOMIPHICTH
MPUKJIAJACHOTO THUCKY 3abe3rnedye pIBHOMIPHY HIUTHHICTH BHUPOOIB SK MPOCTOi, TaK 1

CKJIaIHOT T€OMETPii, 110 T03BOJISI€ YHUKHYTH T'Pa/Ii€HTa BIACTUBOCTEH.
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1.5.1 3aKoHOMIpHOCTI yIiJIbHEHHSI MEeTAJIeBUX Ta KePaMiYHUX MOPOIIKIB i/

JaC¢ KOMIIAKTYBaAHHA X0/JI0AHUM i3ocTaTHYHUM NnpeCyBaHHAM

TunoBa HacuIHA IIUIBHICTH OUIBIIOCTI MOPOIIKIB CTAaHOBUTH 55 % — 65 % Bin
TeopetnyHoi, sika mcis XIII y 3anexHOoCTI BiJf TUCKY TIPECYBaHHS Ta iX 3MaTHOCTI J0
yimibHeHHs focsrae 75 % — 85 % Bim TeoperwyHoi mIiIbHOCTI Marepiamy [93].
BianoigHo, 411 MIABUINEHHS MIIIBHOCTI BUPOOY 10 TEOPETUUHOI HEO0OX1HA oAbl
0o0poOka matepiany. JIJis 1IbOTO 3aCTOCOBYIOThH KiJIbKa ITiIXOIB, HAIPUKIIAJ, CITIKAHHS
Ta/a0o rapsiue i3ocraruune npecyBanus (I'1I1).

ITix 9ac OIIHIIKYK MMOBEIIHKYA KOMITAKTYBaHHS TBEPAMX CIUIABIB JOBEACHO, IO JIJIs
JTOCSATHEHHS 3a7aHOi MIIJIPHOCTI KOMIIAKTy Y BHUIIAQAKYy OJHOBICHOTO TIpECyBaHHS
HEOOXITHUM 3HAYHO BHMIIMM THCK, HDK THCK XIII 119 qocsSrHEHHS TOTO K 3HAYCHHS
IIIIBHOCTI [38].

TeopeTnuHi po3paxyHKH NIATBEPIKYIOThCA pe3yIbTaTaMy MOPIBHSUIBHOTO aHATI3Y
CKCIIEpUMEHTAJIbHO BH3HAUCHUX 3HAUCHb IIUJIBHOCTI  MarepialliB, OJACp)KaHUX
OJTHOBICHUM Ta XOJIOAHUM 130CTaTUYHUM TipecyBaHHsIM [32]-[35]. Tak, nmoka3aHo (puc.
1.21), mo 3a omHAaKOBUX THCKIB Ta Matepiany metogoMm XIIT «mokporo» Tumy Baajgocs
JOCATHYTH BHUIIOT BIJHOCHOI IIUIBHOCTI KOMITAKTIB TMOPIBHSHO 3 OJHOBICHUM

npecyBaHHsM [34].

g 100 XonogHe iSOCTaTVI'-IHLe NpecyBaHHs i 100

°§, 90 Ea .S T /,./ E 907 XonogHe i3OCTa‘TMLIHe npecysanHa

E o ‘:/./‘ " OpHosicHe npecysaHHs E & J, : /'/
T 707 ?}/ | I 70 =

g Fal P g - a /4/ | .

Q / ° OpfHOBICHE NpecyBaHHA
= 50 2 50

40 40

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Tuck npecysaHHs, MlMa Tuck npecysaHHA, Mla

a 4]
@ — OPOIIOK MiJii; 6 — MOPOIIOK OPOH3U
Pucynok 1.21 — BimHOoCHa HIITBHICTS HECTIEYEHUX KOMITAKTIB MOPOIIKIB Mii Ta OpOH3U

B 3aJIC)KHOCTI B1JI TUCKY Ta METOTy IIpecyBaHHsI [34]
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3 miaBuIeHHAM THCKY npecyBaHHs 10 500 MIla XIII, mopiBHSHO 3 OTHOBICHUM
IpecyBaHHsM, 3a0e3meunsio Ha 15 % BuUIIly BITHOCHY IIUIBHICTH TPECOBKH MOPOIIKY M1l
(puc. 1.21 a) Ta Ha 18 % BuUIly BIIHOCHY MIUIGHICTh MPECOBKH MOPOIIKY OpOH3U (pHC.
1.21 6). 3 tuckom XIIT B 500 MIla BigHOCHA HIUJIBHICTH KOMIIAKTY 3 MOPOIIKY MIiJi
cranoBuna 94 % ta 83 % nns KoMIakTy 3 Mopowky 0pon3u. Y nopiBHsHHI 3 XIIT ms
JOCSITHEHHSI 1IGHTUYHO! IIIJIbHOCTI KOMIAKTIB METOIOM OJHOBICHOTO TMPECyBaHHS
3arpeOyBaHUM TUCK MpecyBaHHs OyB Ha 60 % BUIIUM.

[neHTnYHy 3aKOHOMIPHICTH YIIIILHEHHS PEECTPYBaJIH 1 HA IHIIUX MaTepianax [32],
[33], [35]. 3 pucynky 1.22 BuaHO, IO BiJHOCHA IIUIHHICTh HECIIEUCHHX KOMITAKTIB
Baxkkoro criaBy W-4,9Ni-2,1Fe y Bunanky 3acrocyBants metony XIII € 3nauHo BUIIoI0

MOPIBHSHO 3 OJHOBICHUM IIPECYBAHHSM JJIsl BCIX 3HAYEHb TUCKY MpecyBaHHs [35].

80
i

| - -= - OgHOBICHE NpecyBaHHA
70 1| —~— XonoaHe i30CTaTUYHE NPECYBaHHS
65 | [ j | |

bO
55
50
45
40
35
30

BinHocHa winbHIiCcTb, %

0 50 100 150 200 250 300 350
Tuck npecysaHHa, Mla
Pucynok 1.22 — BigHocHa IIIJIbHICTh HECTIEYEHUX KOMIIAKTIB BayKKoro criiaBy W-4,9Ni-

2,1Fe y 3a1eXHOCTI BiJi TUCKY Ta METOly TpecyBaHHs [35]

Ha panniit ctaaii yuiiasHeHHs (puc. 1.22) mBUAKICTb POCTY BIJHOCHOT IITBHOCTI
no tucky XIIT 200 MIla Oyna BiIHOCHO BHCOKOIO; 3 TOJAJBIINM TiABUIIICHHSIM THUCKY
XIIT BigHOCHA IIUIBHICTH Maike HE 3MIHIOBAJIach. BiHOCHA IIIBHICTH IPECOBKH,

onepskanoi XIIT B 300 Ml1a, 6yna Ha 28 % BHILI0I0 Y MOPIBHSIHHI 31 UIIIBHICTIO MPECOBKH,
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OJIep’KaHOi OJHOBICHUM IMPECYBaHHSAM 1IEHTUYHOTO THCKY. ABTOpU 3ayBaXKWJIH, IO
cripuuuHeHnit XIII picT BITHOCHOI IIIIBHOCTI HECTIEUCHUX KOMIIAKTIB B1JIOOpa3UBCs HA
301IbIIEHH] BIAHOCHOI WUIUIBHOCTI CIIEYEHHX TIPECOBOK MOPIBHSIHO 3 MPECOBKaMH,
CIIEYCHUMH IIICISl OAHOBICHOTO TPECYBAaHHS 1EHTUYHUMHU TUCKaMU. J[Js KOXKHOTO 3
3aCTOCOBYBAaHMX THCKIB MPHUPICT BIIHOCHOI MHIIIBHOCTI criedeHmx cruiaBiB W-4,9Ni-
2,1Fe, onepxanux XIII, ctanoBuB 61u3bko 1 % MOPIBHSHO 31 CIIEYCHUMH CILJIaBaMU,
OJICP)KAaHMMH 32 THUX CaMUX THUCKIB OJHOBICHUM IIpecyBaHHsAM. Takox y poOoOTI

peeCTpyBaocsi 3MEHIIIEHHST CEpeTHbOTO po3Mipy 3epeH W (puc. 1.23), 30mmkeHHS 1X

IEHTPIB Ta 301IBIICHHS KUTbKOCTI KOHTakTIiB W-W 3epeH y crutaBax, onepskanux XII1.

a — onHoBIcHE npecyBanHs; 6 — XII1
Pucynok 1.23 — BriiiB MeToy npecyBaHHsI Ha MIKPOCTPYKTYPY CIIEUEHOTO BayKKOTO

crunaBy W-4,9Ni-2,1Fe [35]

KinbKicTh KOHTAKTIB MiXk CyciiHIMU 3epHaMu W € BITHOCHO HU3BKOIO (puc. 1.23
@), 1110 J03BOJIUJIO MaTpUUHIN (a3l Maiike MOBHICTIO OTOYYBAaTH 3e¢pHa Bob(dpamy. Taka
CTPYKTypa 1 po3mnonin ¢a3 Chpusiii 3pOCTAaHHIO YACTHHOK BOJIb(Ppamy B TMpoIieci
pinko(a3HOTO CIIKAHHS 32 PaxXyHOK OCHOBHOTO MEXaHI3MY — PO3YMHEHHS MEHIIHNX

4aCcTUHOK W 1 TOBTOPHOTO OCA/KeHHS Ha O1ibIni yacTUHKU W. BiICyTHICTH TEpPTS MixX
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CTIHKaMHu mpec-GOpMHU Ta PIBHOMIPHE YIIUIBHEHHS IO PI3HUX OCAX MPECOBKH MaJiO
3HAQYHUM BIUIMB Ha CBOJIIOIIIO CTPYKTYPOYTBOPEHHsS CcIuiaBy, ojepxkanoro XIIT. V
Bunaaky metoxy XIII 3 migBUIIEHHAM BITHOCHOI IIITBHOCTI HECIIEYEHHX MPECOBOK
(puc. 1.22), 36ublryBaiiacsi KUIbKICTh KOHTAKTIB MK 4acTHHKamMu W, B TOH dYac, sIK X
KOHTAKTH 3 MaTpuIlelo 3MeHmryBaiucs. Lleit edekrt, y 3HauHIA Mipi, MEpEmIKoIKaB
peanizaiii MmexaHi3miB 1udy3ii — pO3YMHEHHIO Ta 0CAHPKEHHIO 1/ 9ac CITIIKAaHHS CIUIaBY,
0 JIO3BOJIMJIO OJIEpKaTH BIJTHOCHO JIPiOHO3EPHUCTY CTPYKTypy (puc. 1.23 6). ¥V
pe3ynbTaTi CTPYKTypHUX 3MiH, cipuurHeHux XIII, peectpyBaBcst picT piBHS MEXaHIUHUX
BiactuBocTedt (puc. 1.24) cnedeHoro Baxkkoro cruiaBy W-4,9Ni-2,1Fe, onepskaHoro

JaHUM MCTOAOM IIPCCYBaHH:I.
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a — tBepaictb HV30, 6 — ynapHa B’s3KICTh
Pucynok 1.24 — Pe3synbrati BUIpOOYBaHb MEXaHIYHUX BJIACTUBOCTEN Ba)KKOTO CILIABY

W-4,9Ni1-2,1Fe onepxkanoro onHoBicHUM npecyBaHHAM Ta XIIT [35]

Cneueni mnpecoBku, onepkani XIII, misi KOXKHOTO 3 3aCTOCOBYBaHUX THCKIB
MpEeCyBaHHS, JEMOHCTPYBAIM BUIY TBEpAICTh (puc. 1.24 @) Ta TpIMHOCTIMKICTH (pUC.
1.24 6) TMOpIBHAHO 31 CIIEUEHHMH CILIaBaMH, OJISP)KaHUMH 3a THX CaMHUX THCKIB
OJHOBICHUM TipecyBaHHsAM. llagiHHS TBepIOCTI Ta yIapHOI B’SI3KOCTI 3a BIJHOCHO
BHUCOKHX THCKIB MOK€ OyTH TIOB’sI3aHE 31 3pOCTaHHSAM PiBHS AeopMaIliitHOro 3MIITHEHHS
Ta 3HUKCHHSIM IUIACTUYHOCTI YacTMHOK W, IO MOIJIO BUKJIMKATH OKPHUXYYyBaHHS
KOMITO3UTY. Takok HE CIIiJI HEXTYBaTH BILUIMBOM BIJIKPUTTS 3aKPUTHUX TOP Yepe3 BHUXIT

ra3iB 3 HUX MiJ 4ac crmikaHHsA. BoueBuab, piBeHb 3aKPUTOI MOPUCTOCTI B HECIIEUEHUX
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KOMIIAKTaX CIIaBiB, OJIepKaHUX 3a BITHOCHO BUCOKKMX THUCKIB XIII, OyB O1IbIII BUCOKUM,
1110, BPaXOBYIOUH JIera3allito MIJITXOM YTBOPEHHS BUBITHUX KaHAIIB B 00’ €M1 KOMIIO3HUTY,
TaKOX B1AOOpa3HIIOCsS HA HE3HAYHOMY IMaJ{IHHI IIUIBHOCTI CTIIEYCHHX CIIIaBiB.

VY musii po6it [32], [33], [36] XIII 103BOINIIO 3HU3UTH ONITUMAIIbHY TEMIIEPATYPy

crikauHs (puc. 1.25) 31 30epeKeHHAM 1 HaBITh MABUIICHHSAM BJIAaCTUBOCTEH.
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Pucynok 1.25 — Brutus tucky XIII Ha nporuiec crikaHHsl MOPOIIKOBUX MaTepiaiiB [33],

[36]

ITokazano [36], mo XIII ¢epury NigzoZngs7CupsFe,Os y nopiBHSHHI 3
OJTHOBICHUM TIPECYBAaHHSIM, 3HU3UJIO BUTPATH HA 0OPOOKY Ta MIABUIIMIO (PYHKITIOHAIbHI
BJIACTMBOCTI MArHITONPOBOJA 3 LbOrO Marepiaidy, MpU LbOMY BAAIOCS 3HU3UTHU

ONTUMAJIbHY TeMIeparypy criikanus (puc. 1.25 a).
BucHOBKH Ta NOCTAHOBKA 3aB/IaHb J0CTi/IKeHHSA

TakuM 4yMHOM, TIOKa3aHO, IO 3aCTOCYBAHHS PSAY TEXHOJOTIYHUX OMepalliil, siKi
noTpeOyoTh MPUHIMIIOBOI 3MIHM TEXHOJIOTIYHOI CXEMM OEpKaHHA Marepiaily Ta, K
HACJIIOK, 3HAUHUX 3aTpar, Ha ALYy 3 POCTOM OJIHI€I a00 MEKUIHKOX 3 BIACTHUBOCTEH
3aBXK/M CYNPOBOKY€ETHCS MAIIHHIM 1HIIMX. B 3B’3Ky 3 UMM, pO3IISIHYTI BUILE METOIU

Monudikarlii MaTepialiB, X0U 1 3AJIUIIAIOTHCS AKTYAIBHIUMHU JIJ1s1 BABUCHHS, OJTHAK PECYPC
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MOJAJIBIINX JOCHDKeHh 3a I[MMH HampsMKH JIIMITOBAaHUW crenudikoo caMux
TEXHOJIOT1/ Ta 00’€MOM HAyKOBHMX HaIpaIlfOBaHb.

TexHOMOrisT XOMOJHOTO 130CTATUYHOTO MPECYBaHHS € MEPCIEeKTHBHOIO, aje ii
BIUIUB Ha BJIACTHUBOCTI 0OararbOX MarepiajiiB Majio JOCHipKeHUH, a0o B3arajl He
BuBuaBcsa. [lokazano, mo BrmoueHHs XIII B skocTi momatkoBoi omepartii 10
TEXHOJIOTIYHOI CXeMH OJICp)KaHHS HU3KW MaTepialliB JIO3BOJISE BIAIYTHO MIABUIIUTH X
MeXxaHI4H1 BIacTUBOCTI. Ha BiAMIHY BiJI psiTy TEXHOJOTTYHUX OTEpalliii, 1o moTpedyoTh
MPUHILIAIIOBO 3MIHU TEXHOJIOTIYHOI CXEMH OfIepXKaHHS Marepiaixy Ta, SK HACcIHiJoK,
3HayHuX 3arpat, XIII € BITHOCHO JEIIEeBOI0 Y 3aCTOCYBaHHI TEXHOJIOTIETO.

JonuHi, yBara OuUTbIIOCTI poOIT moao BuB4YeHHS BIUMBY XIII Ha dhopmyBaHHs
BJIACTUBOCTEN CIEYEHHMX MaTepiaiiB Oyna c@OKycoBaHa Ha 3acCTOCYBaHHI JIaHOI
TEXHOJIOTIi JJiIsi OJIEpKaHHS KOMIIAKTIB 3 TOPOIIKIB MeTaliB. OKpemi JOCHiIKEeHHS
MIPOBOAVIIACS B HANIPSAMKY BUBUYCHHS BIUTMBY XIIT Ha BIIaCTHBOCTI OKCHIHOT KEpaMiKu Ta
KOMITO3UILIHUX MarepianiB. B omunmunux podorax XIIT 3acTtocoByBamum B SIKOCTI
JIOTIOMDKHOT oreparii /uisi MiIBUIIEHHS MIIJILHOCTI MPECOBOK 3 TBEPJUX CILIABIB, alie
poOIT MO0 TPYHTOBHOTO BHBUCHHS BIUIMBY JAHOTO METOAY Ha BIIACTHBOCTI TBEPAMX
CIUTaBiB 3HANTH HE BIAJIOCS.

OxpeMUM HaNpsIMKOM JOCIIKEHb € TEXHOJIOT1YHa onepallisi 00poOKH mMarepiaiiB
BUCOKMM TimpoctatnuHuM THCKOM (BI'T). [lonuni, panuii Meron oOpoOKu
3aCTOCOBYBAJIM Il IIIBUIICHHS BIACTUBOCTEH KOHCOJIJIOBAHUX 3a aJIUTHBHOIO
TEXHOJIOT1€r0 MarepianiB. PoOIT moa0 BuBUeHHS BBy 00poOku BI'T Ha kommiiekc
Gb13UKO-MEXaHIYHUX Ta EKCIUTyaTalliliHWX BJIACTUBOCTEH CIIEUEHUX TBEPAMX CILUIABIB
3HAUTHU HE BAAJIOCH.

Tomy, akTyaTbHOIO HAYKOBOIO 33/1a4€I0 € TPOBEACHHS KOMIIJIEKCHOTO JI0CIiKSHHS
10710 BU3HAYCHHS BIUIMBY XOJIOMHOTO 130CTAaTUYHOTO TIPECYBAHHS HECIICUCHUX TBEPIUX
CIUIaBIB Ta BIUIMBY OOpPOOKM BUCOKHM TIAPOCTATUYHUM THUCKOM CIIEUEHHX TBEPAMX
CIUIaBiB Ha iX (ha30BUIl CKJaJ, HAMPYXKEHO-IEPOPMOBAHUN CTaH, CTPYKTYPY, (13HKO-
MeXaHIYHl XapaKTepUCTUKH Ta eKCIUTyaTallliiHi BJIACTUBOCTI I1HCTPYMEHTY 3 LHUX

MaTepiaiB.
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2 MATEPIAJIN TA METOJIU JOC/IKEHHA

2.1 ITigroroBka BUXIAHUX TBEPAOCILIABHUX MOPOIIKOBHUX CyMilllei

VY po6oTi BUKOPUCTOBYBAJIM TBEPAOCIUIABHI CyMIllll, CKJIAJOBUMHU SIKUX OyiH
MOPOIIKA TYTOIJIaBKUX CHOJIYK Ta KoOanmeTy, a came WC BTOpHMHHOI mepepoOKH,
xoMepiiitHi Co ta VC, 5Kl 3MIITyBaquCs y PI3HUX CHIBBIIHOIICHHSX JUISI OJCpyKAHHS
TBepaux criasiB ckiany WC-3Co, WC-6Co, WC-8Co, WC-8Co0-0,3VC, WC-15Co.

B sAKocTi BHUCOKOMOAYIBHOI CKJIAQJOBOi TBEPAUX CIUIABIB BHKOPHCTOBYBABCS
nopoiok WC, oaepxkaHuil IUISIXOM IepepoOKH BTOpUHHOI cupoBUHM GipMu «Po3pobka
Ta BIOPOBAKCHHS HOBITHIX MaTepialiBy, YkpaiHa. Buxignuit mopomok WC y crani
noctaBku (puc. 2.1) mpeacTaBisiB cO00I0 arfioMepard CEepelHbOI0 PO3MIPHICTIO Bif

5 MM 10 10 MKM, SIKICTb CHPOBUHU BIJIMIOBIjaa TeXHIYHUM ymMoBaM TY 48-19-72-92.

Pucynox 2.1 — CEM 3HIMOK BUX1THOTO TIOPOIIKY KapOiay Boiabhpamy

Jlnsa pyiiHyBaHHS arsioMepoBaHux crnekiB nopomok WC mijgnaBanu noapiOHEHHIO
B KyJIbOBOMY MJIMHI, ¢yTepoBaHoMy TBepauM cruiaBoM WC-2Co, B IKOCTI pO3MEIbHUX
TUIT CIYTYBaJIM KyJbKU 3 TBepaoro criaBy WC-6Co. Po3Men npoBoAMBCS B CEPEIOBHUIIII

€TaHOJy, TPUBAIICTh omeparlii Oyna BuOpaHa onTUMaiabHOIO [97] mus 3abe3redeHHS
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3asianoro po3mipy yactuHok WC ta cknagana 48 ronus. Ilicis po3meny 10 MpoCyleHoro
nopomiky WC nonasascst nopoiok Co (ta VC y Bunaaky cruiapy WC-8Co-0,3VC) B
KUTBKOCTI, MPOTIOPIIHHIM BMICTY IIi€] CKJIaI0BOi B CEPIsSIX TBEPAOCIUIABHUX KOMITO3HUILIH.
[Topomiku 3MinryBainyd B BiOpaiifHOMy MJuHI 3 (GapPopoBUMH KylTbKaMH MPOTATOM 2
TOAWH OIHOYACHO 3 JomaBaHHsIM Iuiactudikaropy. B sxocrti mmactudikaropy Oyimo
00paHo 5 % pO34YMH CHUHTETHMYHOIO KaydyKy B OeHsuHi B mpomopiii 150 cm® na 1
Kitorpam cymiiii [98]. 3aranbHa TEXHOJOTIYHA cXeMa OfiepKaHHs TBepaux criaBiB WC-

3Co, WC-6Co, WC-8Co, WC-8C0-0,3VC ta WC-15Co nipuBesicHa Ha pUCyHKY 2.2.

IHopomoxk WC Hopomok Co, VC
v 3 mac. % Co
Pozmen (60 r) 6 mac. % Co
v 8 mac. % Co
Cymika (70 °C, 2 1, BakyyMm) 8 mac. % Co + 0,3 mac. % VC
! 15 mac. % Co

A

3aminryBaHHs 3 TUIACTU(PIKATOPOM

A 4

[IpociB (komipka 100 Mkm)

A 4

OnnosicHe npecyBanns (70 MITa)

A 4

Cymixka (120 °C, 24 r, BakyyMm)

__________________________________________

Y ,
Cmikanns (1380 °C — 1450 °C, O6po6Ka BUCOKUM TiPOCTATUYHUM !

—» g !
40 xB, BaKyyM) ! tuckoMm (400 MlTa) i

Pucynok 2.2 — TexHonoriyHa cxema ofiep»KaHHs cepiil TBEpIUX CIUIaBiB
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2.2 I3ocraTnyHe OOTHCHEHHSI TBEPAOCIUIABHHUX IMPECOBOK /[0 Ta MicJs

CHiKaHHA

YacTrHy HECHCUEHUX KOMIAKTIB, OJCpKAHUX OJHOBICHUM TIPECYBaHHSIM
sycwuisim 70 MITa koxkHO1 3 JOCHIIKYBaHMX CEpiii TBEPAOrO CIUIABY, IIifAaBaiiu
XOJIOMHOMY 130cTaTHUHOMY TpecyBaHHI0 THckoMm 100 MIla, 200 MIla, 300 MIla Ta
400 MIla. Tuck B kamepi BHUCOKOTO TUCKY (puc. 2.3 6) ycranoBku XIII (puc. 2.3 a), B
SKIA TIOMIIIEHI Ta TEPMETHU30BaHI B €JIACTUYHUX OOOJOHKAX 3HAXOAWIIACS TPECOBKU
TBEPJIOTO CIIABY, JOCITaBCs 3a PaXyHOK CTUCHEHHS B KaMepl poO0o4O0i pIAMHUA PyXOMUM

IITOKOM, 110 OYB 3aKpIIJICHUN Ha BEPXHI TpaBepci npecy (puc. 2.3 a).

a o
a — T1ApaBIIYHUN TIpec; 6 — KaMepa BUCOKOTO THUCKY

Pucynok 2.3 — YcTaHOBKa XOJIOAHOTO 130CTATUYHOTO NMPECYBaHHS

Takum ynHOM, (POPMOYTBOpPEHHS 3a0€3ME€UyBaIOCh OJIHOBICHUM MPECYBAaHHAM, a

3aJlaHHs MEPBUHHUX YMOB, 1110 BIUIMHYJAM Ha 3MiHY (a30BOTo CKJIady, CTPYKTypH Ta
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KOMIUIEKCY (hi3MKO-MEXaHIYHUX BJIACTUBOCTEH Ta EKCIUTyaTalllHHUX XapaKTEPUCTHK —
XOJIOJHUM 130CTaTUYHUM IMPECYBaHHSIM.

Bucokuit rigpocratmunmii trck (BI'T) — omepariiss 0OpoOku THCKOM, IO,
(bakTU4IHO, 3a MPUHITUIIOM JIii He Biipi3HsA€eThCs Bija onepairii XII1, ogHak, 3aCTOCOBYEThCS
TUTs1 OOpOOKH CIIEUCHUX UM JINTUX MaTepialliB, a HE MOPOITKOBUX IIPecoBoK [39]. O6poOka
BI'T yacTuHM cIie4eHUX MPECOBOK, sIKI OyJI0 OAEp>KaHO OIHOBICHUM TMPECYBaHHSIM,
sniicHoBastacs TuckoMm 400 MIla inenTuyno 1o npouecy XII1 3a mpuHITUIIOM ONMMCaHUM
Bumie. B skocTi marepiany enacTHUHOI OOOJIOHKM 3aCTOCOBYBaBCSl HITpHI. B sikocTi

p060‘-10.1‘ plIII/IHI/I KaMCpPH BUCOKOI'O THCKY 3aCTOCOBYBAJIACsA TpaHCMiCiﬁHa OJINBa.

2.3 PeHTIreHOCTPYKTYPHHH aHAI3

®da3oBuil CKJIaJ MOPONIKIB, 3arOTOBOK Ta 3pa3KiB TBEPAMX CIUIaBiB ckiagy WC-
8Co, WC-8Co0-0,3VC, WC-15Co Bu3Hauanu 3a JIOMOMOTOI0 PEHTTEHIBCHKOIO
mudpakrometpa Rigaku Ultima IV 3 CuKo BunipomintoBanHaM (Ac, = 0,15406 um). Yepes
HasIBHICTH NepeBaxarodoi KiabkocTi WC-(das3u B TBepauX criiaBax, AMGpaKUiiHi KA B1J
wiomuH Co HaKIaJarThCS Ta Maibke MOBHICTIO MEPEKPUBAIOTHCS TUDpaKIiTHUMU
nikamu Big 1wiommH WC, Opak audpakimiiHuX JaHUX YCKIAIHIOE TPOBEICHHS
kinbkicHoro anamizy cmiBBigHomieHHs [TIK-Co go T'IIII-Co [99]. BiacyTHicTh
madpakmii Bix mommH ['HIII-Co HE CBIQYMTH MpO BIACYTHICTh T'€KCArOHAIBHOI
nosiMmopdHO1 Moaudikallii KoOAJBTY, a iX MOsIBa CBITYUTH MPO 301IBIIEHHS KUIBKOCTI L1€1
MoaudiKalli mo BiIHOIIEHHIO 0 3arajJlbHOro BMICTY KOOaJIbTy B TBEpAUX cIiiaBax [19],
[100]. MeTox BUOIPKOBOTO EIEKTPOJITUYHOTO BUTpaBmoBaHHA 3epeH WC He
3aCTOCOBYBABCS, aJK€ MapTCHCUTHE (Pa3oBe MEPETBOPEHHS B KOOANBTI 1HIIIIOETHCS
MEXaHIYHO, a Oy/ib-AKa 3MiHa B CTPYKTYp1 3aKpucTanizoBaHoro Teepaoro craBy WC-Co
MOJKE CIIPUYMHUTH (pa3oBuil nepexin [62].

B 3B’s13Ky 3 BuLIe3rajaHuM Jijisl SMEHIIEHHST «MacKyto4oro» edekty nudpakiii Bija
WC na qudpaxiiini nmiku Co-¢aszu, dhazoswuii ananis 3paskiB WC-15Co gocnimxyBanu B

MoKoa BunpomidtoBadHi (A, = 0.07107 M) 3a nonomoroto nudpakromerpa JJPOH-4.
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In-situ pa30Bi 3MiHU B KOMIIaKTaX 3 TBEPAUX CILJIaBIB B TEMIIEPaTypHOMY 1HTEpBaJIl
B 20 °C go 1000 °C mocnipKyBaauch 3a gonomoroto audpakromerpa Rigaku Ultima

IV, o6nagnanoro BucokotemmneparypHoro kameporo Anton Paar HTK 2000N (puc. 2.4).

o

a — BUCOKOTEeMITepaTypHa kaMepa BcTaHOBIeHa Ha qudpakromeTp Rigaku Ultima IV;
6 — BoJIb(PpaMOBHIA HarpiBay 3 po3MIIIEHOIO HA HHOMY IIPECOBKOIO Ta TEPMOMNAPOIO il
9gac eKCIIEPUMEHTY

Pucynok 2.4 — BucokoremneparypHa kamepa Anton Paar HTK 2000N

Jlist 3armo6iraHHs B3a€MOii JJOCITIIKYBAHOTO 3pa3Ky 3 BOIb(PaAMOBUM HarpiBauem

(puc. 2.4 0) Ha ocTaHHIM HaHOCWJIACh CHUPTOBAa emynbcis mnopomky AlQOs, sxkuit
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3aJIMIIABCS CTIMKMM B yChOMY IHTEpBaji Temriieparyp. JlocimiKeHHs MPOBOIWIOCH B
CepeIOBHUILI BaKyyMy, sikuii csaras 4-10° mGap. [IBuaxicts HarpiBy cknagana 40 °C/xs,
HIBUIKICTE oxonopkeHHs 50 °C/xB.

MakpoHanpy>KeHHS  OI[IHIOBAJIMCS METOJAaMH 3MIHH KYTOBOTO ITOJIOKCHHSI
TudpakImifHIX MaKCUMYMIB JOCTIKyBaHOI ¢asum Ha oci 20 (BigmoBigHO 3MiHA
MDKIIOIMHHMX BifcTaHed) Ta MeTOmoM Haxuiy (sin?y). 3mimenHs audpaxumiiHux
MaKCHMyMIB BHW3HaYaJld 3a PI3HUICID MK EKCIIEPUMEHTAJbHO BU3HAYCHUMU
MDKIUIOIMAHHAMA  BIACTAHAMU (dexen) 13 BUKOPHUCTAaHHAM 3akoHY Bymnwda-bperris
(piBHAHHA 2.1) Ta MIDKIUIOIIMHHUMHU BIACTaHAMHM B HEHampy:XeHOMY cTaHl (dpos)

JTOCTIKYBaHO1 (ha3u.

dexen. = A/ 2 - sinb, (2.1)

7€ dexen, — €KCIIEPUMEHTAIBHO BU3HAYEHA MIKIIIOIIMHHA BifICTaHb, A;
A — nomxuHa xBuiii CuKo BUIIPpOMIHIOBaHHS, HM;

0 — KyT KOB3aHHS, pal.

MIKIUIOIIMHHI ~ BIACTaHI B HEHANPYXKEHOMY  cTaHl  dp,s ~ BH3HAYaJIHW,
BUKOPHCTOBYIOUM €KCIIEPUMEHTAJIHbHO BU3HAYCHE KYyTOBE MOJIOKEHHS TUPAKIlT Iepiioi
TUIOLIMHU JOCHIIKYBaHo1 ¢da3u. BiqnosigHo, nedopmaiiito (BiIHOCHY BiJICOTKOBY 3MiHY

KyTOBOTIO MOJIOKEHHSI TU(PPaKIIii TUIOLMH) MOXHA O0OUYHUCIUTH 3a (popmynoro 2.2.

€= (deKcn. - p03.) / dexen., (22)

ne € — nedopmarris, %;
exen. — EKCTIEPMMEHTAIBHO BU3HAYEHA MIKILIOIIMHHA BiICTaHb, A;

dpos. — PO3paxyHKOBa MIXKIUIOIIMHHA BiJICTaHb, A.

3MilIeHHS T pakuiftHoro MaKCUMyMy B1JIHOCHO PIBHOBa)KHOTO

(HeHampy»KEHOT0) CTaHy B CTOPOHY MEHIIMX KyTiB 20 CBiIYUTH MpO 30LIBIICHHSA
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MDKIUIOITMHHOT BiACTaHl (moaarHy nedopmaiiiro), abo Big’emHy aedopmallio 3a
3MIIICHHSAM MaKCUMyMYy B CTOPOHY OUIBIIMX KyTiB (3MEHIICHHS MIUKIIOIMIMHHOL
BiJicTaHi). 3MiHA MDKIUIONMHHUX BIJCTaHEH B KPUCTAIIYHIA TPaTIi € PEaKIlier Ha
30BHIIIHI CUJIM. BHYTpIIIHI CHIM AiOTh B HANpPSMKY, MPOTHUJICKHOMY 30BHIIIHIM.
301bIICHHS MIKIUIOIIUHHUX BiJICTaHEH B KPUCTANIYHIN IPaTIll CBITYUTH PO 3aTHILIKOBI
CTHCKAIOul HANPY>KeHHS 1 HaBMaKH — 3MEHIICHHS MDKIUIOIIMHHUX BiJICTaHEH BKa3ye Ha
PO3TATYIOUI 3alUIIKOBI HANPYXCHHsS. BenmuumHy BHYTpIIIHIX HANpyXeHb MOXKHA

BU3HAYWTH, 3aCTOCYBABIIH 3aKkoH [ 'yka, BUKOpucTOBYtoun hopmyiy 2.3.

c=¢-(-E/p), (2.3)

Jle G — HOpMaJIbHE HarpyxeHHs1, MI]a;
€ — nedopmariis, %;
E — monyns FOwnra, I'Tla;

u — koedimieHT Ilyaccona.

Posmip obGmacteéi  korepentHoro  poscitoBanHs (OKP) Buznauamum 3a
BUOKpEMJIEHHSIM (po3AUIeHHSIM) e(deKTiB aedopmaliiii rpaTku (MIKpOHAINPYXEHb) Ta
po3Mmipy kpuctamTiB (OKP) rpadiuno merogom Binmbsmcona-Xomia B KOOpAMHATaX
BcosO — 4sinf. Tak, 3HaYEHHS B TOYIll MEPECIYCHHS ANPOKCUMYIOYOi KPHBOi 3 BIiCCIO
abcmuc (Bcosh) xapakrepuzyBatume po3mip OKP nocnimkyBanoi das3u, 10 OnucyeThes

cniBBigHomeHHsM Llleppepa 3a popmynoro 2.4.

doxr = (K -A) / (B - cos0), (2.4)

ne doxp — pO3MIp KPUCTAJIITIB,;
K — koedimient dakropy ¢hopMu KpUCTaITIB;
A — nomxuHa xBuiii CuKo BUIIPpOMIHIOBaHHS, HM;
B — mupuHa qudpakuiitHoro MaKCUMyMY Ha MOJOBHHI HOTO BUCOTH, Pal;

0 — KyT KOB3aHHS, pa.
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2.4 JTocaigskeHHsI MIKPOCTPYKTYPH Ta XiMiYHOI0 CKJIAAy

[TinroroBka cepiii TBEpPAUX CIUIABIB /10 MOJAJBIINX TOCHTIKEHb Ta BUIPOOYBaHb
noJisiraia B nuIiyyBaHHI Ta MOJIIPyBaHHI 3pa3KiB aJIMa3HUM IHCTPYMEHTOM JI0 CTaHYy, KOJIA
Ha TIOJIIPOBAHMX MOBEPXHSIX JOCATaNIacs M3epKaibHa maakicts [101].

BusHaueHHs piBHSI 3aJIMIIIKOBOI MOPUCTOCTI Ta HASIBHOCTI 1)-ha3u MPOBOIUIOCS
IUIIXOM aHami3dy 300pa)keHb CTPYKTYp TBEpIUX CIUIaBIB, OACP’KAHUX 3a JOIMOMOTOI0
ontudHOTO MiKopckommy Neophot 21. Binbmr getanpHUN CTEPEONOTIYHHN Ta XIMIYHUI
aHai3 MOJIPOBaHUX IMOBEPXOHB, (PpakTorpadiil Ta MOBEPXOHb 3HOIIYBAHHS TBEPIUX
CIUTAaB1B MTPOBOAMBCS 32 JOMIOMOT'OI0 CKaHYIOYOTO €JIeKTPOHHOTO Mikpockorry PEM-1061,
10 o0JaJHAaHUM eHeproaucnepciiuuM xiMiuauM ananizatopom Oxford X-Max 20, Ta

AxiaChemiSem, o6nagnanum ananizatopoM TrueSight X.

2.5 BusHayeHHsA (i3MKO-MeXaHIiYHHUX BJIACTHBOCTEH

Bu3HaueHHs TpaHUIl MINHOCTI MPU TPUTOYKOBOMY 3THHI, MIKPOTBEPIAOCTI 3a
Bikkepcom Ta TBepaocTi 3a Bikkepcom 1 PokBensiom BHKOHYBald 13 3aCTOCYBaHHSIM
YVHIBEpCAJIbHOI MAIIMHU JUIsl MEXaHIYHuUX BunpoOyBaHb Y-10-1, TBepaoMipis
MHYV - 1000, Leeb LHBRV-187.5DX 1 TK-2, BianoBigHo.

3a  pmomomoroio  mpodinomerpy-nipodinorpady  SM-Instrument  RT-10
OLIIHIOBAJIMCS HIOPCTKICTh Ta Tonorpadis AUITHOK MOBEPXHI CTalIeBOI 3arOTOBKM MIcs 1i
XOJIOIHOTO TIIACTUYHOTO IOBEPXHEBOTO JehopMyBaHHS BUIVIAKYBa4eM 3 TBEPIOTO
crutay WC-15Co. I[opcTkicTh, 1m0 BiAmoBigana modyatky, 1/3, 2/3 Ta KIHIIO HIISXY
BUIIIA/HKYBaHHS OOpOOJIIOBAaHOT MOBEPXHI CTAJeBOI 3aroTOBKM BU3HAyajacs MUIIXOM
YCEPEIHEHHS 1T’ ATH BUMIPIB BIJIPi3KiB MOBEPXHI TOBKHUHOIO 4,8 MM.

TpuBumipHi Manu Gopmu poOOYOT MOBEPXHI BUITIAJXKYBauiB 3 TBEPIOIO CILJIABY
WC-15Co onepxyBajii 3a JIONMOMOIOI OE€3KOHTAaKTHOro iHTepdepenuiitnoro 3D-
npodinorpady Micron-alpha. BumiproBana nmpsimokyTHa finsiHka maia croponu 40 ta 30

MKM.
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B Tabnumi 2.1 HaBeAaeHO Mepesik BUKOPUCTAHUX B PoOOTI, MiJ Yac BU3HAUYCHHS

q)iSI/IKO-MGXaHi‘{HHX BJI&CTHBOCTGI‘/’I, CTaHIapTHUX MCTOOUK.

Tabmuus 2.1 — Metoauku BUMIPIOBaHb Ta JIOCIIKEHb

Crangapt Ormmic Ilocunannsa

ASTM B962-23 | BumipioBaHHS TIUTBHOCTI CIIPECOBaHHX  a0o [105]
CIIEYCHUX MPOJIYKTIB MOPOIIKOBOI METaIyprii i3

3aCTOCYBaHHSM MPHUHLUITY ApXimena

ASTM B887-24 | BumiptoBanHsi koepiutuBHoi crin (Hc) TBepanx [106]

CIUIaBIB

ASTM B665-24 | MeranorpagiyHa MmiroToBka 3pa3KiB 3 TBEPIOTO [107]

CIIJIaBy

ASTM B657-23 | BumiptoBanHsI po3MipiB CTPYKTYPHHUX CKJIQJJOBUX [108]

TBEPAUX CILJIABIB

ASTM B294-22 | BumiptoBanHs TBepaocTi 3a PokBemiom 3a [109]

mkaior A (HRA) TBepaux cruiaBis

ASTM B406- BumiproBaHHS MILIHOCTI PU TPUTOUYKOBOMY 3THHI [110]

96(2021) (TRS) TBepaux crijiaBiB

2.6 Excnutyarauiiini BUIpoOyBaHHA

Onmnepartii OypiHHS, TOYIHHS Ta XOJIOAHE TUTACTHYHE MOBEpXHEBE Ne(POpMYyBaHHS
Oynu 0OpaHi AJig BUSHAYEHHS €KCIUTyaTal[liHUX XapaKTEePUCTUK Cepiil TBEPAMX CIIaBiB
WC-6Co, WC-8Co ta WC-15Co, BiANOBIIHO, IK HAWO1IBII TUTIOB1 YMOBH €KCILTyaTallii
JUTSL KOKHOI 3 TOCTIPKYBaHUX MapoK.

BusHaueHHs eKcIulyaTallliHUX XapaKTEepPUCTHK JOCHIKYBAaHUX CEpiid TBEpAMX
CIUIaBIB NMPOBOAMIM Ha BUMPOOYBAJBHUX CTEHIAaX, 3MOHTOBAaHUX Ha YHIBEPCAIbHUX
tokapaux Bepctarax JAII1-200 mix yac Oypinus kepHy Topesbkoro nickoBuky, CJ6250YB
3a XOJIOJHOTO TUIACTUYHOTO IMOBEPXHEBOTO jJehOpMyBaHHS 3aroTOBKU 31 ctanmi 45 Ta

16K20 mig yac TOYiHHS 3arOTOBKH 3 CIPOTO YaBYHY.
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[TapameTpu KOKHOTO 3 TIPOIIECIB 00pOoOKH Oys10 00paHo 3 ypaxyBaHHSIM PEKUMIB,
PEKOMEHJIOBaHUX [IJI1 POOOTHM TBEPAOCIJIABHOTO I1HCTPYMEHTY Ta TEXHOJOTTYHHUX
BJIACTUBOCTEH Marepiaiy, skuii oopoomroBases [2], [3], [102].

HuniaapuyHi eaeMeHTH aiamerpoM 10 MM Ta AoBXHHOIO 16 MM, ojaepkaHi 3
tBepaoro criaBy WC-6Co 0mHOBICHUM MPECYBaHHSM, MTOJIOBUHY 3 KX TiggaBand XII1
0  CHOIKaHHSA, CIYTyBadM  MOPOAOPYHHIBHMUMH  BCTaBKaMH  JUIsi  TOYIHHS
(pyiinyBaHHs/0ypiHHs) KepHy Topespkoro mickoBuka. IlopomopyiiHiBHA BCTaBKa
YKOPCTKO 3aKpIIUTIOBAJIacs B TpUMad, 1110 OyB BCTAHOBJICHEHW B Pi3lleTpUMad TOKAPHOTO
Bepctaty CJ6250Y B. llIBuakicTs o0epTaHHs ®y KepHY Tope3bKoro MmicKOBHKaA CKiiaiala

355 06/xB, noB3norxHs mogava f— 0,037 mm/06 (puc. 2.5, Tadim. 2.2).

2 Ow

1 — noponopyiiHiBHa BcTtaBka 3 TBepaoro craBy WC-15Co; 2 — 3arotoBka 3

Topespkoro MmicKoBHKA; 3 — TpUMad MOPOJOPYHHIBHOT BCTABKU

Pucynok 2.5 — Cxemaruyne 300paxxeHHs1 BUTIPOOYBAJILHOTO CTEHA Orepartii OypiHHs

Omnepatiis TOUiHHS TPOBOAMIIACSA Ha YHIBEpCcallbHOMY TOKapHOMY Bepcrtari 16K20.
B sikocTi 06po0IroBaHOTO MaTepiaiy ClIyryBajia 3arotoBka 3 ciporo yaByHy CU20. Pizmi
3 JochiKyBaHUX cepid TBepaoro craBy WC-8Co KOPCTKO 3akpillIIOBaIMCS B
JIep’KaBKy, 110 Oyna BCTaHOBJIEHA B pI3IETpUMad TOKapHOro Bepcrary. [IIBHAKICTh
o0epTaHHs ®y YaBYHHOI 3arOTOBKM CKJajgana 355 o6/xB, moB3aoBxHs nojgava f — 0,15

MM/00 (puc. 2.6, Tabm. 2.2).
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1 — pizens 3 TBepaoro ciuiapy WC-8Co; 2 — 3arotoBka 3 ciporo yaByny CU20;
3 — aepkaBKa pi3is

Pucynok 2.6 — CxemarnuHe 300pakxeHHs] BUTPOOYBAJIbHOIO CTEH/AA Onepariii TOUiHHs

[umiHaApUYHI €JIeMEHTH JiaMeTpoM 8§ MM, JOBKHUHOKO 16 MM Ta pajaiycom
3a0KpYIIICHHS 5 MM, ojieprkaHi 3 TBepaoro criapy WC-15Co ofHOBICHUM IPECyBaHHSM,
TpeTio YacTuHy sikux migaaBaau XIII 1o crikanus Ta mie oguy Tpetuny niggasanud BI'T
tuckom 400 MIla micas croikaHHs, CIYTyBajd BHIVIAJKYIOUMMU BCTaBKaMM IS
XOJIOAHOTO TIUIACTUYHOTO TOBEPXHEBOTO Je(OpMYBaHHS 3aroTOBKM 31 crtam 45.
BurnamkyBad sopCTKO 3aKpiruIroBaiacs B TpuMad, 110 OyB BCTAaHOBJICHUMN B pi3leTpuMay
tokapHoro Bepcrary CJ6250YB. llIBuakicTs 06epTanHs ©y KepHY Tope3bKoro micKoBHKa
ckianana 355 06/xB, moB3noBxkHs nmogada f— 0,037 mm/00 (puc. 2.5, Tabdm. 2.2).

3 npoxkaty Kpymioro npodiiato (TBepaicTio 3a mkanow HB 210) 6yno BUToTOBIEHO
IAJITHAPUYHI 3arOTOBKH JiamMeTpoM 30 MM Ta goxuHOI0 350 MM. BakauBo BiAMITHTH,
IO CTajJbHI 3aroTOBKM OOpOOJSIM MO ONHIA Mepel KOKHUM EKCIIEPUMEHTOM Ha
TOKapHOMY BEpCTaTi, SIKMM TMOTIM BUKOPUCTOBYBAJIU SIK BHUIPOOYBAIHHUU CTEH]I.
[IopcTKicTh TOBEPXHI CTAJIBHUX 3arOTOBOK IEpE] BHUIIIAKYBaHHSIM, B CEPEIHHOMY,
ckianana Ra = 5,2 MkMm, 110 BiJNOBIJlajia HAIMIBYUCTOBOMY TOUIHHIO Ta MPAKTUYHO HE
3MIHIOBAJIaCh MK 3aroroBkaMu. OTke, 3BOAMIIUCS O MOXIMUBOTO MIHIMyMY MOXHOKH

00po0III0OBaHOT TOBEPXHI MEPE1 BUITIAIXKYyBAHHSIIM.
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BunpoOyBanpHuii CTEH CKJajgaBcs 3 TokapHoro Bepcraty moxa. CJ6250YB, B
pi3lieTpuMay SIKOro OyJ0 BCTAHOBIEHO JWHAMOMETpP MPY>KUHHOTO THIY OPUTIHAIBHOT
KOHCTPYKIIii, IKHI OTHOYACHO CIYTyBaB TPUMadeM JIJIsl BUTIKyBaya 3 IO CIIIIKYBaHOTO
TBepAoro cmiaBy (puc. 2.7). Jlns BU3HAUCHHS HaBaHTaXXCHHS BUKOPHUCTOBYBABCS
1HAMKaTOp roguHHUKOBOrO TUity Mapku MY-10-0,01, knac Tounocrti 1. [lepen mouarkom
KOXKHOT cepii MOCTIPKeHb 3 BHUIIA/DKyBaHHS 3IMCHIOBAIA TapyBaHHS TWHAMOMETpPA

eTtajgoHaMH, Baroro Bijg 1 go 10 kr.

1 — Burnaxxysau 3 TBeporo ciay WC-15Co; 2 — 3aroroBka 3i ctaii 45; 3 — IHAUKATOP
TUHAMOMETPA; 4 — MPY)KWHA JTUHAMOMETPA
Pucynok 2.7 — Cxemaruyne 300paxeHHsI BUTTPOOYBAJILHOTO CTEHAA OTepallii X0JIOIHOTO

MJIACTUYHOTO TOBEPXHEBOTO Ae(hOpMYBaHHS

3ycuiuist Hatucky F pedopmyrodoro iHcTpyMeHTy ckimanaino 294 H, mBuakicts
00epTaHHs My, CTalieBOi 3aroToBKH — 315 00./xB, moB3noBxkHs nonada f — 0,097 mm/00.
[Iponiec BumIaKyBaHHA BiAOyBaBCS 3a Mmogadi B 30HY OOpPOOKM MAacCTHIIBHO-
oxoJokyBanbHoi pimuan (MOP) — 5 % po3unH KOHIIEHTpaTy HamiBCUHTETHYHOI
emynbcii y Boai. MOP Ge3nepepBHO MmomaBaiau B 00JacTh OOpOOKM B KIUIBKOCTI, sIKa
3a0e3nevyBaia MOCTIHE 3MOYYBaHHS TOBEPXHI 00POOITFOBAHOT 3ar0TOBKH, 1110 Bi3yaJIbHO
KoHTpomoBaiocs. nsax, mpoitnenuit ne@opmyrounM I1HCTPYMEHTOM 3 000X cepii

TBEPAOTO CIUIaBY, 1JIs KO)KHOTO €KCIIEPUMEHTY CTaHOBUB 340 M.
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binbm geranbHi yMOBU mpolieciB OypiHHS, TOUiHHS Ta XOJOJHOTO IUIACTUYHOTO

nedopMyBaHHS HaBeIeHO B TabOuIl 2.2.

Tabmuis 2.2 — TeXHONIOT1YHI YMOBH €KCIUTyaTalliiHuX BUMIPOOYBaHb IHCTPYMEHTIB

3 TBepaux cmiaaBiB WC-6Co, WC-8Co 1 WC-15Co

THCTPYMEHTY, MM

3YCHILIA

HaTucKy 294 H

Texnonoriunuit mpomec / Bypinns Touinns XonogHe
YMOBH MJIaCTUYHE
MOBEPXHEBE

nehopMyBaHHS

[HCTpYMEHT [ToponopyiiniBHa Pizenn Burnapkysayu

BCTaBKa
Marepian IHCTpyMEHTY WC-6Co WC-8Co WC-15Co
Martepiai 1o 06poosiBest Tope3bkuii Cipuii yaByH Crainb 45 [104]
nickoBUK [102] C4Y20 [103]

HMiametpu  00pOOIIIOBAHOI 80 78 30

3aroTOBKH, MM

IBuAKICTH o0epTaHHs 355 315 315

3arOTOBKH, 00/XB

IToB3m0OBXHS ITOa4a, MM/00 0,037 0,15 0,097

[logaua piguHu B Micle Bona - MactunbHo-

KOHTAKTy 1HCTPYMEHTY 3 OXOJIOKyBaJbHA

00poOII0BaHUM MaTepiaioM piauHa

I'mubnna BIPOBAIHKCHHS 0,5 Jlo KoHTaKTYy, 0,5
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3 BIIVIUB XOJIOAHOI'O I30OCTATUYHOTI O ITPECYBAHHA HA KIHETUKY
KPUCTAJI3AILII TBEPIUX CILIABIB

Xonoane 13octarnune npecyBanHs (XII1) € He muIIe TEXHOIOTIEI0 KOMITAKTYBaHHS
MOPOIIKOBUX Matepiani, mia yac XIII ckmagoBi MOpOMIKOBUX CyMIIIEH MiANalOThCs
CYTTEBUM HaBaHTakeHHSM. OCKIUIBbKM Ha €Tarl IpecyBaHHS BIACYTHI Taki (QakTopH siK
TepTS 00 CTIHKHU IMpec-pOopMH Ta HEPIBHOMIPHICTh PO3MOALTY 3yCHUIUIS IPECYBaHHS 10
00’emy mpecoBku, THCK XIII B 400 MIla € gocratHiM 1isi BHECEHHS HE3BOPOTHUX
IJIACTUYHUX Ta PyHHIBHHUX 3MiH B CKJIaJ0B1 OaraThox marepiaiis [38].

B3aemonis ckmamoBux wmarepiany Mk coboro mnpu  XIII HasuBaroTh
KBa31130CTATUYHUM MEXaHI3MOM CTHCHEHHSI, KOJU OKpPEMI YaCTHUHKU MOBOJSATH ceOe SIK
yacTuHa onHopimHoro warepiany [13]. OcnHoBHumu Baxensmu BrumBy XIII Ha
MOPOIIKOBY CUCTEMY € ME€XaHIYHa aKTUBAIIA i1 CKIaJ0BUX (HACUUCHHS TUCIIOKAI[ISIMU Ta
NIJBUILIEHHS P1BHS 3aJIMIIKOBUX HanpyxeHb B (pazax cuctemu WC-Co) Ta nonpiOHeHHs
kpynHux yacTuHok WC. L1 He3BOpOTHI 3M1HU MAIOTh MIPSIMUI BIUIMB Ha repeoir (a3oBux
3MIH y Marepiaji mij] yac CIiKaHHs, CTPYKTYpPY Ta, sIK HACIIAOK, Ha BIACTUBOCTI TBEPAUX

CILIABIB.

3.1 3aKoHOMIPHOCTI YIIUIbHEHHS TBEPAUX CILVIABIB Iil YaC KOMIIAKTYBaHHA

X0JI0AHUM iZocTaTHYHUM IpeCyBaHHAM

[IpecyBaHHs JOBroMipHHX BHPOOIB Ta BHUPOOIB CKJIAAHOI (POPMHU OJHOBICHUM
METOJIOM CYTPOBOIKYETHCS HASBHICTIO TPAAIEHTY IMUIBHOCTI 1O 00’ €My 3aroToBKH [92].
CrikaHHSI TaKMX BUPOOIB MiJl 4aCc OXOJOJKEHHS MPU3BOAUTH A0 YTBOPEHHS A€(PEKTIB Ta
KOpoOneHHs. 301IbIICHHS 3YCWUIS OJHOBICHOTO TIPECYBaHHS MPU3BOIUTH 10
po31IapyBaHHS HECIEUEHUX 3arOTOBOK Ta CKJIAJHOLIIB Yy BUIIPECOBYBAHHI 3 MaTpHII],
MPEC-0CHACTKA 3a3Ha€ IHTEHCHBHOTO 3HOITYBaHHSI.

Hezanexxno Big BMICTy KOOANbTy, BONB(GPAMOKOOATHTOBI TBEP/l CIUIABH MAaOTh
CXOXKY TEHACHIII0 POCTY IIIJILHOCTI HECTICUEHOTO KOMIMAKTY 31 301JIBIIEHHSM 3YCHJLIS

XOJIOAHOTO 130CTaTUYHOTO TpecyBaHHs (puc. 3.1).
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TS

70 MIla OgHoBicHe npecyBaHHS

/7] 100 MIla XonoaHe i3ocTaTuune npecyBaHHs
200 MIla XonoaHe i3ocTaTHUHE NpECy BAHHA
300 MTITa XonozHe i30cTaTHYHE NpeCyBaHH:
400 MTTa XonoaHe i30cTaTHuHe Npecy BaHHs

70 |

BinHocHa winbHicTs, %

WC-3Co WC-8Co WC-15Co
Teepauii cnunas
Pucynok 3.1 — BruiuB 3ycuiiis npecyBaHHS Ha BITHOCHY HIUTbHICTh KOMITAKTiB TBEPANX

ciiaBiB WC—-3Co, WC-8Co, WC-15Co

3ycuiuist npecyBanHs y 70 MIla — TumoBe y BUPOOHHUIITBI TBEPAOCILIABHOI
MPOAYKIIii, HE € JOCTATHIM ISl YCYHEHHs MOPOKHUH MK Tpanyilamu (puc. 3.2 a) Ta
MPU3BOANTH JI0 BUHUKHEHHS MeE30CTPyKTypu [111], mo Moke 3ryOHO BIUTMBAaTH Ha

BJIACTHUBOCTI TOTOBHX BUPOOIB 3 IIUX MaTepiaiib.

a — ofgHoBicHe npecyBaHHs; 6 — XIII

Pucynok 3.2 — IloBepxHi HecneueHUX kKoMmnakTiB TBepAoro cmiasy WC-8Co,

OJIepPKaHOTO OJTHOBICHUM TpecyBaHHsIM Ta XII1



70

3 METOI0 JIETAIbHOTO aHaIi3y 3aKOHOMIPHOCTEH 3MiHU IIUTBHOCTI IPECOBOK [92]
tBepaux cmiaBiB WC-3Co, WC-8Co 1 WC-15Co Bin tucky XIIT Oyno 3acTtocoBaHO

rpadiuny iHTEepHpeTalio piBHAHHSA, 3ampononoBaHoro M. 0. Bansmunum (puc. 3.3).

2.7
! —a&— WC(C-3Co
26 | —=— WC-8Co
—eo— WC(C-15Co
25 |
24 1
o a
iry B
21 |
20 b 1
\\\ \
]59 L 1 L 1 M 1 M
155 1.6 19 1.8 1.9

[ — nyiactryHa Tevid maactugikoBaHoi cyMiil; /7 — nactuaHa aedopmariisi KoOabTy;
111 — xpuxxke pyiiHyBaHHs1 YacTUHOK WC
Pucynok 3.3 — [iarpamu npecyBanHs TBepAux ciiaBiB WC-3Co, WC-8Co 1 WC-15Co
tuckamu XII1 Big 100 MIIa no 400 MIla 3a M. 1O. Bansmuanm

3 pucyHKy 3.3 BUAHO, 110 KpuBi 1gP — 3, K1 BIANOBIAAI0Th TBEpAUM ciutaBam WC-
3Co 1 WC-8Co, MaroTh OMyKJIICTh Bropy Ta OMYKJIICTh BHU3, BIAMOBIIHO. /{15 cruiaBiB
WC-3Co 1 WC-8Co npsiMmorniHiitHa 3aleXHICTh IgP — B mopyuryeTbesi 3a JOCATHEHHS
tucky XIIT B 300 MIla. BoueBuasb, TiHIHHICTH AUISHOK, IO BIJIMOBIIAIOTh CTaAll / KOXKHOT
3 JOCIHIKYBaHHX Cepiil 3yMOBIIEHa IUIACTUYHOIO nedopmariiero miactudikatopy. 3
niaBuiieHHsM Tucky XIIT 61asie 300 MlIla (craais /11) nns tBepaoro ciiapy WC-3Co
B 3B’S3Ky 3 MajJMM BMICTOM KOOanbTy Ta OUIbLI PO3BUHYTUM KapOIJTHUM CKEJIETOM,
HIUTHHICTh TIPECOBKU TMOYMHAE 3POCTATH IIBUIIIE 32 PAXyHOK PYyWHYBaHHS YaCTHHOK
WC. VnoBinpHeHHs pocTy HIIbHOCTI 3 miaBuieHHAM TUCKy XIIT Gumbme 300 MlIla
(cramiss IIl) nns tBepmoro cruiaBy WC-8Co moB’si3aHe 3 JIIMITYBaHHSM KPHXKOTO

pyinyBanHs yactTiHOK WC mactuuHimmm kobansroM. Crasis /1 Ha kpuBiid 1gP — B, mo
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BianoBigae TBepaomy cmiapy WC-15Co, moB’si3aHa 3 peaiizalli€lo IJIaCTUYHOCTI
K0OaJIbTY, BMICT SIKOTO HAMBUIIMK cepel] T0CTIHKYBaHUX CEpiil TBEPIOTO CILIIABY.

[TigBUIIEHHS MITFHOCTI 3 POCTOM 3yCHJIUIS XOJIOAHOTO 130CTaTHYHOTO MPECyBaHHS,
IEPII 3a BCE, MOB’S3aHE 3 MPOKOB3YBaHHAM OKPEMMX YAaCTUHOK Ta KJIACTEPIB YACTHHOK
BIJTHOCHO OJ[Ha OJHOI Ta YCYHEHHsI IOPOKHUH MIX Tpanyiaamu (puc. 3.2 6).

[IpupicT y HIIBHOCTI MPECOBOK TBEPAHMX CIUIaBIB YCiX TPHOX CEpid MOMITHO
ynoBuUIbHIOETECA Bxke Ha 300 MIIa (puc. 3.1). 3a noganbmoro 3pocranus tucky XIII,
VIIIJTBHEHHS! TBEPJAUX CIUIaBIB MEPEBAKHO 3IHCHIOETHCS 3a paxyHOK Aedopmariii Ta
pyliHyBaHHs CKJIaqoBux cucrtemMu (puc. 3.4). PyiiHyBaHHs okxpemux 4acTHHOK WC

cnocrepiranocs Bxe 3a Tucky XII1 B 300 MI1a.

Pucynox 3.4 — CEM 300paxenns 3pyitHoBanoi yactuaku WC micnsa XIIT moporkoBoi

cymimr WC-8Co

Yactuaku WC MawoTh (QopMy TPUKYTHHUX MPU3M 3 BUPKEHUM TabITYCHUM
orpaHioBaHHSAM. TpukyTHa ¢opma 0OyMOBJIEHA TUIIOM KPUCTAIIYHOI I'paTKu KapOiay
Bosb(pamy. Tak, O6azucHi mionmuau (0001) rekcaronansHOI IpaTku GOPMYIOTh TPUKYTHY
ocHOBy mnpusmu, a miomuHu {1010} 1 {0110} — OiuHi, IPSAMOKYTHI I'paHl IPU3MH,
yrBoptoroun MoHokpuctanm WC. Taki wactunku WC MaloTh BEJIUKY aHI30TPOIMIiI0

BIacTUBOCTEH. TBEepAICTh TPHUKYTHOI TpaHl Maibke BIBIYl BHINA 32 TBEPAICTb
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NpsMOKYTHHX Tpanei [112]. Takoxk, 3BOPOTHO A0 TBEPAOCTI, CYTTEBO PI3HUTHCSH 1
TPIIIMHOCTIMKICTE [113] KX MIIOIIMH.

[Mlin wac XIII B yMoBaX YyCECTOPOHHBOTO CTHCHEHHS, pEali3y€eThCs
KBa31130CTaTUUHUNA MeXaHI3M: cycifiHi yacTuHkM WC HeMHHy4Ye B3a€EMOJIIOTH MIXK
coboto, psmarodu 1 PakTUIHO IHACHTYIOUH (prc. 3.5) ORI TBEPAUMH TUIONTMTHAMY 1HII

IUTOIIMHU Ta HaBITh pyHHYIOTH (puc. 3.4) onHa OfHY.

Pucynok 3.5 — MozenbHa Bizyauni3ailis B3aeMoli cycigHix yactTuHok WC mig yac XII1

Tak, yactuaku WC mnonpiOHIOIOThCS pyiHyrounch (puc. 3.4). Peanizyerhbes
HE3HayHa TUIACTHYHICTh KapOimy BodbPpamy dYepe3 3aaisiHHS CHUCTEM KOB3aHHS
reKcaroHajgbHOi rparku [83]. 3amumkoBl HampyxkeHHs B vacTUHKax WC MOXYTb
yacTkoBO criagkyBarucs 3epaamu WC [114]. TlogpiOnennst okpemux yactuHok WC Ta
MIIBUIIEHHS X 1e()EKTHOCTI MiJl Yac XOJOAHOTO 130CTaTUYHOTO MPECYBaHHS BIUTMHYIIO
Ha po3mip Ta ¢opmy 3epeH WC y crieueHOMYy TBEPJIOMY CIUIaBi, 10 OMHUCYETHCS B
HACTYITHOMY PO3/ILi.

Opnnak, yci 3mian, BHeceHl XIII y ko0anmbTOBY CKIIaOBY, BIAMOBITAIBHY 32
MIIHICTh Ta TPIIMIMHOCTIHKICT, TBepaoro crary [115], ycyBawoThes pinkodazHuM
crikaHHSAM. 3B’s3yroda (aza B TBEpAUX CIUIaBaX MPEACTaBIsE€ COOOI0 TBEPAU pO3UUH
BOoJb(paMy i ByIIelio y koOaneTi. TemrnepaTypa yTBOpeHHs €eBTeKTHUKU Ha 0cHOB1 Co €
3HAYHO HIKYOIO 32 TEMIEpaTypy IJIaBICHHS YUCTOro KoOanbTy 1 craHoBUTh 1320 °C

[46]. Ha mnpaxtumi, 3amia iHTeHCHdikamli AUQy31HHUX TPOLECIB Ta AOCATHEHHS
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IIIJIbHOCTI, MaKCHUMaJbHO OJM3bKOI JO0 TEOPETUYHOI, TBEPJl CIUIaBU CIIIKAIOTh 3a
temriepatypu Ha 5% — 15%, B 3aJ1€XHOCTI BiJl BMICTY KOOQJIBTY, BUIIIOI 32 TEMIIEpaTypy
YTBOPEHHS €BTEKTHKHU. BiImoBiAHO, yci 3MiHH, SIKi 3a3Hala 3B’ s3yto4a ckiagoBa Co mif
yac XIII, He BIUIMHYIM Ha BJIACTHBOCTI CIEUEHOTO CIUIABY, OCKUIBKH YBECh KOOAJIBT
PO3UMHSETHCS MiA Yac piakoda3HOTO CHIKaHHS 1 MEPEKPUCTATI3y€e€ThCs 3aHOBO IMij] Yac
oxonomxenns. Onnak, XIII BHocuTs He3BOpoTHI 3MiHM B WC (dazy, pyliHyIoun oKpemi
YAaCTUHKM TYTOIUIABKOi CIIONYKM Ta 3MIHIOIOUM Hampy>KeHO-AehOpPMOBAHUN CTaH IlI€l
CKJIaJI0BO1, 1110 HANPSIMY BILTUBAE HA KIHETHUKY CITIKaHHS Ta, SIK HACI10K, 3MiHY ()a30BOTO
CKJIa/ly Ta CTPYKTYpHU CIIEUEHOTO KOMITO3UTY.

Tak, mokazano, mo 3anumikoBi HanpyxeHHsa y WC ¢as3i sk gocmimkyBaHoi WC-
8Co MmOpoIIKOBOI KOMIIO3HIIIi, TaK 1 MPECOBOK, OACPKAHUX 3 Hei Oynu HanpyKEHHSIMU
po3Tiry (puc. 3.6). MakponanpysxeHHss WC ¢a3u nopoIiiky TBepA0CIIIaBHOI KOMITO3UIIIT
Oynu piBHuMHU 10 MlIla, nicast 0HOBICHOTO KOMITAKTYBaHHS MPECOBOK 3 IIbOTO MOPOLIKY
HarpykeHHst B WC da3i 3pocnu maibke B 4 pasu. Maibke B 11 pa3iB 10 3HAYEHHSA
108 MIlIa, nmopiBHSHO 13 3aMUIIKOBUMH HarpykeHHs IMH WC ¢a3u B IOPOINIKY, 3p0OCiu
po3tarytodi HampykeHHss WC ¢a3u B mpecoBini, siKy nomarkoBo mignaBaiu XIIT B

400 MTI]a.

; . : 120

' .
U] 3anuukoei HAITPYKEHHA
B O04acTi KOrepeHTHOIO PO3CIIOBAHHA
| Pimets amilli 3aMHITKOBHX HANPYIKENT

100 |- *

80 |-

I
5
T

.
S
T

T 108 - 100

60 - 980%, - 60

40 | T

f / 140
290%
= 10 _
Vo /i i
WC-8Co nopouiok [Ipecorka WC-8Co XIII
IIpecoBka WC-8Co onHOBiCHE MpecyBaHHS

3amrmkosi Hanpyskenns, Mlla
HiH
O6macTi KoTepeHTHOTO PO3CIIOBANHA, HM

Cran
Pucynok 3.6 — 3anuimikoBi po3TATYI041 Hapy>KeHHS (METOJI 3MIIIEeHHS MU (paKIiitHuX
MaKCHMYMIB) Ta 00JacTi KOrepeHTHOro po3citoBanHs B WC cKkJ1af0Biil HOPOIIKY Ta

npecoBok 3 TBepaoro crary WC-8Co
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3 poCTOM HampyKeHb, 3aKOHOMIpHO [116], 3MeHmmIUCS po3Mipu obiacTen
KOT€PEHTHOTO PO3CIIOBaHHS, 10 BKa3ye Ha MiABUILIEHHA JedekTHocTi yacTuHOK WC.
OCKiTbKM 3HA4YCHHSI HANpYXEeHb € 1HTerpaJlbHUMU, a Ha CTPYKTYypax MOPOIIKOBOTO
KOMITAKTy crocrtepirainucs 3pyiHoBaHi dvactuaku WC (puc. 3.4), TO MOXHa
cTBepmKyBar, 1o Aedopmamiss WC y mokampHuX obmactsax, ne XIII crnpuumauB
HAWBUAMMIIII 3MiHH, € OUIBIIOI0 TTOPIBHSHO 3 YCEPEIHEHUMHU 3HAYCHHSAMU JedopMariiit
nociipkyBaHoro 00’emy ¢asm WC. Came 111 JokajabHI 00dacTi 3 HaWBUIIOHO
KOHILICHTpAI€l0 AePEKTIB HalOIbllle BILTUBATUMYTh Ha KIHETHKY (Pa30yTBOPEHHS Mif
yac CIIKaHHS, 110 OMMCAaHO B HACTYMHOMY MIAPO3JAUIL Ta CTPYKTYpPY KOMIIO3HTY, IO

OIMKMCAaHO B HACTYITHOMY PO3JILII.

3.2 KineTuka (pa30yrBOpeHHs i/l Yac CNIKAHHS TBePANX CILIABIB, OIePKAHNX

X0JI0JHUM i30CTATHYHUM NpeCyBaHHAM

3a3Buuai, mijJ yac CHIKaHHS TBEPJUX CIUIABIB KOOAJIBT Y HUX KPUCTAI3YETHCS B
meractabupHId ['HHK nmomimopduiit Moaudikaiii, OCKUIBKM TakMid THUI TPaTKU
cTab1mi3yroTh po3unHeHl B HboMy W Ta C [61]. ¥V HecnmedeHOMY KOMIIAKTi TBEPAOTO
crutapy WC-8Co ko0anbt, nepeBaxHo, 3Haxoauscs B ['IIIT noniMopdHiit Mmogudikarii.
Opnak, ['IIT-Co 3anumaBcsa ctabuibHuM 10 Temneparypu ~ 420 °C, a nmami, mij 4dac
HarpiBaHHS 10 Temrepatypu crikanHsa TBepaoro cruiapy WC-8Co 1420 °C, 3a3HaBaB
aycteniTHoro 'IIK—TIIII da3oBoro neperBopeHus (puc. 3.7).

AHati3 eBOIIOIIT PEHTIeHIBCHKOT AUPaKIlii CKIIaIOBUX CIIPECOBAHUX KOMITO3HUIIIM
WC—Co y Temnieparypromy miamnasoni 25 °C — 600 °C (puc. 3.7) cBimuuTh npo nepedir
aycteriTHoro ['THIT—-I'IK ¢a3oBoro mneperBopeHHs1 KoOanbTy. XapaKTepHUM €
nocabiaeHHs Ta moBHe 3HUKHeHHs nudpakiii wionuH {100} T'IHIT kobansty (20 ~ 41,5
rpagyca) g0 400 °C 1 mocTtynoBe 3MilIEHHS MiKy, kUil Bianosinae muionuHi (002)
rekcaroHainbHoi Moaudikauii Co (20 ~ 44,5 rpamyca), y CTOPOHY MEHIIMX KYTiB
(301IBIIICHHSI BEJIMUYMHU TTapaMETPy IPATKH) 3 MOAATBIIIUM BUPOKEHHSIM IHTCHCUBHOCTI

3 TOCATHEHHAM Temmneparypu ~ 420 °C.
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Pucynox 3.7 — 2D in-situ BucoxoremMiiepatypHi nudpaxkrorpamu (y KOJIbOPOBUX
KOHTYypax) 3MIHH KPUCTAIIYHOI CTPYKTYpH NMOpoimkoBoro kommnakry WC—15Co

(HarpiBaHHS y BaKyyMi)

30UIbIIEHHA BEJIMYMHU MapaMeTpy IpaTKU KOOAJIBTYy 3 POCTOM TeMIeparypu
yacTKOBO MoB’si3aHe 3 ioro KTP, Takox He BapTO HEXTyBAaTH HASBHICTIO Y TIOPOIIKY Ta
HECIEYEHUX KOMITaKTaxX 3HAYHMX 3aJIMIIKOBUX HAINPYXeHb po3Tiary (puc. 3.6), sKi,
BOUEBH/Ib, TMOCTYIIOBO pEJIAaKCyBaldM TiJ 4ac HarpiBaHHs. Ha psay 31 3MEHIIECHHSM
kuibkocti ['IIT mogudikarii Co, nosia AudpakuiiHUX MAaKCUMyMIB Ha KyTax 20 ~ 44
rpanycu Ta ~ 51 rpagyc momuH {111} Tta {200} I'TIK Co, BiANOBIIHO, € CBITYCHHSIM
cyTTeBoro 3pocranns KutbkocTi ['IIK momudikarii kobansTy. BiqHOCHI IHTEHCHBHOCTI
MaKCUMYMIiB, siki BimoBi1aroTh miomuHam ['IIK monudikarii Co, Oynu HaiiBuimumu. Ha
BIJIMIHY BIJ] MApTEHCUTHOTO TEPETBOPEHHS, MEPEOIr SIKOTO OMHUCYETHCS, K MUTTEBA
3MiHa KPUCTATIYHOI IpaTku noiiMopdy [66], [117], aycTeHiTHE IEpeTBOPEHHS HAMPSMY
3aJIEKUTh B1J] IIBUJIKOCTI MPOTIKAHHA AUQPY31HHUX MPOLIECIB B Marepiaii, a OTKE, BOHO
Oyne po3TsarHyTe B dYaci Ta nmiamasoni Temmeparyp [118]. IlepebGir aycreHiTHOTO

['TIK—I'IIII nepetBOopeHHs KoOansTy B HecrneueHomMy kKommakti WC-15Co Oymo
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3adikcoBaHo, opieHTOBHO, 3a 400 °C. Cmia BpaxoByBaTH BIUIMB YHUCTOTH BHUXIJIHOL
CUPOBMHM TMOPOIIKIB, JAe(pOpPMOBAaHUN CTaH Ta TPAHYJOMETPUYHUN CKJIaJ Ha
TEMIIEPaTypy ayCTEHITHOTO (h)a30BOTO MEPETBOPEHHS KOOAIbTy B TBepAMX cruiaBax [117].

Opnak, Ha BIAMIHY B YHCTOro KOOaJbTy, MeTacTaOlIbHa 3a KIMHATHOI
temneparypu ['LIK momudikanis Co y TBepAHMX cIUlaBaX HE 3a3HA€ 3BOPOTHOTO O
ayCTEHITHOTO MapTEHCUTHOIO MEePETBOPEHHS Yepe3 edeKT 3akpimieHHs (pinning effect)
[19], [76]. 3B’s13yt0ua (paza mpencrasiisgie cOO0I0 TBEPAUI pO3UMH BOJIb(paMy il ByIJICIO
y K0OaJbTi, OCKUIBKH 11 €JIEMEHTH € PO3YMHHUMHU B KOOAIBTI 1 YaCTKOBO 3aJTMILIAIOTHCS
micnst crikaHHsa. Bonbdpam 1 Bymienb, MIJBUIYIOUA €HEPril0 YTBOPEHHS Je(hEeKTiB
NMaKyBaHHA TIpaTKd, CTabULT3ye KyOluHy Moaudikailiio, MPUTHIYYIOUH TOoJIMOpdHE
I'IK—I'TIII neperBopenns [61], [65].

[Tokazano, mo ko6ansT y TBepaomy cruial WC—-8Co, onepkaHOMY OJTHOBICHUM
NPECYBAHHSAM, IiJl Yac CIIKAHHS MICJIA 130T€PMIYHOT BUTPUMKH Ha CTaJll OXOJIOKEHHS
KpucTaiizyBaBcs Ta 30epiras 3a kimHaTHO1 Temriepatypu ['TIK ctpykrypy (puc. 3.8).

Hnst mudpakrorpamu cniedenoro 3pazky WC-8Co (puc. 3.8), skuil 104aTKOBO
niggamu XIIT nepen crmikaHHSAM, XapaKTepHUM € 3HM)KEHHS 1HTEHCHUBHOCTI IU]pakiii
pednekcy, skuil Biamoimae twiomuHam {111}, 20 ~ 44 rpamycu, Ta Maibke MOBHE
BUpOKEeHHS nudpakiii mmommH {200}, 20 ~ 51,5 rpagycu, I'IIK moaudikaiiii koOaneTy.
Jnst hopmu audpakuiiHOro MakCUMyMy Ha KyTi 20 ~ 44 rpagycu XapakTepHUM, OKpiM
HasIBHOCTI po3auieHHs Ha Ka qy0net, € po3ABOEHHS TIKY, 1[0 BKa3y€e Ha MOABY Iu(pakilii
Big mmommHu (002) T'IHIT xoOanbTy 31 CTOpOHU OUIBIIMX KYTIiB. |HTEHCHBHICTH
Makcumymy, sikuil Bianosigae ionHaMm {111} I'IIK monudikarii Co, crutay WC-8Co,
skt mianasanu XIII, 3HauHO 3HM3WIACH, Y TOPIBHSAHHI 3 IHTEHCHUBHICTIO I[HOTO K
Makcumymy Ha audpaxrtorpami criaBy WC-8Co, skuit He mianaBanu XIII. ITik, skuit
Binnosinae momunam {111} 'K mogudikariii Co, 3MiCTUBCS B CTOPOHY OLTBIINX KyTiB
(3MEHIIIEHHSI BEJIWYMHU TIapaMeTpy IpaTKh), 1110, MOXKIUBO, MOB’S3aHO 3 Tepebirom
mapreHcutHoro ['IHIK—IIIII mneperBopeHHs KOOANBTY, SKE CYNPOBOIKYETHCS
30UTBIIIEHHSIM HoTo 00°emy Ha 1,5% [119]. Ha audpakrorpami, 1o BiJMOBIIa€ CIUIaBY
WC-8Co, sikuit migmaBanu XIII, 3’sBuseTrbea uviTka audpakmis Bia miounH LTI

nonimopdHoi moaudikamii Co {100} Ha kyti 20 ~ 41,5 rpagycu ta {101} Ha KyTI 20 ~
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47 rpanyciB. 3miau kpucTtaiaigyHoi ctpykrypu Co y cruaBi WC-8Co, sikuil mijnaBaiu
XIII, € cimuenusam nepediry mapreHcutHoro I'IIK—I'TIII mepeTrBopeHHs B 4YacTUHI

00’eMy KOOQIIBTY.
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Pucynoxk 3.8 — {udpakrorpamu crnedeHux 3paskis 3 TBepaoro cimiasy WC-8Co,

oziepkaHoro 3 Ta 6e3 3acrocyBanHs XII1

TBepaum craBaM 3 Jo0JaBaHHSAM 1HTIOITOpiB pocTy 3epeH WC MOpIBHSAHO 3
BOJIb()PAMOKOOQIBTOBUMHU TBEPAMMH CIUTaBamMu 0e3 nomaBanHs [P3 mpuramanHi
HETHUTIOBI 3MiHM ()a30BOTO CKJIQAy B 3B 43Ky 3 MPHUCYTHICTIO B iX CTPYKTYpl CTIHKHX
ckyagHux kapoimiB [5], [7], [86]. ¥V TBepaomy crmaBi WC-8Co-0,3VC, sikuit miggaBaiu
XIII, omHOYAaCHO CHOCTEPITANKNCh 3MIHM B IHTEHCHBHOCTI K Audpakiii kapOimHOol
CKJIaJIOBOI, TaK 1 audpakiii Big koOambToBUX IomuH (puc. 3.9). V mopiBHsIHHI 31
cruiaBoMm WC-8Co0-0,3VC, sxuit He mignaBanu XIII, iHTEeHCHUBHICTH AudpakIii Bif
mwiomuH {111} TIHK xobanery Maitxke B 5 pasiB Buiia B cmiaBi WC-8Co-0,3VC, sxuii
niggaBanu XII1. Takox Ha mudpakrorpami craBy WC-8Co-0,3VC, skuil minnaBanu
XIIT, 3’ssBunack qudpakiris Ha kyTi 20 ~ 51,5 rpagycu Big momun {200} T'TIK ko6ansTy.
Ha xyti 20 ~ 44 rpanycu HasBHI nudpakiiini Mmakcumymu Bif miommH {111} TIHK
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K0OaIbTy 3paskiB 3 TBeporo criapy WC-8Co-0,3VC, sxuii He mijaaBaau Ta Ii11aBajin
XIII, maroTh BIIMIHHICTP B KYyTOBOMY 20 TOJIO)KEHH1 TMOPSIKY IOJOBHHU Tpajayca.
3MmimeHHss Au(pakmifHOTO MakKCUMyMy B OIK OUIBIIMX MDKIUIOUIMHHHUX BiJCTaHEH

CBIJIYMTH MPO 3MiHY PIBHS 3QIMIIKOBUX HAMPYKEHb B KOOAIBTI.
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Pucynok 3.9 — ludpakrorpamu crieueHux 3paskis 3 TBepaoro cmiasy WC-8Co—-0,3VC,

ofiep;kaHoro 3 ta 6e3 3acrocyBanHs XII1

[TinBuieHHs cymapHOi iHTeHCUBHOCTI audpakiiit Bia mwiommH ['TK kobansTy B
3pa3ky 3 TBepaoro crmiaBy WC-8Co-0,3VC, skuit mignaBanu XIII, mos’s3ane 3
(GbOopMyBaHHSAM y CTPYKTYpI CIUIaBY OCEPENKIB 3 MiJBUIIIEHUM BMICTOM KOOAbTy, a00 K
iX 11eHTU(IKYIOTh y Pl poOIT — «03ep» KOOaNbTy, 1110 OUIbII AETAIbHO OMUCYETHCS B
HacTynmHoMy po3aiai. [ToniOHuit edekT BUHUKHEHHS OCEpEelKiB KOOaNbTy B TBEPAMX
crutaBax 3 iHTIOytouo0 no6aBkoro VC crocrepiraBcsi i aBTOpaMu HU3KH 1HITUX POOIT

[85], [86], ane 3a 61b1or0 BMicTy IP3. Came nonaanus 0,3 mac. % - 1,0 mac. % IP3 VC
Ty
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JI0 CKJIaay TBEPIUX CIUIaBIB € ONTUMAJIbHUM y 3MEHIIEHHI CEPEeIHbOr0 PO3MIPY 3epeH
WC [5], [7], [86]. Menma kinbkicTs IP3 VC He mpu3BoauTh 10 3a0BIJIbHO-BIIUYTHOTO
3MeHIIIeHHs po3Mipy 3epeH WC, a nogaBaHHs OiIBIIOTO BiICOTKA 1HT10yI0UOi JOOABKH
NPU3BOAUTH /10 CYTTEBOTO 3HUXKEHHS MexaHiuHux BractuBocted [10]. HinsuHku 3
T1BUIIIEHUM BMICTOM KOOAJIbTy BUHUKAIOTh Yepe3 Te, M0 CKIAHUNA KapOig Ha OCHOBI V
ta W YCKIaJHIOE pyX Tedii €BTEKTMKH Ha OCHOBI KOOAIbTy MiA Yac piako¢azHOTo
criKaHHsI, noripiurytodu 3mouyBaHictb WC piagkoro dazoro [53], [54]. Bapro 3a3HauuTH,
0 caMme depes3 piaky ¢dasy BilOyBaeThCsS PO3ZUYMHEHHS Ta MOBTOpHE ocaykeHHs WC, 110
1 € OCHOBHMM 1HCTPYMEHTOM BIUTUBY 1HT101TOpiB pocty 3epeH WC. Ckiaguuii xapOis
ckaany (W,V)Cx yTBoproe cTiikuii mmap Ha noBepxHsx po3aury WC/Co, aitouu sik 6ap’ep,
10 MEPENIKOAKA€E MOBTOPHOMY OcaiKeHHI0 aroMiB W 1 C Ha GpoHTaX pOCTYy — LIEHTpax
pekpucTanizaiiii, o 3rojiom nepemkomkae pocty 3epen WC [5]. Ockinbku B 3pazky WC-
8Co0-0,3VC, skuii nigaasanu XII1, 3HauyHa yacTrHa K0OaIbTy CerperyBajgach y rOMOI'€HHI
00JacTi — «03epa» KoOaJIbTy, TO ¥ Mmponecu po3dynHeHHs] yacTUHOK WC B €BTEKTHIII Ta
noBTOpHE ocapkeHHs atoMiB W 1 C Ha IEHTpH peKpucTali3allii, B OCHOBHOMY,
JIOKaNi3yBaJIUCh caMe B Takux obnactax (puc. 1.7). ¥V pewti 06’eMy TBEpAOIO CILJIaBY
KOOQJIBTY, 3aKOHOMIPHO, CTaJI0 MEHIIE, 0 TaKoX Oya0 (pakTopoM CTpUMYBAHHS POCTY
3epeH WC 3a MexaHi3MOM MeHIIHd 00’eM koOanbTy — MeHma mMaca WC, 1o 3a3HaB
nepeKpucTati3arii.

Oxpim ocHoBHOI Momudikarii kobansty ['IIK-cTpykTypu, cnieueni Boab(pamoBi
TBEpJIl CIUIaBH, MICTATh He3HayHy KinbKicTh LT xobanery [58]. 'HK momimopdna
Monu@ikaiis KoOambTy 3a KIMHATHOI TeMIleparypu € MeTacTaOUIbHOI TMpOTe
cTabum3yeThes psiioM eneMeHTiB, B Tomy uuciai W ta C [61]. ¥V tBepaomy criaBi WC-
8Co0-0,3VC, saxuii ve mignaBanu XIII, 31 3MeHIIEHHsIM cepeaHbOro po3mipy 3epen WC,
MPOIIAPKU KOOABTY MOTOHITYBAIKCH, TOCIATAal0uu po3MipiB opsaaky 100 HM Ta MeHIe.
3 ypaxyBaHHSAM Majioro BMICTy KoOanbTy y 8 mMac. % Ta TOBIIUH MPOIIAPKIB 3B’ SI3yI0Y01
dasu  kinbkicHo BuzHauuth  BMmict [HIII-Co 'y 3pa3kax 3a J0MNOMOIrOI0
PEHTICHOCTPYKTYPHOTO aHaJi3y JOCUTh CKIaaHo. [IpoTe, 10 ocepenkis 3B’ s3yr0uoi ¢a3u
— TOMOTE€HHUX JUISHOK K0OanbsTy 10 10 MKM, 110 YTBOPUIIUCH y TBepaoMy ciuiaBi WC-

8Co0-0,3VC, saxuit mignasanu XIII, peHTreHOCTPYKTYpHHII MeTOA aHamizy OyB JOCHUTH
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qyTAuBUM, daroud xopomry audpakmito rmromuH [TIK crpykrypu (puc. 3.9).
BpaxoByroun BHCOKY CTIMKICTh CKJIAIHUX KapOiaiB Ha ocHOBI V Ta W, 1110 BKpHUBAIOTh
YaCTMHKHM, a 3rofoM 3epHa WC, TUM caMHM CTPUMYIOYM TOBTOPHE OCAKECHHS
PO3YMHEHUX B €BTEKTHUIIl aTOMIB, MPUTHIYYI0UH picT 3epeH WC, po3unneHni aromu W Ta
C cra6imzyBamu ['TIK cTpykTypy B «baceitHax» KOOabTy, III0 YTBOPUIIMCH B 3pa3Kax 3
tBeproro cmiaBy WC-8Co-0,3VC, saxuit mignaBann XIII. Came mosiBa B CTpyKTypi
ocepeKiB KoOanbTy po3MipHIcTIO nmopsaky 10 mkm Ta ix crabumzamis [P3 VC B I'IK
noniMopdHid Monudikamii BimoOpaswinack Ha audpakTorpaMi y BHUIISAI AUQpaKii
Brcokoi iHTeHcuBHOCTI Bia 'K momun Co (puc. 3.9).

VY 3pasky 3 TBepaoro cmaBy WC-8Co-0,3VC, axuii migmgasaau XII1, mopiBHsIHO 3
3pa3kami, k1 He miggaBaiau X111, 3MiHKUI0Ch CIIBBITHONIEHHS IHTEHCUBHOCTI TU(paKiiii
Bi1 mwiomwmH (001) WC no mnomun {100} WC. Tak, ansa crutapy WC-8Co-0,3VC, sxuit
He mianasanu XIII, cmiBBigHOMmEHHS L001)we/I{100we Oyi10 piBHUM 0,34. CriBBIJHOIIEHHS
Lioo1ywe/L100ywe 0151 crmaBy WC-8Co-0,3VC, sikmit mignasanu X111, 6yno pisaum 0,39. Taka
3MiHa CIiBBIIHOIIIEHHS IHTEHCUBHOCTEH nudpakiii Bix miomuH WC criocrepiraiach ajis
TBEPJIMX CIUIABIB 3 I0AaBaHHSM J10 iX ckiaay IP3 [10], [86] Ta criiaBiB 3 po3mMipoM 3epeH
WC, menmux 300 M [116]. 31 30utbmeHHsAM 3Ha4eHHS loo1ywe/l{100jwe CTa€ OLIBII
BUPAXEHUM TabiTyCHE OrpaHIOBaHHS TPUKYTHUX rpaHeil 3epeH WC 1 HaBmaku, 4yuM
MEHIIE 3HAYEHHS — TUM OUTbLI BUPAXKEHE OTPaHIOBaHHS O1YHUX (MPSAMOKYTHHUX) IpaHen
3epeH WC [120]. BianosiHo 31 3011b1eHHSIM 3Ha4€HHS L(001)we/11003we 3¢pHa WC cTatoTh
MEHII BUJOBKEHMMHU B HampsMKy [001], muroma mioma OIYHUX MOBEPXOHb IUIOLIUH
{100} 3HMKYy€ETHCA, 1110, BHACTIAOK BHCOKO1 aHi3oTpomii 3epeH WC Ta BHIIOi, Maiike B
MmiBTOpa pasu, TBepAOCTI 6a3ucHOi rpaHi 3epeH WC MOpIBHSIHO 3 OIYHMMH TPaHSIMU,
MPU3BOAUTH A0 pOCTY TBepAOCTI KoMNO3UTY [121]. Ockinbku cknaanuii kap6ig (W, V)Cx
O1IBIII aKTHBHO cerperyerhes came Ha rromuHi (001) 3epern WC [122], anixk Ha X O19HUX
mommHax {100}, a korepeHTHICTH Mexi po3nuty WC/Co B 2,5 pa3u Bulia 5] mopiBHIHO
3 mexetro WC/Co 3 HasiBHUM Ha rpaHuli ckiaanum kapoigom (W, V)Cx (puc. 1.11), To
3MEHIIICHHS BKJIaAy B IHTETpaibHy KorepeHTHICTh Mexi po3airy WC/Co mmommun {100}
MaTUME BaroMuil BIUIMB Ha MEXaHIYHI BJIACTUBOCTI CIUIaBYy. 3MiHA CIIBBIAHOILIEHHS

iHTeHcUBHOCTI Iudpakiii Looiywe/I{1001we Ha JU(paKTOrpamMax BHXIJHOTO MOPOILIKY Ta
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cneyeHoro cmiapy WC-8Co-0,3VC, onepxkanoro omaHoBiCHMM mnpecyBaHHsM 1 XIII

300pakeH1 Ha pUCYHKY 3.10.
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Pucynok 3.10 — dudpaxuig mnomma WC y BUxiaHii nopomkosiit komno3utii WC-

8Co0-0,3VC 1 crieueHux 3 HEl CIIaBIB

3MeHIIeHHs iHTeHCUBHOCTI audpakiii wionwH {100} WC noB’s3aHe 31 3MiHOIO
mopdoorii 3epen WC, cnpuunHeHe crainpHOI0 giero XIIT ta IP3. dakruuno 3miHa
CIIBBIHOIIIEHHS 1HTeHCUBHOCTEH nudpakiii Bij miomuH 1(001)y/I{100}y. Ha 15 % €
1HauKaTopoM 3minu popmu kpuctams WC.

SIk mokazaHo B HACTYyHOMY po3.iii, y TBepaomy ciutaBi WC-8Co-0,3VC, sxuii He
nigagaBanu XII1, 3eppa WC Outbin BUAOBKEH1 TOPIBHAHO 13 3epHamMu WC y cruiaBi, SKui
niggaBanu XIII, a omke i audpakmis Big wionwH {100}, sKi yTBOpIOIOTH O14HI rpaHi
3epeH WC (puc. 3.11), Oyae Ouibin iHTeHCMBHOI. BodeBub, y TBepaoMy criaBi WC-
8Co0-0,3VC, sxuit nmignasanu XIII, 3HayHMii 00’eM KOOaNbTy CErperyBaBcsi B OKpeMi

ocepeaKu, a roMoreHHuit po3noAi VC npurHidyBaBcsi HU3bKUM TUCKOM MITpalii piiuHHu.



82

@dakTUYHE 3MEHILIEHHS KUIBKOCTI KOOalbTy B JIOKAJbHUX JUISSHKAX CIUIaBy Ta
rereporenHuid po3noain VC npusBenu A0 TOro, Mo 3HayHa KiIbKIicTh 3epeH WC 3a3Hana
MiHIMaJbHUX MOPQOJOTIYHUX 3MiH, MOBTOPIOIOYH (OpPMYy Ta pPO3MIpU BHUXITHUX
yacTuHOK WC y HeclneueHOMY CIUIaBl, IO MIATBEPIKYETHCS CIIBBIIHOIICHHSIM
mudppakmivi Bix mmomuu (001) 1 {100} WC (puc. 3.10) Tta aHami3oM CTPYKTypH,
BUKJIAJICHOMY B HACTYITHOMY po3aiii. 3mina Mmopdororii 3eper WC ta (azoBoro ckmamy
TBepJOoro criaBy 3 jgoOaskoro IP3, saxuit migmaBanu XIII, BruMHynIa Ha MOBENIHKY
pyHHYBaHHS CIUIaBy Ta, K HACIIOK, COpHUAiA MiJBUIICHHIO NMOKA3HUKIB MEXaHIYHUX

BJIACTUBOCTEH CILIABY IIi€l cepii, 10 IeTAIBHO ONMKMCAHO B HACTYITHOMY PO3JILIII.

>oom}

O -Atom W
O -Atom C

{1010}

"{01 10}

Pucynok 3.11 — AtomHo-kpuctaniyda Oynosa 3epaa WC y piBHOBaXKHOMY CTaHi

Sx 1 qna TBepaoro crutaBy WC-8Co (puc. 3.8), Tak 1 yist WC-15Co cnioctepiranach
IICHTUYHA TEHJACHIlSA 3MIHM KPHUCTAJII4HOI CTPYKTypu KoOanwsry (puc. 3.12). Jlus
muppakrorpamu cmiaBy WC-15Co, sxkuii migmaBanu XIII, xapakrepHuM € mosiBa
nudpaxiii Big miomuH {101} THIIT mogudikarii Co Ha kyTi 20 ~ 47 rpaaycis. Takox
CIIOCTEPITA€ThCA 3HUKEHHS 1HTEHCUBHOCTI MAaKCUMyMY, SIKUW BIJIMOBIJA€ TIOMIMHAM
{111} THK momudikamii Co 20 ~ 44 rpamycu. CtpykrypHi 3minu B 3pazky WC-15Co,
saxui mianasanu XII, cBiguate mpo 30iabimenHs KiabkocTi LI monudikarii kobansTy
10 BIJHOILIEHHIO 10 3arajbHoro o0’emy Co y 3B’S3Ky 3 nepediroM MapTeHCUTHOTO

I'TIK—I'IIIT mepeTBOpeHHs y yacTUHI 00’ €My 3B’SI3yI0401 MaTPHIll TBEPOTO CILIABY.
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Pucynok 3.12 — ludpaxrorpamu crieueHux 3paskiB 3 TBepzoro ciapy WC—-15Co,

oZiep;kaHoro 3 Ta 6e3 3acrocyBanHs XII1

Amnanizyroun in-situ qudpakrorpamy HarpiBy criaBy (puc. 3.7) i nudpaxkTorpamu
criedeHux 3pas3kiB 3 TBepaux cruiaBiB WC-8Co (puc. 3.8) ta WC-15Co (puc. 3.12), sxki
mignaBanu Ta He mipmaBanu XIII, moxxna 3pobutm BucHOBOK, mo I TIK—ITIII
NepeTBOpPEeHHs, crpuuuHeHe 3actocyBaHHsM XIII, BigOyBamoch came T 4ac
oxojokeHHs criaBiB. Cam edekt XIIT € HacmiakoBUM, OCKUIBKH BIUIMBAE Ha (ha30BUM
CKJIaJ] CTICUEHUX TBEP/IMX CIUIABIB MMOCEPEIHUIITBOM BHECEHHS 3MiH J0 3arOTOBOK IIIE /10
CITIKaHHS.

[Tokazano [69], mo micast MapTEHCUTHOTO (Da30BOTO MEPETBOPEHHSI KOOAIBTY B
TBEpIMX CIUIaBaX MEXaHIUHI Ta EKCIUIyaTalliiHi BJIACTHUBOCTI IHCTPYMEHTIB 3 ILIHX
MatepiajiB MOKpauryrThes. Tak, BIIOMO, 1110 TeKcaroHajbHa nojiMopdHa Moaudikaris
K0OaNbTy Ma€ HIKUMN KOS(IIIEHT TEPTS, Kpallli 3MaIlyBajibH1 BIACTUBOCTI MOPIBHSIHO 3
['TIK-Co 1 Bumty criiikicte A0 ctupanss [75], [123]. Takuil picT BIacTUBOCTEW Ta
3HOCOCTIMKOCTI JOCSTA€ThCS 3a PAXyYHOK MEHIIOI KUIBKOCTI TUIONIMH KOB3aHHS B
reKCaroHaJ bHIN CTPYKTYpl OPIBHSHO 3 KyO14HOM0, a 0T:ke MeHIoi miactuarocti ['TIT-

Co [124].
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Jlns  OiapIn  AETAJbHOTO PO3YMIHHS TIpollecy Mepediry MapTeHCHUTHOTO
['TIK—I'IIIT ¢da3oBoro mnepeTBOpeHHS KOOAIBTYy IPOBEACHO IMOPIBHUIBHUN aHami3
nomocHUX Giryp, mo peectpyBanucs ais wionumH {200} 'K kobansty (puc. 3.13 a) Ta
wiomuH {100} T'IHIT xoGanety (puc. 3.13 6) tBepmoro cmuaBy WC-15Co, sxuii
nignasanu XII1. [{ns mudpakmiit mmomma {200} I'K-Co 1 {100} T'LIII-Co mputamanHa
BUpa)keHa KOPEJIALisl KyTOBUX MOJIOKEHBb PeQIIEKCIB, 0 BKa3ye Ha KpUcTanorpadiaHuii
3’30k Mk BuxigHoro ['IIK momimopdHoto Momudikaiiero kobanpTy Ta

tparcgopmosanoro ['TIIT moaudikariero.

{200} 1'1[K-Co {100} TIIIM-Co

0 [HTeHcuBHICTL, BigH. 0. 0 IHTCHCHBHICT, BiJH. O]

80

70 '
60
50+

40 -

o, Tpa.

30- 90

0, Ipai.

40 -

50+

70 =

80 -

a — momuau {200} I''IK-Co; 6 — mmomuuan {100} I'IIII-Co
Pucynoxk 3.13 — I[omocHi ¢irypu ['IK ta I'IIT nonimopdaux Moaudikaiiiit KooaibTy

B crieueHoMy TBepaomy ciiaBi WC-15Co, onepxanomy 13 3actocyBaHHAM XII1

OueBuano, mo austsHku ['TIK-Co tpanchopmysanucs y I'LIIT-Co crpykrypy 31
30epexxeHHsIM opieHTaniiHoro cmiBBigHomeHHs [Homxki-Himisama [62], [65] Ta
Kypmiomona-3akca [125] {200}rw//{100}rmn (puc. 3.13) ta {111 }ru//(002)rmm
(puc 3.12) rpatok kobansty [126].

Ha mudpaxrorpamax 3paszkiB WC-6Co ta WC-3Co dikcyBanacs Ta K TCHICHIIIS
3MIHU THITY KPUCTAJIIYHOI I'PaTKU KOOAJIbTY, OHAK, Y 3B’ 53Ky 31 3MeHIIeHHIM BMicTy Co,
edexT OyB Jeno MEHIIUM, a Tudpaxiiist BiI IJIOMKMH KoOabTy Oyina MiHIMaJabHOMO, a00

B3aralii BiICyTHBOIO.
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BucHoBku 10 po3ainy 3

1.  JlocmimkeHO 3aKOHOMIPHOCTI BIUIMBY THCKY XOJOIHOTO 130CTaTHYHOTO
MpecyBaHHS Ha MIUIbHICTH HecniedeHuX TBepaux ciiaBiB WC-3Co, WC-8Co 1 WC-15Co.
Bcranosieno, 1110 BiIHOCHA IIIIBHICTh HECIICUEHUX CIIIABIB, K1 migmaBaiu XIIT TrckomM
400 MlIla, mopiBHSHO 31 HIUIbHICTIO HECIIEYCHHMX CIUIABIB, OJCPKAHUX OJHOBICHUM
npecyBaHHsaM, Ha 17 % Ounbiia ansa tBepaoro cmiay WC-3Co, Ha 18 % Ounbia st
cruiay WC-8Co 1 Ha 20 % 6inpima qist cmaBy WC-15Co.

2. Y po6orti Briepie Oys10 moka3aHo, IO IiIBUINCHHS MIITHOCTI HECTICUCHHUX
TBEpJUX CIUIaBiB, ki miggaBaiu XIII, mMopiBHAHO 31 MIIBHICTIO CILIABIB, OJEpKaHUX
OJHOBICHUM IPECYBaHHSAM, MEpeayciM NOB’s3aHe 31 30JMKEHHSM LIEHTPIB TpPaHysl
BUX1JTHOT CHPOBUHU, YCYHEHHSIM MOPOKHUH MK TpaHyJlaMH Ta pyHHYBaHHSIM KPYITHUX
yactuHOK WC.

3. Bnepme, 0a3yrouuch Ha in-situ BHCOKOTEMIIEPATYpPHUX PEHTTE€HIBCHKUX
JOCIIJIPKEHHAX, TMOKAa3aHO, [0 XOJOAHE 130CTaTHUYHE MpPECyBaHHS TBEPAMX CIUIABIB
3a0e3reuye KIHETUYHI YMOBH, IO I Yac OXOJOKEHHS TICIs CIIKaHHS CIUIaBIB,
1HILIIOIOTH B ocTaHHIX MapTteHcutHe 6e3audysiitne ['TIK—TILII dha3ose neperBopeHHs
koOanbTy. Y 3paskax 3 TBepaux criaBiB WC-8Co ta WC-15Co peectpyBanocs
NIJBUILEHHS cymMapHOi i1HTeHcUBHOCTI nudpakmii mnomuH ['IHIII-Co Ta nagiHHs
mudpakmii wionwH ['IIK-Co, mo cBiguute npo pict Bmicty ['IIII momimopdnoi

Monupikamii KoOAIbTy MO BIJHOLIEHHIO JI0 3arajbHOTO BMICTY KOOAJIbTy B IIUX CIUIABAX.
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4 BIIJIMB XOJIOAHOI'O I30OCTATUYHOI'O ITPECYBAHHS HA
MEXAHIYHI BJIACTUBOCTI TBEPAUX CIIJIABIB
4.1 Mexaniuni BigactuBocti TBepaoro cmiaBy WC-8Co, onepxaHoro

X0JI0AHUM i3ocTaTHYHUM NnpeCyBaHHAM

Ha pucynky 4.1 mpeacraBineni 3HIMKH CTpyKTyp TBepaoro cruiapy WC-8Co
OJIEpP>KaHOT0 OTHOBICHUM TpecyBaHHsM (pHc. 4.1 a), 13 3acTOCyBaHHAM OOpPOOKH TrapssuyuM
13octarnaauM npecyBanusM (I'TI1) micns cmikanus (puc. 4.1 6) ta XII1 mepen crikaHHIM

(puc. 4.1 s).

a — BaKyyMHe crikanHs;, 6 — o0pooxka ['lI1 micns cnikannst; 6 — XIIT nepen criikanasm
Pucynok 4.1 — CEM 3HiMku cTpykTyp TBepaoro ciiaBy WC-8Co, ogep:kaHoro

oxHoBicHuM mnipecyBanHsaM, ['TIT 1 XITI
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Sx BugHO 3 cTpyKTYp, po3mip 3epen WC cepen cepiii TBepuaoro crnapy WC-8Co
CyTTeBO BiApi3HseThes. TBepnuii cruiaB WC-8Co, sikuil He migjgaBaiu oOpoOIl, Mae
cepenHiit po3mip 3eper WC y 1,3 mxm (tabm. 4.1). V cepii 3 TBepaoro cmmay WC-8Co,
aky mianasanu oopo6i 'l micns cnikanHs, cepenniit po3mip 3epeH WC 3011bImBC 1
oy piBauMm 1,4 mxm. Ha 23 %, mopiBHsiHO 3 TBepaum cruiaBom WC-8Co, akuil He
niggaBanu oOpoOiri, 3MeHIUBCs cepenHiin po3mip 3epeH WC no 3uHadeHHs 1,0 MkM y
cruiaBl, Skud miggaBaan X111

BoueBun, 3MeHIIeHHs cepeHporo po3mipy 3epen WC y cepii TBepAoro CIUIaBy,
aky miggaBanu XIIT y 400 MIla, 6yno MoxIMBE 3a paxyHOK peanmizailli JEKUTbKOX
MEXaHI3MIB BOJHOYAacC. SIK TOKa3aHO y morepeaHboMy posauii (puc. 3.4), okpemi
gactuHkd WC 3a3HaBali MEXaHIYHOTO PYWHYBAHHS IIE IO CIIIKaHHS, ajieé BXKE MiCTst
po3meny, mia aiero XII tuckom y 400 MITa, HOBOyTBOpEH1 BHACIIIOK pyWHYBaHHSI O1IbIII
npiOHI ¢parmeHTH yacTHHOK WC y HECMeYeHOMY KOMIIAKTI 3ajuIIajucs Ha MICII,
NOBTOpIOIOYM  (OpMYy UYAaCTMHOK 10 pyHHyBaHHsS. PyiiHyBaHHA BimOyBamocs 3a
MEXaH13MOM KBa31130CTaTUYHOTO CTUCHEHHsI Ta B3aeMo/Iii cyciaHix yactuHok WC [127].
Inentruni 3pyiinoBani 3epaa WC (puc. 4.2), mo 30epermu ¢popmy MmoHOKpucTainy WC 3
BUXIJTHOT CHpPOBHHHU, TOBTOPIOIOYM XapaKTepHE TrabiTyCHE OrpaHIOBaHHSA y Qopmi
TPUKYTHUX Ta MPAMOKYTHHX IPHU3M, CTIIOCTEPITrajuCh i B CIIEYCHOMY TBEPAOMY CILTaBI

WC-8Co cepii, siky nignaBanu XIII.

a — o0macth 1; 6 — obnacts 2

Pucynok 4.2 — CEM 300paxenns noapioneHux 3epeH WC crieueHoro TBEpJI0ro CIijiaBy

WC-8Co, ogepxanoro i3 3acrocyBanusam XII1
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VY cneuenomy TtBepaomy cruiaBi WC-8Co, sikuél ofep>KyBaju OJHOBICHUM
IpPEeCyBaHHAM, MOMIOHUX akTiB pyiHyBaHHS dYacTMHOK WOC 3HalTH He BIajocs.
CrnagkyBaHHS «UUTICHOT» (opMHu 3pyiiHOBaHUX 4YacTUHOK WOC y KOMMAakTi, SKHMA
niggaBanu XII1, 3eppamu WC, ski TakoxX ckiaaganucs 3 (pparMeHTiB, y CIUIaBl MICIsS
CHIKaHHS CBIAYUTH MPO Te, 0 pyHHyBaHHS BigOyBanocs came Ha ctafaii XIII ta mix gac
OXOJIOJIKCHHSI KOMIIO3UTY B1Jl TEMIIEpaTypy BUTPUMKH TIiJ 4ac CIiKaHHS, a He Ha CTaail
po3meiy. PyliHyBaHHS Tako)k OyJI0 MOYKJTMBUM 3a PaxyHOK 3aTiKaHHS PpiJiKoi a3y mijg yac
crikaHHs B TpimuHU Ta aedekrtu yactTuHoKk WC (puc. 3.4), mo, GpakTuaHO, MEXaHIIHO
axtuByBayucs mig yac XII1, Ta moganpiioro ix pyiHyBaHHs Mij] 4ac 301JIbIIEHHS 00’ €My
KOOQJIBTY, 110 3aKpucTamidyBaBcs, Ha 1,5 % [3]. 30uibmenHs qeEeKTHOCTI Ta MTUTOMOI
ol noBepxHi yacTUHOK WC y KOMIakTax CIUIaBy, OJEPKAHOTO 13 3aCTOCYBaHHSIM
XIIT, mig yac criikaHHs, MiJIBUIYIOYM TUCK MIrpallii, CIpHsUIIO 3aTiKaHHIO PiKO1 Ga3u 10
oOnacteil 3 BHUIIOK BUIBHOIO TNOBEPXHEBOK eHepriero (puc. 4.3), cxoxkuil edext
NOJIPIOHEHHS! YaCTHMHOK TYTOIUIaBKMX CIIOJNYK 32 PaxXyHOK 3aTikaHHA piakoi (a3u B
00acTi 3 BUCOKOIO KOHIIEHTpaIi€o aedexTiB Ta ii KpucTamizallii, 1o MpU3BOIUTH J10
pYHHYBaHHS 3€PEH TYTOIJIABKUX CIIONYK, TiJ] 9aC OXOJIOKEHHS TBEPAOTO CIJIaBy TaKOXK

Oynu omucani B iHIIMX podotax [128].

1 MKM

a — o0macthb 1; 6 — obnacThb 2
Pucynok 4.3 — CEM 300paxeHHs1 HEpO3KpUTUX TPIIuH B 3epHax WC crieueHoro

tBepaoro craBy WC-8Co, onepxanoro 13 3actocyBanHsam XIIT

3HauCHHS KOCPUUTHBHOI CUJIM KOPEIIOIOTH 31 3HAUCHHSIMU CEPEIHBOTO PO3MIpY

3epeH WC Ta TOBIIMHOIO MPOIIAPKiB KOOANBTY, a came: uuM ApiOHimm 3epHa WC, Tum
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OinbIIa KOEPIUTUBHA cuja. 31 3MeHIIeHHSIM po3Mipy 3epeH WC 3pocTtae ix muToma
IUIOINA TOBEPXHI, a OTXKE ¥ MOTOHIIYIOTHCS MPOUIAPKU KOOANBTY. Y TBEpAMX CIUIaBax
KOOAJIbT HE € MOHOKPHUCTAIIYHMM 1 TaKOXX NPEICTaBICHUNW y BHUIVISIAI 3€PEHHOI
CTpYKTypHu. binbm po3BuHyTa rpanuis 3B’s3ytouoi (a3 y cepii 3pa3kiB 3 TBEPAOTO
cruiapy WC-8Co, skmii migmaBanu XIII, crmyrye Oiibll CHIIBHOIO TEPETIOHOI0 B
MIPOXOPKEHH1 MarHITHUX JIOMEHIB, JI0 YOTO € UyTIANBOIO KoepiuTiBHa cuia [129]. [pore,
KOEPIMTUBHA CHJIa YyTJIUBa HE JIMIIE O PO3MIPY CTPYKTYPHHX CKJIQJIOBHX CIUIaBy Ta
3pOCTa€ 3 MIABUILEHHSAM PIBHS CTUCKAIOUHMX 3aJMIIKOBUX HANpyXeHb B KoOanbTi [13],
[88], Ta 31 301abmeHHaM KiabkocTi ['IIII-Co y crmasi [11], [12], [130], 1o, Ha psay 3
3MEHIIEHHsIM  po3mipy 3epeH  WC, TakoX  KOpele 3  pe3ylbTaTamu

peHTrenoctpykrypHoro anamsy craBy WC-8Co, skuii miggaBanu XIII (puc. 3.8).

Tabmums 4.1 — 3BeneH1 3HaYeHHsI cepeaHboro po3mipy 3epeH WC, cepenHboi
TOBIIMHM TpomapkiB Co, po3Mipy MOp Ta KOEPUUTUBHOI CHUJIM CEPil TBEPIOTO CIUIABY

WC-8Co

3pa3ku Cepenniit Cepenns tomuHa | Cepennit | Koepuutusaa
pO3Mip 3epeH npomapkis Co, po3Mmip cuia, KA/M
WC, MkMm MKM TOp, MKM
WC-8Co 1,3 0,34 0,29 7,70 £ 0,15
WC-8Co I'TIT 1,4 0,35 0,20 6,60 + 0,13
WC-8Co XIIT 1,0 0,27 0,17 10,00 £ 0,20

3MmeHInIeHHs cepeanboro po3mipy 3epen WC, cnpuunnene XII1 tBepaoro criaBy
WC-8Co, 3akonomipro [65], [70], cmpusizo OUTBII TOBHOMY IMPOXOKCHHIO
mapteHcutHoro I'TIIT—TTIHIT ¢azoBoro nepeTrBopeHHs: B 00’ eMi KoOaneTy (puc. 3.8). Y
BUIAJIKY cIiiaBy, onepxkanoro XIII, 3menmenns cepennporo po3mipy 3epen WC (puc.
4.1 6, Tabn. 4.1) cipusiyio 361IbIIeHHIO MUTOMOI TUI01I 3epeH WC — rpanutt noauty ¢as
WC ta Co, xoTpa ciayrye MiclieM MOSIBHM Ta CKYMUeHHs Auciokarii (puc. 4.4 6) 3
MOJIATIBIITNM YTBOPEHHSIM JIe(DEKTiB MaKyBaHHSA Ha IMIIAXaX IX MOIIMPEHHS CHUCTEMaMU

KoB3aHHsA KoOaneTy [65]. Chnpustu Oinbmn moBHomy [TIK—IIHIIT dazoBomy
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MIEPETBOPEHHIO KOOAIBTY TaKOXX MOTJIO 3MEHIICHHS KOHIEHTpallii po3unHeHoro W y
TBEPJIOMY PO3YMHI HA OCHOBI K0OanbTy. Sk Bimomo [19], [76], BonbdpaM, 301IbIIYIOUN
CHepril0 yTBOpEeHHsA JAe(eKTiB TMaKyBaHHs, MPUTHIYYe MapTEeHCUTHE (a3oBe
nepeTBopeHHs koOanbTy. Y cepii 3paskiB TBepaoro cmiapy WC-8Co, oaepskaHoi
OJTHOBICHMM TpECyBaHHIM, KOOanbT, 37e0UIbIIOro, icHyBaB y meractaOuibHii 'K
KpucTanmiyHii cTpyktypi (puc. 3.8). ¥V cmnaBi, ogepkanomy i3 3actocyBanusM XIII,
npioni ynmamku 3epeH WC (puc. 4.2, puc. 4.3) 3 BUCOKOIO IMOBEPXHEBOIO BUIBHOIO
CHEPTi€l0 MOTIIM CIYyTYBaTH IEHTPaMU pEKpUCTaNIi3aliii, Ha Kl IiJ] 9aC OXOJOKCHHS
MiCsl CIIKaHHS 3 TBEPAOrO PO3YMHY Ha OCHOBI KOOanbTy nudyHmayBanu aromu W.
MertacrabinbHa 3a kiMHaTHOT Temrepatypu ['LIK momimopdua momudikaris kobanbTy
nepecTaBajia cTabUTI3yBaTHCS PO3YMHEHMM B KoOanbTi Bonb(pamom. lle, Ha psagy 3i
30UIBIIEHHSIM MicCllb YTBOpeHHs JnedektiB — rpanuni noaury WC/Co, crpusiio

['IK—ITLIT pazoBomy mepeTBOPEHHIO Y OLIBIIOMY 00’ €Mi KOOATBTY.

a — onHoBIcHE nipecyBaHHs; 6 — XII1T

Pucynok 4.4 — Cxema nepe6iry maprencutHoro I'ILIK—TIIII ¢azoBoro neperBopeHHs

ko0anbTy B TBepaomy ciuiaBi WC-8Co, oneprkanomy ogHOBICHUM npecyBaHHsM 1 XII1
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3MmeHnIeHHs: cepenHboro po3mipy 3epeH WC Ta 30utbmieHHst kinbkocti ['HIIT
nosiiMopdHOT MoAudiKallii KoOanbTy B CIJIaBl, KU OyJI0 Ofep>KaHo 13 3aCTOCYBaHHSIM
XIIT, cnpyynHUIY 3MIHH B XapaKTepi pyHHYBaHHS KOMITIO3UTY, L0 CIPHUSLIIO IMiIBULIIEHHIO
HOro MexaHIYHUX BIACTUBOCTEH.

3HIMKM TOBEPXOHb PyHHYBaHHsS (pHc. 4.5) micis BUIPOOYBaHHS TPbOX Cepiif
tBepaoro ciiaBy WC-8Co Ha MIIHICTh IPH TPUTOYKOBOMY 3THHI JEMOHCTPYIOTh CYyTTEBY

BIJIMIHHICTh MEXaHI3MiB PYHHYBaHHS 1IUX MaTepiaiB.

a — OJTHOBICHE TIpecyBaHHSs; 6 — 00pooka ['lIT; 6 — XIIIT
Pucynok 4.5 — CEM 3HiMKH TOBEpXOHb pyiiHyBaHb TBepaux criaBiB WC-8Co,

ofiepkaHux ogHoBicCHUM nipecyBanHaM, ['TI1 1 XITI

binem magka noBepxHs (puc 4.5 a), 6€3 BUIUMHUX BUPUBIB 1 «IJIaTO» pyHHYBaHHS

xapakrepHa s crmaBy WC-8Co, axuil He miggaBanu oOpoOri. TpimmHa Ha HUIIAXY
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PO3IMOBCIOMXKEHHSI Maii>ke He 3MIHIOBaJia TPAEKTOPIi, HE Maja BUAMMHUX PO3TaTy>KEHb.
TBepaoMy CcIUTaBy 3 TaKUM XapaKT€pOM PO3MOBCIOMKEHHS TPIIMHU TpUTaMaHHA
HalHIKYa cepel cepiil MIIHICTh, eKCIIEPUMEHTAIbHO BU3HAYEHA TPAHULIA MILIHOCTI MpU
TpuTouKkoBoMy 3ruHi cmapy WC-8Co cepii, siky He miagaBaiun oopooi, ckiana 1820
MIla + 110 MIla (ta6n. 4.2). Bimomo, 1m0 BEIMYMHA MIIHOCTI Ta TPINTAHOCTIAKOCTI
MaTepialy, 3a3BHUaid, MaloTh 3BOPOTHY 3anexHICTh [2]. Cepisa 3 TBepaoro craBy WC-
8Co, Ky He migmaBaau oOpoOIll, 3 HAWHIKYMM MOKA3HUKOM MIITHOCTI Majia HaWBHIIE
3HAYE€HHSA TPIIIUHOCTIHKOCTI ceperl cepiil.

[ToBepxHni pyiinyBaHnHs (puc. 4.5 6, 6) BKa3zylOTh Ha Te, 10 Yy CEpii 3 TBEPIOTO
crutasy WC-8Co, sixy mignaBanu 'l micns cniikanns, Ta cepii, sky mianaBanu XIII qo
CHIKaHHS, TPIIMHA PYXAalOThCS 3a OUIbII CKJIAJAHUMH TPAEKTOPIAMH, 3MIHIOKOYHU
HAIPSIMOK Ta PO3Taly>KyIOuHUCh, THM CAMHUM, CTBOPIOIOYH XapaKTEePHI CIIIJIN — «I1JIaTO» Ha
MOBEPXHAX 371aMIB.

Hwxua TpimmHOCTIHKICTD (Tabi. 4.2) 3paskiB cepii, sky mianasanu 111, ta cepii,
aky mianaBanu XIII, mopiBHsSHO 3 TBepauMm crutaBoM WC-8Co, sSKkMil HE ITiIIaBaiu

00poOL1i, CyPOBOJIKY€ETHCS BEJIMKUMU BUPBAMHU Ha MOBEPXHAX PyHHYBaHHS.

Tabnuus 4.2 — HIinbHICT, TBEPAICTh 32 POKBEIOM 1 TpaHMIlS MILHOCTI Mif 4ac

BUNPOOYBaHb HA TPUTOUKOBUM 3TUH cepiil TBepaoro criaBy WC-8Co

3pa3ku ineHicts, | TBepmicTh 3a | MinHICTh pu | TPIIMHOCTINKICTD,
r/cm’ POKBEIIIOM, | TPUTOYKOBOMY MIla - m'"?
HRA sruHi, Mlla
WC-8Co 14,57 88+£0,3 1820 £ 55 18,9+0,6
WC-8Co I'TIT | 14,60 87+0,3 2030 + 65 182+0,5
WC-8Co XIIT | 14,63 90+0,3 1980 + 60 18,6 £0,6

[TinBumenHs miHoCT ik TBepaoro crary WC-8Co, skuit mignaBanu I, Tak 1
tBepaoro cmiapy WC-8Co, skuit mignaBanu XIII, ta ¢gakr Toro, mo cepeaHiii po3mip
3epeH WC opHiel cepii 301IbIIMBCS, a THIIIO1 3MEHIIUBCS MOPIBHSHO 3 CEPIEI0 3 TBEPIOTO

cruiay WC-8Co, siky He mijggaBaiyd oOpoOIll, € CBIMYEHHAM TOroO, 10 (akTop 3MiHU
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po3mipy (a30BUX CKIAI0BUX HE OyB KJIIOYOBHMM Yy (POpMyBaHHI 3HAY€Hb MEXaHIYHUX

BiacTuBocTel cepii, oneprkanoi XIII (puc. 4.6).
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Cepis TBEpAOIO CrIIABY
Pucynok 4.6 — @i3uko-MexaH14Hi BI1acTUBOCTI TBepaux ciuiaBiB WC-8Co, onepxaHux

3a pPI3HUMH TEXHOJIOT1SIMHU

3MiHa TBEpAOCTI 3pa3kiB cepiil TBepaoro criapy WC-15Co no0pe y3romkyeTbes
31 3MIHOIO CEpeTHROT0 po3Mipy 3epeH WC y 1UX cIjiaBax, BUKOHYIOYH YMOBH 3BOPOTHOL
3QJIEKHOCTI 1MX 3HAUYCHb 3TiHO cmiBBiAHOMIECHHS Xosua-Ilerya [131]. binbiia
TBEPJICTh, K010 Bojioaie I'IIIT koGanbT, 10T0 MEHIIIa CIPOMOKHICTD JI0 TUCIIOKAIIHOT
IJIACTUYHOCTI Yepe3 MEHIY KiIbKICTh cUCTeM KoB3aHHs nopiBHsAHO 3 I'LIK kobansrom
[124] Ta 3MeHIIEHHs cepeHboro po3Mipy 3epeH WC TakoX BIUTMHYJIM HA IM1JBUILEHHS
TBepaocTi cepii TBepaoro craBy WC-8Co, siky mignasanu XII1 go crikaHHs.

[1ix yac iHAEHTYBaHHA 3pa3ku cepiil TBepaoro crary WC-8Co, 5Kl migaaBaiu Ta
He mijgmaBamu XII1, mposBisiau pi3Hy MOBEIIHKY B3a€EMOJIIT CKIIAOBUX CIUIABY — 3€pEH
WC ta matpumi Co. Y Bumnanky tBepaoro cruiapy WC-8Co, sxuii He mijgmaBamm XII1, B
CTPYKTYp1 sikoro nepeBaxkarounm 0yB ['IIK koOaneT (puc. 4.7 a), BcepenuHi BIIOUTKY BiJl
iHaeHTopy 3epHa WC 3aMIIMINCh Bi3yaJlbHO HEMOIIKOKEHUMH, TIOSIBA TPIMIMH Ha iX
MOBEPXHI HE PEECTpyBajach, a JAEsKl KapOiJHI 3epHa MPOKPYUYBaIUCh. 30€pe’KEeHHs
uimicHocTi 3epeH WC Ta iX mpoKpydyBaHHs y 3pasky, sikuid He miggaBaiu XIII, Oymo
MOXJIMBUM 32 PaxyHOK JOCTaTHHOTO pecypcy miactuyHocTi ['TIK koGansry mim uac

roro aedopmariii.
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a — ogHoBicHe mipecyBanHs; 6 —XII1

Pucynok 4.7 — 3HIMKH CTPYKTYp BCepeauH1 BIAOUTKY BiJ iHAESHTOPY cepiil TBEpAOTO

cray WC-8Co

ITix yac inaenTyBaHHs 3pa3ky 3 TBepaoro ciaBy WC-8Co, skuit mignaBanu XIT1
(puc. 4.7 6), nedopmaiiisi MaTepiany He Moriia OyTH pealli3oBaHa 3a PaXyHOK JIOKaJIbHOL
nedopmarii mporapkiB KoOaabTy depe3 MEHIUH pecypc miactugHocTi woro ['IIITT
monudikarii, sika Oyna mepeBa)karodor y crasi, skuid miggaBanmu XIII, zeppa WC
PO3TPICKYBAJIHUCH.

3miHa ¢a3oBoro ckianay B cruiaBi, skuit mianaBanu XIII, Ta, sk HachigoK, 3MiHA
MOBEIIHKH B3a€MO/I11 K0OaJIbTy Ta KapO1i1y BOIb(PpaMy CypOBOIKYBAIHCH 3MIHOIO PIBHS
3aMMIIKOBUX HampyxkeHb y WC. 3a HasBHOCTI 3aJMIIKOBUX HANpyKE€Hb y CIUIaBl
3MIHIOETBCSA BIJICTaHb MIX KPHUCTIIYHUMHU TUIONIMHAMHU 1 3MIIIYIOThCS TudpakIiiiiHi
MIKY, 3TEHEPOBaHl PEHTIeHIBChKOIO Judpakmiero. Yepes pi3HULIO Yy 3HAYEHHI
xoedirienTis Terosoro posmmpenas WC (5,5 * 10° K') ta Co (14,2 * 106 K1) [19] na
CTaii OXOJIOJKEHHS MICIs CIIKaHHS y CKJIaJ0BUX TBEPOTO CIUIaBy BUHUKAIN TEPMiUHi
HarpykeHHsi. Ha pucynky 4.8 Tmoka3aHO pO3paxyHKOBI 3HAYEHHS 3aJIMIIKOBHUX
HanpyxeHb y WC (asi Ta piBeHb ix 3MiHH B criedeHoMy TBepAomy cruiaBi WC-8Co Tppox
cepiii 3pa3KiB: oJiepKaHOi OAHOBICHUM MPECYBaHHAM, Ky mignaBanu ['II1 micns cikaHHs
Ta axky migaaBaau XIII qo cnikanHs.

VY crimaBi WC-8Co, oaeprkaHoro oHOBICHUM TipecyBaHHsIM, (haza WC 3 O11bI11010

00’€MHOI0 YaCTKOIO B CHCTEMI Majla CTUCKAK4l 3aJMIIKOBI HaNPY>KEHHsI 31 3HAYCHHSIM
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1692 Mlla £ 169 Mlla, Toni sik ¢aza Co 3a3HaBaja poO3TATYIOYl HANpPY>KEHHS, 100
3a10BOJILHUTH OaaHc y cuctemi [64]. T'lI, sax momarkoBuii mporiec o6poOku cruiapy WC-
8Co, mpu3Benao A0 30UIBIICHHS 3JIMINIKOBUX HaNpykeHb cTHCHEHHS y (a3l WC 1o
2741 MIla + 274 MIla. Hanpyxenns ctucuenns pazu WC y cmai WC-8Co, sixkuii
nignaBanu XII1 no cnikanHs, TpaHC(HOPMYBAINCH y HANPYKEHUI CTaH PO3TATHEHHA Ta

nocsari 3HaueHHd B 883 MIa + 88 MIIa.
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Pucynok 4.8 — Pesynbrary anaiisy (sin?y) 3aIumkoBux Hanpyxenb y pazi WC tBepaux

crutaBiB WC-8Co, onepskanux ogHoBicHUM mipecyBanHsM, ['TIT 1 XIIT

[Tin dgac oxomomxkeHHS 00’€M TBEPIOTO CIJIaBy 3MEHIIYBaBCS 3a PaxyHOK
CTATYBaHHS PiAKOIO (Pa30i0 HA OCHOBI KOOAIBTy J0OpE 3MOUYBAaHUX €BTEKTHKOIO 3€PEH
WC, a xpucraniuni rpatku ckiaaaoBux cuctemMu WC-8Co 3a paxyHOK pi3HHUII 3MIH
00’€MiB Ta P13HOT 31aTHOCTI O CTUCHEHHS 3HAXOUJIUCS y HanpykeHoMy cTaHi. O0poOka
tBepaoro crutay WC-8Co micis CHmiKaHHS TapsSsyuM 130CTaTUYHHM TPECYyBaHHSIM
MpHU3Bea 10 POCTY 3aJUIIKOBUX HarnpykeHb pazu WC Ha 62 %, Toai sik XII1 1o crikaHHs
I[FOTO 3K CIUIABY MPHU3BEJIO A0 3MIHU 3HAKY 3aJIMIIKOBUX HANpPYKEHb Ta IX BEJIMYMHHU Ha
152 % BHaCIiIOK YaCTKOBOI peiakcarlii Hampy>keHb. 3a paxyHOK pi3HuIll 3Ha4eHb KTP
cuctemu WC-Co y criaBi WC-8Co, oziepkaHOTro 0JJHOBICHUM IIPECYBAHHSIM, TUIIOBO, SIK

JUTSI TBEP/IMX CIUIABIB, OJIEP KaHNX KOHBEHIIIMHIMEU MeTonamu, paza WC Mama 3aIiIIKoBi



96

HanpyXeHHs: cTucHeHHs. [Ipore, 3anunikoBi HanpyxxeHHd y $a3i WC cruiaBy, sikuil 10
crikanns mignaBamu XITI, Manm NpoTHIeKHUE 3HAK. VIMOBIpHO, 3MiHA 3aIMIIKOBHX
HanpyXeHb Ha po3taryiodi y $azi WC cmmaBy, onepskaHoro i3 3actocyBaHHsM XIII,
NoB’si3aHa 31 30UIBIICHHSAM 00’€My 4YacTUHU TpaHchopMoBaHOTO KoOaneTy B 1,5 %.
OcCKinbKM BENIMYMHA Ta 3HAK 3aJHUIIKOBHX HaIlpyXeHb ¢GopMyBamucs MiA dac
OXOJIOJKCHHSI CIUIaBy, TO panToBe 30LIbIICHHA 00’eMy KOOanbTy BHACTIIOK
MapTeHCUTHOTO (ha30BOr0 MEPEeTBOPEHHS 3MIHWIO cTaH po3TsarHeHHs rpatku [TIK-Co
ctucHeHHsM 301bieHoro B 00’ emi ['IIIT-Co. Bimomo, 1o 31 3MEHIIIEHHSAM CEPEeTHBOTO
po3mipy 3epeH WC y BosbppaMOKOOaNbTOBUX TBEPAUX CIUIABAX 3AJIMIIKOBI HAPYKEHHS
y ckinanoBux WC ta Co ekcnioHeHiitHo 3poctators [70]. Caia Bil3HAYUTH, IO caMe
HasiBHI BHCOKI TE€PMIYHI 3aJIMIIKOBI HanpyxeHHs cTucHeHHs y Co y cruiaBlt WC-8Co,
axuit migaaBanu XIII ta sikuii MaB MeHIHM po3Mip 3epen WC, a oTxe i OUTbITY TUIOINLY
rpanuii WC/Co, iniritoBanu Mmaprencute ['TIK—T'IIIT dpa3zose nepeTtBopeHHs1 00’ eMy
K0OaNbTy Ta 3MIHY 3HAKy 3aJHMIIKOBUX HampyxeHb y WC. DakTh4yHO, 3MiHA 3HaKy
3aMUIIKOBUX HampyxkeHb WC Ta TUIy KpHUCTAIIYHOI IpaTKu KoOajbTy Oyiu
CaMOIHILIAOBaHI B 3B’A3YyIOUld CKJIQJOBId TBEPAOTO CIUIABYy 3a PaXyHOK 3MEHIICHHS
posMmipy 3epeH WC, cnpuunnere XIII. IlomiOHuii MexaHi3M, IO aKTHUBYBaBCS
OXOJIOM>)KEHHSM TBEpAUX CIUIABIB JI0 B1I’€EMHHUX TEMIEPATYpP, CIOCTEPIraBcs y psii pooiT

10/I0 BUBYEHHSI KP1OT€HHO1 00poOKu 1ux matepiaiis [11]-[22].

4.2 MexaniuHni BiaactuBocti TBepaoro cmiasy WC-8Co-0,3VC, oxepxkanoro

X0JI0AHUM iZocTaTHYHUM NpeCyBaHHAM

Teepauit crutaB WC-8Co, sik mpaBuiio, € HalOUIbLI TUIIOBUM MarepiajioM, IO
3aCTOCOBYEThCA JUIsi OOpPOOKHM pi3aHHSM 3aBISKH CBOiM BHCOKIA TBEPIOCTI,
3HOCOCTIMKOCTI Ta MILIHOCTI IIPU TPUTOUYKOBOMY 3rUHI. [[J1s1 pO3IIMpEHHs 3aCTOCYBaHHS
B SIKOCTI IHCTPYMEHTAJIBHOTO Marepiaiy JJisi BUCOKOIIBUAKICHOT Mpeu31iHOT 00pOOKH,
MOTAJIBIIIE TTiABUICHHS HOT0 TBEPAOCTI Ta MIIIHOCTI € HaIBAXKJIMBUM. 3 €0 METOIO 10
ckinangy TBepaoro cmiuaBy WC-8Co popatorh 1Hrioitopu poctry 3epen (IP3) s

3MEHIIIEHHS cepeaHboro po3mipy 3epeH WC mo cyOMiKpoHHHX a00 HaHOPO3MIpIB [41].
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Cepen IP3 xap6in BaHai10 € HaWOLIBIT €PEKTUBHUM Y CTPUMYBaHHI POCTY 3€peH
WC mig 4gac mporueciB pekpucTaiizamii B yMOBax piakoda3HOTO CIIKaHHS TBEPIUX
CIUTaBiB Ta OIHUM 3 THX, III0 HAWYACTIIIE 3aCTOCOBYIOThCS [5]. BeranosneHo, mo 3i
3MEHILIEHHSIM po3Mipy 3epedH WC, 1o cnpuunHeHo gojaaBanusam [P3 no cknamy TBepaunx
CIUIaBiB, TBEPAICTh MaTepiayly 3arajioM MiABHINYETHCS, OJHAK PICT TBEPAOCTI Maiike
3aBKIU CYNMPOBOKYETHCS TMAIIHHIM TPIMIUHOCTIMKOCTI — OJHIET 3 HAWBAKJIUBIIIAX
BJIACTUBOCTEH, 1110 3a0e3Ieuye BUCOKI eKCIUTyaTalllifHI XapaKTepUCTUKH 1HCTPYMEHTY 3
IIOTO Marepiaiy.

[pYHTOBHMX IOCIIKEHb IIOAO BIUIMBY iHTIOITOpiB Ha MeXaHisMu (hOpPMYBaHHS
BiactuBocTel TBepaux cruiaBiB WC-Co Bce mie ayxke mano [S]. JocikeHb BIUIUBY
XOJIOJTHOTO 130CTaTUYHOrO TpecyBaHHs TBepaoro crapy WC-8Co 3 IP3 VC Ha iioro

BJIACTUBOCTI 3HAWTH HE BAAJIOCA.

4.2.1 B3aeM03B’ 130K CTPYKTYPH Ta BJIacTuBocTeil TBepaoro ciiiay WC-8Co-

0,3VC, onep:kaHOro X0J0AHUM i30CTATUHYHUM MPECYBAHHAM

3 METOI0 BCTAHOBICHHS BIUIMBY XOJIOHOTO 130CTaTUYHOTO TPECyBaHHS
HECMEeUeHUX 3aroToBok 3 TBepaoro cmiapy WC-8Co-0,3VC Ha MexaHiuHi BIaCTUBOCTI
CIIEYEHOT'0 TBEPAOIO CILIaBy, Oyso miaAroToByieHo Tpu cepii 3pas3kiB: WC-8Co, WC-8Co-
0,3VC 1 WC-8Co0-0,3VC, ski mignaBanucs XII1. Yei cepii Oyio oaepkaHo 3 ofHi€l i Ti€l
K BUX1/IHO1 IOPOILIKOBOI CyMIllll, CHIPECOBAHO Ta CIIEYEHO 32 OHAKOBUX YMOB. [TonoBuHY
3pa3kiB cepii, mo mictuia B ckiaai IP3 VC nepen criikanusam migmaBaan XII1.

Ha pucynky 4.9 nopiBHiootbcsi CEM 3HIMKH CTPYKTYyp CIIEYEHUX TBEPIUX
criaBiB. WC-8Co ta WC-8Co0-0,3VC. TepaicTh 1 MILNHICTh € HaWBaXJIUBIIIUMU
BJIACTUBOCTSIMU TBEPJWX CIUIaBIB Ta (DYHKIIEIO B cepemHboro posmipy 3epna WC
BIAMOBIAHO A0 criBBigHOIIEHHsT Xoyuia-Ilerua [131]. ®opma 3epen WC st marepiais
PI3HUX cepiii Takox Oyia pi3Hor. Y TBepaomy ciuiaBi WC-8Co ta WC-8Co-0,3VC 3epHa
WC 6ynu 3ae6inbmoro orpanenumu, Tofi sik y craBi WC-8Co-0,3VC, mo mignaBanu
XIII, 3eppa WC manu Ouibin okpyrity ¢dopmy. PiBHoBaxkHa (opma kpuctaniz WC

MIPOJAMKTOBAHA aHI30TPOIIEIO iX TOBepXHEBO1 eHeprii [ 132].
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a — WC-8Co oanosicHe npecyBanHs; 6 — WC-8Co-0,3VC ogHOBICHE TPECYBaHHS;
6 — WC-8Co0-0,3VC XIIT
Pucynox 4.9 — Mikpoctpykrypu tBepaux ciaBiB WC-8Co 1 WC-8Co-0,3VC,

oJIepKaHUX OJTHOBICHUM MpecyBaHHsIM 1 XII1

Amnani3z posnoainy 3eper WC 3a posmipom (puc. 4.10) nokazas, mo cruiaB WC-
8Co0-0,3VC, saxuit nmignaBanu XIII, maB HaiiapiOHimy cTpykTypy 3epeH WC. Cepenniit
po3mip 3epen WC y cieueHomy TBepaomy ciiaBi WC-8Co, B sikuii He gogaBanmu VC Ta
sxun He nigmaBanu XIIT no cnikanas, craHoBuB 0,88 MKM.

Cepenniit posmip 3epeH WC y tBepromy cruiaBi WC-8Co-0,3VC cranosus 0,80

MKM. 3MiHa cepenHboro po3mipy 3eped WC st iiux cepiii ckiana 9 %. Edbexr nogaBanus
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iHT101TOpy pocty 3epeH WC Ha posmip 3epen WC tBepnoro cray WC-8Co OyB
nocusiennit XII1 3paskiB nepen crmikanusaMm. Y criaBi WC-8Co-0,3VC, skuit miggaBaiu
XIIT, cepenniii po3mip 3eper WC cranoBuB 0,68 MkM. 3MiHa CEpEAHBOTO PO3MIPY 3epeH
WC BigHocHO Toro x 3HadeHHs s TBepaoro crmaBy WC-8Co-0,3VC, skuii He

magaBany X111, cknana 15 %.
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Cepenaniii posmip 3epen WC, MKM

Pucynoxk 4.10 — Po3noxin 3eper WC 3a po3mipom y tBepaux craBiB WC-8Co 1 WC-

8C0-0,3VC, oaepxkanux ogHOBICHUM npecyBaHHsIM 1 XIIT

Bigomo, 1110 TOBIIMHYU MPONIAPKIB KOOATIBTY 3MIHIOIOTHCS TIPOTIOPIIIAHO 10 3MIHH
po3Mmipy 3epeH WC. Tak, 31 3MeHIIEHHSIM cepeaHboro po3mipy 3epeH WC 3pocrae
MUTOMA TIJI0IIA X MMOBEPXHI, 110, B CBOIO YEPTY, MPU3BOAUTH JI0 IMOTOHIIICHHS MPOIIIAPKiB
Co. Cepenniii po3mip npomiapkiB Co 3MeHIIIyBaBcs 31 3MEHILIEHHSIM po3Mipy 3epeH WC
y moaudikoBanux TBepaAuX criaBax WC-8Co BiTHOCHO CIUIaBy, sikuil He migaaBanu XII1
Ta HE JoAaBayu 1HTiI0ITOp pocty 3epHa. CepenHiii po3mip 3epen WC, cepeiHs TOBIIMHA
npomapkiB Co Ta xoepuutuBHa cuia 3paskiB WC-8Co, WC-8Co-0,3VC 1 WC-8Co-
0,3VC, saxi mignapamm XII1, HaBeneni B Tabmui 4.3. 3HaueHHS KOSPIIUTUBHOI CHIIH, SIKa
3pocna 3 13,0 kA/M £ 0,26 no 19,7 kA/m = 0,39, Bkazye Ha OOCPHEHO MPOMOPIIHHY

3QJIEKHICTh MIDK PO3MIPOM 3€pHA Ta KOEPLUUTUBHOIO CHIIO0 [133].
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Tabnuus 4.3 — 3BeneHi 3HaUCHHS cepenHboro po3Mmipy 3epeH WC, cepenHboi
TOBIIMHM TpomapkiB Co Ta koepiuTuBHO1 cuin TBepaux craBiB WC-8Co 1 WC-8Co-

0,3VC

3pa3ku Cepenniit po3mip CepenHs TOBIIMHA Koepuutusna

3epen WC, MKM npomapkis Co, MKM cuia, KA/M

WC-8Co 0,88 0,20 13,00 £0,26
WC-8Co-0,3VC 0,80 0,15 14,45+ 0,29
WC-8Co-0,3VC XIIT 0,68 0,11 19,70 +£ 0,39

Pesynbratu, HaBeneHi B Tabnui 4.4, BKa3yloTh Ha HE3HAYHHUM PICT TBEPAOCTI 31
3MEHILIEHHAM cepeaHboro posMmipy 3epeH WC. OnHak, pe3ylbTaTH BUMIPIOBaHHS
MIIIHOCTI TIPU TPUTOYKOBOMY 3THHI IOKa3aly, 10 OOWJBa CIUIaBU 3 JOJIaBaHHSIM
1Hri6iTopy VC Manu HalHMK4Y1 3Ha4YeHHs MIIIHOCTI 31 3HaueHHsMu 1030 MIla + 97 MIla
1 1200 MIla + 83 MlIla nmnsa 3paskiB, siki miggaBanu XIII ta we migmaBanmm XIII,
BIJINIOBIJIHO. | HaBmaKku, rpaHulsl MITHOCTI IPU TPUTOYKOBOMY 3TMHI TBEPAOIO CILIABY,

10 HE MICTUTH 1HT10iTOpY pocTy 3epeHn WC, nocsrana 3uadenns B 1650 MIla + 65 MI]1a.

Tabnuis 4.4 — HlinpHICT, TBEPAICTH 32 POKBENIOM 1 TpaHUIIA MIIIHOCTI MiJT Yac

BUNPOOYBaHb HA TPUTOUKOBUI 3TUH TBepAuX criaBiB WC-8Co 1 WC-8Co-0,3VC

3pa3ku [inbHicTh, | TBepaicTh 32 | MiuHIiCTh Ipu | TPILIMHOCTINKICTB,
r/cm’ POKBEJIIOM, | TPUTOUKOBOMY MIla - m'?
HRA 3ruHi, Mlla
WC-8Co 14,8 90,00 £ 0,30 | 1650 + 65 12,0+0,3
WC-8Co-0,3VC | 14,8 90,25+ 0,30 | 1200 + 83 10,1 £0,2
WC-8Co-0,3VC | 14,6 90,30 £ 0,30 | 1030 + 97 154+0,2
XIIT

TBepAICTh Ta MILIHICTb IEMOHCTPYBAIU IPSIMONPONOPLIAHY 3aJI€KHICTh BITHOCHO

3MiHU 3HaYeHHs cepeaHboro posmipy 3epeH WC (puc. 4.11). IIpote, TpIIIMHOCTIMKICTD

31 3MeHIIeHHAM po3mipy 3epeH WC criouarky 3Hu3minacs — y 3pasky WC-8Co-0,3VC, a
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MOTIM 3pocJa B cepii 3 HaapiOHimmM 3epHOM — TBepaomy cruiaBi WC-8Co-0,3VC, sikuii
nignaBanu XII1. Hempsima 3aexHICTh 3HaYEHHS TPITUHOCTIMKOCTI B 3aJI€KHOCTI Bij
po3mipy 3epen WC y crutasi, sikuid mijgmaBamu XII1, cBiq9uTh mpo Te, M0 TiABUIIECHHS
CIIPOMOXKHOCTI JI0 OTIOPY PO3MOBCIOMKEHHIO TPIIIUHU 3aJICKUTh BiJ IHIIMX MEXaH13MiB

BIuBY, iHimiHoBanux XIII. I[impHICTE CHieueHHWX TBEPAMX CIUIABIB YCIiX cepiil Oyna

ONM3BKOIO A0 TCOPCTUIHOI'O 3HAYCHHA.
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Pucynok 4.11 — ®i3uko-mexaniuni BinactuBocTi TBepAuX cmiaBiB WC-8Co 1 WC-8Co-

0,3VC, onepxanux onHOBICHUM mpecyBaHHIM 1 XTI

Amnanizyroun komOiHoBaHui BB XIII ta nogaBanns IP3 VC, moxHa 3poouTn
BHUCHOBOK, 1110 Moau(ikyBaHHs XxiMmiuHoro ckiany ta XIIT tBepmoro cmuiapy WC-8Co
30UIBIIMIIO KOCPIIMTUBHY CHJIY Ta CYTTEBO 3MEHIIWIO cepenHiil po3mip 3epeH WC, 1o
TIPU3BEIIO JI0 30LIBIIICHHS TUTOMOI IO TOBepXHi 3epeH WC Ta 3MEHIIICHHS TOBITUHU
npomapkiB Co. CymicHa mis XIII ta nonaBanus IP3 VC no tBepmoro cmuiapy WC-8Co
MPU3BEIIO A0 POPMYBaHHS YIBTPAAUCIIEPCHOT MIKPOCTPYKTYpHU. OHAK, MIIIHICTh CUJIBHO
3aJIeKUTH B1JI PO3MOALTY KOOATBTOBOI MATPHII 1 CTaHy MTPOMIKHOTO APy MIXK 3€pHAMU

WC i Co. Ha pucynky 4.12 nokazaHo moBEpXHi pyWHYBaHHs 3pa3KiB 3 TBEPJIOTO CIUIABY

WC-8Co ta WC-8Co-0,3VC.
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a — WC-8Co oxnosicue npecyBanHs; 6 — WC-8Co0-0,3VC onHOBICHE TIpecyBaHHS;
6 — WC-8Co-0,3VC XIII
Pucynok 4.12 — CEM 3HiMKH TOBEpXOHb pyitHyBaHb TBepaux cmiaBiB WC-8Co 1 WC-

8Co0-0,3VC, onepxannx ogHOBICHUM TipecyBaHHM 1 XIIT

Moxna koHcTaryBatu (puc. 4.12 ), mo 3acrocyBanHs XIII cipuauHWIO 3HAYHI
3MIHM MIKPOCTPYKTYPU TBEpPAOIO CIUIaBy Ta XapakTepy PO3MOBCIODKEHHS TPILIMHU.
BceranoBneno, mo TpinHa B TBEpAMX CIUIaBaX PO3MOBCIOMKYETHCS MO TPAHULI MIXK
3epHamMu WC 1 3B's3ytouoro (dazoro Co [134]. TlokazaHo, 110 TpaHUIS MIIHOCTI TIPU
TPUTOYKOBOMY 3THHI 3MEHIIIYETHCS 31 3MEHIIIEHHAM po3Mipy 3epeH WC, 110 moB'si3aHo 3
MOTOHIIICHHSM MPOIIAPKIB KOOAIBTY 1 BHUEPIAHHSAM HOTO pecypcy IJIACTUYHOCTI 3a
paxyHoOK jaedopmaliifHoro 3MilHeHHs. Tako HeraTUBHY pojib Y (hOpMyBaHHI BETMYUHHU

MIIIHOCT1 BiJlirpae HOBOyTBopeHa (a3a TBepaoro po3uuny (W,V)Cx, 1m0 COpUYMHHUIIO



103

nonasanHs IP3 o ckimany TBepaoro cruiapy WC-8Co. Hactka MixkdazHOi KOTepEeHTHOCTI
y Bumnajiky tBepaoro cruiasy WC-8Co-0,3VC nyxe Husbka (rpubmuszno 8 %) [5], mo
Maibke B 3 pa3u MeHIlle 4YacTKu KorepeHTHocTl Mexi noairy WC/Co y cmasi 6e3 [P3,
110 NosicHIOEThCs HasgBHICTIO (W, V)Cy ckitaiHo1 KapO1HOT CIIOTYKH Ha MeX1 po3aity $a3
WC ta Co [5]. Taka pi3auns BigmoOpa3uiacs Ha 3HI)KEHH1 TPIIIMHOCTIMKOCTI TBEPAOTO
criapy WC-8Co-0,3VC.

[1ix yac oy 3HIMKIB TOBEPXOHB criedueHoro Teeporo ciary WC-8Co-0,3VC,
sxuit mignaBamm XIIT (puc. 4.13), cnoctepiraeTbest 6GiMOTATBPHUN PO3MOALT 3B’ I3YHOUOT
CKJIJIOBOi. Y CTPYKTYp1 MPUCYTHI SIK TOHKI MpoIIapku ko0ansTy Mixk 3epHamu WC, tak
1 Bemuki obmacti  ckymueHb Co. Taka OiMomalibHa  CTPYKTypa, 3HAYHO
MIJBUIIMIIA TPIIIMHOCTINKICTE cepii TBepaoro cray WC-8Co-0,3VC, sky mnianaBaiu

XIIT (Tabm. 4.4).

Pucynok 4.13 — 3HiMOK CTpyKTYypH 3pa3ky 3 TBepaoro ciay WC-8Co-0.3VC, sxuit

nignaBanu XII1: uepBoHUM BUIIIEH] 00IACTI CKYITUYEHHS KOOAIBTY

3 METOI0 OUIBII YITKOTO MPOSBIICHHS TOMOT€HHUX 00JIaCTel CKYyMUEeHHS! KOOAJIBTY
NOBEpPXHI pyHHYBaHHS Mi1aBajl TPABICHHIO B KUI sI4ii CyMIIlll HITPATHOI 1 XJIOPUIHOT
kuciot (puc. 4.14). Jlume nns moepxHi cepii TBepaoro cmiapy WC-8Co-0,3VC, saxy
niggaBanu  XIII, xapakTepHuM € 3HauHa pen’ePHICTh MOPIBHAHO 3 MOBEPXHIMU
pYWHYBaHHS PEIIITH CEPiii Ta HASIBHICTD BUTPABJICHUX 00IacTei KOOAIBTY, KOTPI TPIlIUHA

OyJsia BUMyIIIEHa OMHHATH M1 Yac i1 HOMMUPEeHHS 00’ €MOM Marepiaiy.
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a — WC-8Co ognosicue nipecyBanHs; 6 — WC-8Co0-0,3VC ogHOBICHE TTPECYBaHHS; 6 —
WC-8Co-0.3VC XIII
Pucynok 4.14 — Tpasneni noBepxHi pyiinyBaHHs TBepaux cruiaBiB WC-8Co 1 WC-8Co-

0,3VC, onepxaHux oHOBICHUM MnpecyBaHHsIM 1 XIT1

Ha psgy 13 3akOHOMIpHMM POCTOM TBEPAOCTI Ta TMaIIHHSIM MIIHOCTI NpH
TPUTOUYKOBOMY 3THHI, 3HAYHUHN PICT TPIIIMHOCTIMKOCTI TBepaoro criaBy cepli WC-8Co-
0,3VC cnocrtepiraBcs nuiie B 3pa3kax, siki mepes crikanasMm migmaBanu XIII, mo €

aTUIIOBO JIsl TBEPAUX CIUIABIB 31 3MEHIIICHHSIM cepelHboro po3mipy 3eped WC [5]. Pict
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TPIIMHOCTIMKOCTI MOB’si3aHUM 3 MexaHi3Mamu, iHimiioBanumu XIII 1o crikaHHs, sKi
MaJi BIUIMB Ha Tpoliecu (a30yTBOpEeHHs Ta (hOPMYBaHHS CTPYKTYpPH IIiJl Yac CITIKaHHS
Ta MOIAJIBITIOTO OXOJIO/HKEHHS CTUIaBy. Sk OyIi0 OKa3aHO B OMEPEIHROMY PO3aiIi (puc.
3.9), cymapna inTeHcuBHicTh audpaxiii Big miomuH ['IIK-Co 3HagyHO migBUIIUAiACS Y
cruiaBi, sxkui miggaBanu XIII, mopiBHSHO 3 Maibke BIACYTHBOIO AMQPPAKIIEIO Bif
k00anbpTOBOI ckian0Boi 1ist cepii WC-8Co-0,3VC, siky ne nmignasanu XII1. Oxpim nosiBu
gitkoi audpakiii Big 'K mionmH kobansTy B 3paskax cepii, sky mignaBanu XIII o
CIiKaHHS, BapTO BIAMITUTH YTBOPEHHS OIMOAAQIBHOI CTPYKTypH KOOAIBTy 3 TOSBOIO
oOnacteil ckymueHsp 1€l ¢azu po3mipoMm 5 MKM — 10 MkM. OCKUIBKU CKIaAHUN KapOi
(V,W)Cy, sxuii yTBOpUBCS IiJ 4Yac JoJaBaHHsS 10 CKJamy TBepaoro ciuasy IP3 VC,
HaBITh MiJ 4yac TBepiaodazHoro cmikanHs audyHaye Ha rpanunio Mik WC ta Co,
YTBOPIOIOYM HA HiMl CTIMKHI mIap, M0 3HUKYE TTOBEPXHEBY €HEPTil0 Ta YHEMOXKIIUBIIOE
noBTopHE ocakeHHs atoMiB W ta C Ha 3epHa WC [5], To 3Ha4Ha 4acTUHA PO3UUHEHOTO
KapOi1y BoJib(ppaMy 3aiviliajiach B TBEPAOMY PO34YMHI Ha OCHOBI K0OabTy. ATomu W Ta
C cra6umzyBaniu ['TIK momimopdHy Moaudikaiito koOanbTy B YTBOPEHHX «03€pax»
KOOQJIBTY.

3pocranns BMmicTy I'TIK koOanbTy 1O BiJHOIICHHIO 10 3arajibHOTO BMICTY
K0OaNbTy 3HMXKYE MILHICTh TBEPAMX CIUIABIB 1 HaBMaku — 3poctaHHs Bmicty ['TLIT
Moaudikalii MO3UTUBHO BIUIMBAE Ha MIIHICTh TBepaux cruiaBiB [89], [90]. s 'K
nosiMopdHOT Monudikalii KoOankTy XapakTepHa 3Ha4Ha JAMCIIOKAIlliHA TUIACTUYHICTD,
toni Ak muactTuuHicth WC mopiBHsiHO He3HauyHa [135]. I[lnactuuna nedopmaris Co
raJIbMYy€ThCs 3aBAsikud peamizanii edexty nedopmariiiinoro 3minnenns [136]. Takox
nobpe Bimomo, mo 3B’s3yroua (asa tBepaux cmiaBie WC-Co mijg yac MIacTUYHOI
nedopmariii 3a3Hae dazoBoro neperBopeHHs 3 MmetactaduibHoi ['TIK moaudikarrii B I'IITT
MoudiKalliio, 110, Yepe3 Majy KiUIbKICTh CUCTEM KOB3aHHS, TaJIbMYy€ pyX JUCIIOKAIii B
I'IIIT xpucramiuniéi crpykrypi [83]. 3HauHa YacTMHA eHeEprii KIHISM TPIIIUHUA
BUTpauajach Ha OOMMHAHHS BEJIMKMX BKIIIOYEHb KOOanbTy Ta/ab0 Ha MOAOJaHHS
oOmacTeil cKkymueHHs 3B’ s13yt0uoi (aszu (puc. 4.14 ), M0 HEMHUHYYE CYTPOBOIKYBAIOCH
JMCUTIAITIEI0 €Heprii B KOOaJdbTOBY MiACHUCTEMY Ta IHILIAINI0 MapTEHCUTHOTO

['MIK—TIII ¢pa3zoBoro mepeTBOpeHHS, 10 3HAYHO YCKIATHIOBAIIO 11 pyX.
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4.3 Mexaniuni BaactuBocTi TBepaoro cmiaBy WC-15Co, oaepkaHoro

X0JI0OAHUM i3ocTaTHYHUM NnpeCyBaHHAM

TBepal cmiaBu 3 BUCOKMM BMICTOM KoOanbTy, 30kpemMa WC-15Co, BOnOIitOTH
BHCOKOIO TPIIUHOCTIMKICTIO Ta MIIHICTIO, IPOTE iX TBEPICTH JIEHIO HIXKYA MOPIBHSHO
31 CIUTABaMHU 3 MEHIIIUM BMICTOM KOOanbTy [2]. Sk 1 B TBEpAUX CIUIaBax 3 MaJuM BMICTOM
koOaneTy (WC-3Co, WC-6Co, WC-8Co0), Tak 1 B crjiaBax 3 BiJHOCHO BUCOKUM BMICTOM
kobansry (WC-10Co, WC-15Co, WC-20Co0), OCHOBHI MIILIHICHI XapaKTEpUCTUKUA Ta
3JIaTHICTh MaTepiaty 10 ONOPY PO3MOBCIOMKEHHS TPILIUHU, B TIEPIITY YEPTy, 3a1€KaTh BiT
Mopddororii k06ankTOBOI MaTpuili, ii (pa30BOro Ckiagay Ta HampykeHoro crany [115].
BianoBigHo, 3MIHIOIOYH OJMH, a00 JEKUIbKAa 3 IMX MMapaMeTpiB, MOXKHA KepyBaTH
BJIACTUBOCTSIMU Marepiajy, 4acTo 3MIHHM IIUX TapaMeTpiB HAKIAJar0ThCs, 1HIIIIOIOUN
MOsIBY OAWH oxHOTO [13].

OxkpiMm moaudikamii xiMiyHoro ckiagay [41] Ta 3HaYHOT 3MIHM TEXHOJOTIL
onepxkanHs [14], ski moTpeOyIOTh 3HAUHMUX 3aTpaT Ha Marepiajid Ta €HEePropecypcu,
cepell MeXaHI3MIB BIUIMBY Ha (ha30BHil CKJIaJ KOOaldbTy Ta pPO3MIP CTPYKTYPHHUX
CKJIaJIOBUX TBEPIAUX CIUIaBIB OCHOBHMMH € Pi3HI BUAU TepMmiuHOi 00poOku (TO).
Onmneparii TO TBepAMX CIUIaBiB YMOBHO MOKHA PO3AUIMTH Ha AB1 KaTeropii, nepiia — Ti,
K1 TPOBOAATHCS 3a HU3bKUX (Bin eMHux) temneparyp [11], [13], [17], npyra — Ti, siKi
npoBoasaThesi 3a BUCOKUX (30 % - 80 % Bim Temreparypu CIIKaHHS Marepiany)
temmneparyp [14], [22], [57]. Onnak, TO npoBOAUTHCS BXKE MICs CIIKaHHS TBEPAOTO
CIUTaBY, BHOCS'YM CTPYKTYpPHI Ta KOHIICHTPAIIMHI 3MIHU CKJIay MaTepiaiy, 110 4acTo
CYTIPOBOJIKYETHCS MOSBOIO y CTPYKTYpl N-dazu [11], [12], [25], sika miaBUIIlyE TBEPIAICTh
Ta, K 3a3HA4A€ThCS B JIeakux podotax [13], [18], [137], 3HOCOCTIHKICTh, OJHAK, 3HUKYE
MIITHICTb.

Huska po0Oit onucye BIUIUB 00pOOKH cymiliel TBEpAUX CILIaBiB, 800 00poOKH X
CKJIQJIOBUX III€ /IO CITIKaHHSI, HA BJIACTUBOCTI CIICUEHUX TBEPIOCIUIaBHUX BUp0OiB [130],
[138], 31ebibII0To 111 OMepaillii € eHeproEMHUMH, a iX MMPOBENCHHS 3aliMae Oararo Jacy.
B XII1 HecnieueHunx 3pa3kiB Ha BIACTUBOCTI criedeHoro Teepaoro criapy WC-15Co

JI0C1 HE BUBYABCH.



107

4.3.1 B3aeMo03B’SI30K CTPYKTYPH Ta BJACTHBOCTeil TBepaoro cmiaBy WC-

15Co, ogep:kaHOr0 X0JIOAHMM i30CTATUYHUM NPECYBAHHAM

Ha pucynky 4.15 npencraieHi 3HIMKU CTpYKTyp TBepaoro cray WC-15Co,

OJIepP’KaHOTO OJHOBICHUM TipecyBaHHIM (puc. 4.15 @) ta XIII (puc. 4.15 0).
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a — oHOBICHE TipecyBaHHs; 6 — XII1
Pucynok 4.15 — Mikpoctpykrypa TBepaoro crapy WC-15Co, onepxaHoro

OJHOBICHUM MpecyBaHHsM 1 XIIT

[lin yac MEepBHMHHOIO OMISAY CTPYKTYp CYTTEBUX 3MiH po3Mmipy 3epeH WC He
crocrepiraiocs, cepemin posmip 3epeH WC mia cmiaBiB WC-15Co cepii, sKy
nignaBanu Ta He mianaBann X111, ckmap 1 mxm. OgHak a1 croiaBy, skui migmaBaau XII1,

peecTpyBaBCsl PICT KOCPLUUTUBHOI cuiu (Tadn. 4.5).

Tabnuus 4.5 — 3BeieH] 3HAUCHHS MUIBHOCTEHN 10 Ta MICHs CHIKaHHS, CEPEIHbOTO

posmipy 3epen WC Ta koeplMTUBHOI cuiin cepiit TBepaoro cray WC-15Co

3pa3ku HIinbHICTS [inbHICT Cepennit | KoeprutuHa
MOPOIIKOBOTO | TMICJIS CITIKAHHS, | PO3MIp 3€peH | cuia, KA/M
KOMIIAKTY, I/cM> r/cm’ WC, Mkm
WC-15Co 7,5 13,9 1,0 9,50 + 0,19
WC-15Co XIII 8,6 13,9 1,0 9,90 + 0,20
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KoeprutrBHa cuna uytiuBa He jauiie g0 po3mipy 3epeH WC, a it go Ttumy
KpUCTAIIYHOI TpaTKu KoOanbTy — 31 30UIbIIEHHSIM BigHOCHOI Kimbkocti ['HIII
nosiMopdHOT Monudikallii KoOaIbTy 3pOcTae i KOSPIMTHUBHA CHJIa TBEpAUX CIuTaBiB [11],
[12], [129]. Le, Hapsay 31 3MIHOIO MEXaHIYHMX BJIACTUBOCTEH CIUIABY, SIKMH ITi1/1aBaIN
XIIT, cBigauth mpo 3poctanns KiabkocTi ['TIHIT-Co, mo miaTBepmKy€eThes pe3yabTaTaMu
PEHTTEHOCTPYKTYpHOTO aHamizy (puc. 3.12).

['panung mirHOCTI crutaBy, skui migmaBaau XIII, 3pocna Ha 13 % 10 3HaYEHHS
2410 MIla + 40 MlIla (tabn. 4.6) mopiBHsHO 31 3HaueHHsIM 2140 MIIa + 50 MIla mns
CILIaBY, OJICP’KAaHOTO OJTHOBICHUM IPECYBaHHSAM. Pa3oM 3 IiIBUIIICHHSM MIIIHOCTI CILJIaBY,
sxui mignaBanu XIII, 3pocna 1 #ioro TBepaicTh Ha 1 oxguHMITO 3a mKanow HRA, mo €
CYTTEBUM JJIs1 TBEPJMX CIUIABIB 0€3 3MIHU XIMIYHOTO CKJIaay Ta pO3MIpy CTPYKTYpPHHUX
CKJIaJIoBUX. PicT TBepAOCTI, mepI 3a Bce, MOB’sI3aHmi 31 301abl1eHHsIM KinbkocTi I'ITI-
Co y crunaBi WC-15Co, sixkumii mignaBanu XII1, mo BiIHOIIEHHIO 10 3arajibHO1 KIJIbKOCTI
koOanbTy. I'ekcaroHanpbHa Momu@ikallisi Ma€e MEHIIE CHCTEM KOB3aHHSI IMOPIBHSHO 3

KyO14HOIO Ta, SIK HACIIJIOK, TIPOSIBIISi€ MEHIITY TJIACTUYHICTh Ta BUIILY TBEPAICTH [ 124].

Tabnuis 4.6 — TBepaicTs 3a PokBesiom, rpaHuIls MIITHOCTI pY BUTIPOOYBaHH1 Ha

TPUTOUYKOBHI 3T'HH 1 3a1uIIKOB1 HanpyxeHHs1 y WC cepiii TBepaoro crapy WC-15Co

3pa3ku TBepaicTh 3a I'panuns MingHOCTI | 3QJIMIIIKOBI

Poksemniom, HRA | npu TputoukoBoMy | HanpyxeHHsI B WC,

3ruHi, Mlla MlIla
WC-15Co 86,5+ 0,3 2140 + 50 -1270
WC-15Co XII1T 87,5+0,3 2410 + 40 +280

®da3oBi 3miHu (puc. 3.12) tBepmoro cmiaBy WC-15Co, skuit migmaBanu XIII,
BITOOpa3wiIMCh y 3HUKEHHI 3aTHOCTI JIO CYNPOTHBY YTBOPEHHIO Ta MOIIMPEHHIO
TpiumHH (puc. 4.16). Y To#l yac, gK miJ 4ac 1HACHTYBaHHS TBEPJOrO CIUIABY, SKUW HE
nignaBanu XIII, 3 xKyTiB BiIOMTKY BiJl 1HAEHTOpa YTBOpeHHs TpimuH IlanMkBicTa He
cnocrepiranocs (puc. 4.16 a), 3 KyTiB BIAOUTKY ciuaBy, skuil mignaBamu XIII,

YTBOPHJIMCH Ta PO3MOBCIOUIIUCH YITKO MOMITHI TpiluHu (puc. 4.16 6).
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50 MKM

a o
a — onHoBIcHE nipecyBaHHs; 6 —XII1
Pucynox 4.16 — OntruyHi 3HIMKY BIIOUTKIB BiJ] IHACHTOPY Bikkepca 1 TpiimH
[TanmkBicTa Ha TOJipOBaHUX MOBEpXHsIX TBepaAoro craBy WC-15Co, ogep:xaHoro

oJHOBICHUM MpecyBaHHsM 1 XIIT

[lin gac peTasbHOrO OMISIAY BIIOUTKY Bill 1HAEHTOpY (puc. 4.16 6) Ha MOBEpXHI
tBepaoro cruiapy WC-15Co, saxuii migmnasaau XII1 qo crikanus, aist TpinaH [TaaMksicTa

(puc. 4.17) xapaktepHUM OyIJI0 3aJJOMJICHHS Ta PO3TaTyKeHHS OCHOBHOI TPIIIMHHU.

\ 3anomneHHs

TPILWMUHA

Po3sranyxeHHs
TPIWUHKA

Pucynok 4.17 — Ontuunuii 3HiMOK TpinuHu [TanMkBicTa, 1110 MOMTUPUIACH 3 OAHOTO 3
KYTIB BIIOUTKY BiJl iHJCHTOpA Ha MOJIipoBaHii moBepxHi TBepaoro crary WC-15Co,

gy mrasain X111

3aJIOMJIEHHSI Ta PO3Tally’)KeHHSI OCHOBHOI TPILIMHU HA JEKIJIbKa APYTOPSIHHUX
CIIPUSJIO TIJBMINEHHIO MIITHOCTI cepii 3pa3kiB TBepporo cmiay WC-15Co, sky

miggasanu XII1.
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Tunosi @paxrtorpadii nmosepxonb TBepaoro cmiaapy WC-15Co, oxpepxaHOro
OJTHOBICHUM TipecyBaHHsAM Ta XIII, o yTBOpuiiMCsS BHACHIIOK PyHHYBaHHS MaTepiary
i yac BUIIPOOYBaHHS HAa MILHICTh MPU TPUTOUKOBOMY 3THHI, 300paxKeHl Ha PUCYHKax
4.18 Ta 4.19, BiANOBIAHO. 3 PUCYHKIB BUAHO CYTTEBY PI3HUII0 MOP(OJIOTii MOBEPXOHb
3namiB. Ha moBepxHi pyiHyBaHHs cepii 3pa3kiB, sky He mignaBanu XIII, Temno-cipi

o0acTi, SIKi BIAMOBIAAIOTH IIJISTHKAM KOOaNbTy, OUTBIN po3noBcromkeHi (puc. 4.18 a, 6).

it

KTp 1

Cnektp 1

W -75,5 mac. %
Co-17,5mac. %
C-7,0mac. %

a — CEM 300pakeHHs IOBEPXHI 371amy; 6 — 301JIbIIIeHe 300payKEHHS XapaKTepHOT
IUISTHKY TIOBEpXHi 31amy; 6 — EDS anani3 XiMiuHOTO CKIIaAy BUIIEHOT 00IacTi
Pucynok 4.18 — IloBepxust 3mamy tBepaoro cmiasy WC-15Co, onepxxanoro 6e3

3actocyBanHs XIII

BigyanbHi croCTepexeHHs MiATBEPIKYIOTbCS 3arajlbHUMH Ta TOYKOBUMHU
aHajizamMu XimiuHoro ckiany (puc. 4.18 6, tabn. 4.7). Ha 300paxenHi (puc. 4.18 6),
(GakTU4YHO, BUIAHO peani3oBaHy IUIACTUYHY JedopMallito KoOaJbTOBUX MPOIIAPKIB MIXK

3epuamu WC. lle € cBimueHHsim toro, mo came pecypc miaactuyHocti ['TIK-Co Ha
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MOYaTKOBOMY eTarli jaedopmallii KOMIIO3UTY BIJIrpaBaB 3HAYHYy pOJIb B JHUCHMAI]

pyHHYIOUOi eHeprii TPIIIUHH.

Tabnuis 4.7 — Pezynsrar EDS ananizy XiMi4HOTO CKJ1aqy MOBEPXHI PyHHYBaHHS

tBepaoro craBy WC-15Co, skuit He migmaBamm XIIT

Cnextp Enemenr, mac. %
W Co C
Crektp 1 75,50 + 0,48 17,50 +£ 0,27 7,00 + 0,42
Touxka 1 34,50 £ 0,58 59,00 + 0,59 6,50 + 0,47
Touka 2 85,50 +0,53 5,50 £0,19 9,00+ 0,41

[TepeBaxkatounii 00’ eM KoOanbTy B criedueHux 3pazkax WC-15Co, siki He mianaBain
XIIT mepen cmikanHsaM, 3HaxomauBes B I'TIK momimopdniit momudikamii (puc. 3.12).
KobGaner mMae BimHOCHO HM3bkui Moaynb FOnra 31 3nadeHHsM B 210 ['Tla mopiBHSHO 3
Maii>ke B 4OTUpH pa3u OuibiuM 3HadeHHsM B 791 T'Tla qys kap6iny Bonsdpamy [139]. V
TBEPAOMY CILIaBl KOOAIBTOBA MATPHUIIsl 3HAUHO TutacTuyHima 3a 3epHa WC. 3a Oyib-sikoi
nedopmariii BUpoOiB 3 TBEPJOTO CILIABy MEPII 32 BCE KOOAILT BITMOBIAAE 3a MIIHICHI
XapakTepucTuku marepiany. Kap6im Bombdpamy TakokK MPOSBISE HE3HAUHY
IJIACTUYHICTH [83], ajie HOro BHECOK Y MIITHICTh TBEPAUX CIUIaBIB MEHIIUM TOPIBHSHO 3
koOanasTOM [115].

Tox, came 3MiHAa TPYKHO-TJIACTUYHUX XaPAKTEPUCTHK 3B’S3YIOYOi CKIIAJ0BOI
BHACIIJIOK 3MIHH TUITy KPUCTAIIYHOI I'PaTku 3Ha4HOro 00’ emy koOanbTy 3 'K Ha I'IIIT
(puc. 3.12), sxuii Mae HIXKYY TUIAaCTUYHICTh Y TBepAoMy cruiaBli WC-15Co, BonHouUac,
npu3BeNia A0 POCTY MILMHOCTI Ta 3HMXKEHHSI CIIPOMOXKHOCTI KOMIIO3UTY IO CYNpPOTHUBY
YTBOPCHHIO Ta MONTUPCHHIO TPIIIHHH.

[TagiHHS CIPOMOKHOCTI TBEPAUX CIUIABIB 0 CYNPOTHUBY YTBOPEHHIO 1 MOIIMPEHHIO
TPIIIMH 1] YaC BUMIPIOBaHHS TPIIIMHOCTIMKOCTI HE CBIIUYMTH PO 3HMXKCHHS MIITHOCT1
cepiii TBEpJOro CIUIaBy 1 HABITh HABIAKU Mailke 3aBKJIM Mae 0OCPHEHY 3aJICKHICTH 3
MIIHICTIO TTpu TputoukoBoMy 3ruHi [140]. BigcytricTs Tpinun [lanMkBicTa y BepuimH

BiIOUTKA Bi 1HAeHTOpa (puc. 4.16 a) Ha moBepxHI 3pa3zka, skui He miptaBanu XIII,
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CBIIYUTH MO NoriuHaHHs npyxHoi eHeprii ['TIK kobanbrom, TpiluHa, 1110 yTBOPUIACh,
HE MOIVIa PO3MOBCIOIUTHUCH, JUCUITYBABIIM B KOOAJIBTOBIM 3B’sI3yrouiid. Y TOW K€ yac,
Tpimuuu [lanMkBicTa criocTepiranuch y BEpIIUH BiIOUTKA Bij iHAeHTOpa (puc. 4.16 0)
Ha MMOBEPXHI CIUIaBY, sAkui manaBanu XII1, omHak pyx TpiluH BigOyBaBCs 3a CKJIaIHOIO
TpaekTopiero. TpilmnHa MepeBakHO pyxajach B3IOBXK rpanuii Mik 3epHamu WC Ta
KOOAJIBTOBOIO MATPUIICIO, IO BIJOOPA3WJIOCh Ha 3HMKEHHI 3[JaTHOCTI 0 CYNPOTUBY
NOIIUPEHHIO TPIIIUH, OJHAK, CIPHUSIO PO3TATY’>KEHHIO OCHOBHOI TPIIIMHU Ta POCTY
MIIIHOCT1 3pa3kiB. Binbll ckiIagHUil pyX TPIIIMH TaKOX CIIOCTEPIraBcsi Ha MOBEPXHI
pyiinyBanHs cruiaBy (puc. 4.19), skuit migmaBanu XIII, micns BUnpoOyBaHHS HOTO
MIIIHOCTI MPH TPUTOYKOBOMY 3THMHI. Tak, Moka3aHo, 110 TPIllMHA, MOAIOHO TPIilIUHAM
[TanmkBicTa, pyxajach 3a CKIAJHOK TPAEKTOPIEIO 1, pO3radyKyKOuHUCh Ha JAPYTrOpsJIHI,
1HII1F0BaJIa Ha MMOBEPXHI PyWHYBaHHS BUKPHUIIYBaHHs oOnactel marepiany (puc. 4.19 a).
Ycst oBepXHsI pyHHYBaHHS BCisSiHA XapaKTEPHUMHM CIIIJAMU PO3TaTyXCHHs TPIIIUHU.
3MiHa TPAEKTOPIi PyXy, pO3rady eHHsI OCHOBHOI TPIILIMHU MOTPeOyBaJIO 3HAYHUX 3aTpaT
MPYXKHOI €HEeprii KIHISA TPIIUHM, 10 ¥ B1AOOpa3wiIoch Y MiABMINEHHI MIITHOCTI cepii
3pa3KiB TBEPAOTO CIUIaBy, Ky mianaBanu XIII (Tabmu. 4.6).

Y tBepnomy cmiaBi WC-15Co, ogpepkaHomy 13 3actocyBaHHsM — XIII,
nepeBaxatouoro B sikomy Oyna I'IIIIT momimopdna moaudikaiis koOanbTy, TpIIIMHA
pyxajach 3a OUIbII CKJIAQTHOI TPAEKTOPIE€I0, HA MOBEPXHI PYWHYBaHHS KOOAJIBTy OYyI0
B/BIYl MEHIIIE MOPIBHSHO 31 CIUIABOM, OJIEp>KaHUM OJIHOBICHUM IIPECYBaHHSM, IIIO
N1ATBEPIKYBAIOCH SIK Bi3yaJbHO OLIbII TEMHUM TOHOM ITOBEPXHI pyHHYyBaHH: (puc. 4.19

a, 0), Tak 1 pe3ynbraTaMu XiMigyHOTrO aHanizy (puc. 4.19 g, Tadmn. 4.8).

Tabnuis 4.8 — Pesynsrar EDS ananizy XiMiYHOTO CKJ1aJy MOBEPXHI PyHHYBaHHS

tBepaoro craBy WC-15Co, skuit mignaBamm XII1

Cnektp Enement, mac. %
W Co C
Coextp 1 79,00 £0,51 9,00 + 0,22 12,00 + 0,45
Touka 1 55,00 + 0,58 26,00 = 0,38 19,00 + 0,52
Touka 2 80,50 + 0,56 1,50 £0,15 17,00 + 0,52
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binbima KigpKicTh K0OAJIBTYy Ha MOBEPXHI PyHHYBaHHS TBEPAOTO CILUIABY, SKUHU HE
nigaaBanu XIII, cBiIYUTh PO Te, 110 TPIIIMHA pyXalach TPAHCKPUCTAIIYHO, PyHHYIOUN
MPOIIAPKU KOOANBTY, 110 Tparwsuiich Mixk 3epHamMu WC, a He OMUHAIOUH iX, sIK 1€ Oys10
y BUNAJKY pyXy TpIIIMHU B cIuiaBl, sikuil mignasanu XII. Yepes Oiibin MiHIAHUNA pyX
TOJIOBHOT TPILIMHU MIIHICTh cepii 3pa3kiB, Aky He migmaBanu XIII, Oyma HuX4OIO

MOPIBHSHO 3 CEPIi€r0 3pa3KiB, sAKy miagaBamu XII1.

Cnektp 1

W -79,0 mac. %
C-12,0 mac. %
Co-9,0 mac. %

a — CEM 300pakeHHs MOBEPXHI 371amy; 6 — 301JIbIIIeHe 300payKEHHS XapaKTepHOT
TISTHKA TTOBEpXHi 3mamy; 6 — EDS anai3 XiMiqHOTO CKJIaay BHIUICHOT 001acTi

Pucynox 4.19 — Ilosepxnst 3mamy tBepaoro criaBy WC-15Co, skuit mignaBamu XII1

Takox HE BapTO HEXTYBaTH BIUIMBOM MiIHOCTI MixkdaszHoro 3B’ s13ky WC/Co Ha
xapakTep B3aemoii ckiagoBux cucremu WC-Co mig yac mpHKIaJaHHs 30BHIITHBOTO
HABaHTAXKEHHS, a OTXE, ¥ Ha BIACTUBOCTI TBEepAMX cIuUiaBiB. [loka3aHo, 110 MIOLIMHU
{111} THK-Co 1 (001) T'IIT-WC Ta {002} T'IK-Co 1 (001) T'LLIT-Co yTBOPIOIOTH
KorepeHTHUH 3B’ 430K [ 141], mpu 1ipomy, yci mouuau ['IHIT-Co 3 'TIIT-WC yTBOpIOIOTSH

BUKJIIOYHO HAIIBKOTEPEHTHI 3B’S3KM 3 HU3bKOI eHepriero posnaury [5]. YV pasi
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30utbienHs kuibkocti ['III-Co, 3umkenns: korepeHTHOCTI 3B’ 513Ky WC/Co y TBepaux
CIUIaBax CTUMYJIIO€ MiK(a3zHe MOIIUPEHHS MIKPOTPIIIUH, IO 3MEHIIYE HMOBIPHICTH
TPAHCKPUCTATIYHOTO MPOXOKEHHS TPIIIMHU 4epe3 Mmpomapku kodansty [141], mo i
crioctepiranocst ansi cepii 3paskiB TBepaoro cmiary WC-15Co, sky mignaBanu XIIT
(puc. 4.16 6). Y tBepnomy craBi WC-3Co, sxuii mignaBanu X111, Ha He3HauHii BiACTaH1
Bia TpimuHM [lanMkBicTa cioctepiranocst BUAaBIOBaHHA oKkpemux 3epeH WC 3 MacuBy
komno3uty (puc. 4.20), 1110, BOYEBU/Ib, € ONMOCEPEIKOBAHUM ITIITBEPXKCHHAM Ta {IHHS

KorepeHTHOCTI 3B’ 513Ky Mik pazamu WC ta ['IIII1-Co.

Pucynox 4.20 — Binokpemiienns 3epen WC BHIaBIIOBaHHSIM 3 MAaCUBY TBEPJIOTO CIUIABY

WC-3Co, axuit migmgasamau XIIT

Binomo, 110 B TBEpAMX CIiaBax 3 nepeBakarouoro Mmoaudikaitiero koodansty I'IITT
CTPYKTYpOr0, a00 3 OUIbII TBEPAUM MaTepiajioM 3B’sI3yl04Oi CKJIAJ0BOI TiJ dac
1HAeHTyBaHHS mipamigkoro Bikkepca, 3epaa WC y BiIOUTKY, 3aJIMIICHOMY 1HAEHTOPOM
PO3TPICKYIOThCS Y LIEHTpl Ta uuii Ha mnepudepii Bigoutky [119], [142]-[144]. Ha
nepudepii BinouTky 3epaa WC BaaBior0Thes y MaTpuito Co Ta HaBITh MPOKPYUYIOTHCS
3a paxyHOK IUIACTUYHOI JedopMallii TNPUNOBEPXHEBUX MPOLIAPKIB  KOOAJIBTY.

MakcuMasnbHi 3yCHIUISL JIOKAMI3ylOThCsl caMe Yy BepmuHi mipamiaku Bikkepca, ['IIK
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KOOaJIbT 3a3HA€ MApPTEHCUTHOTO MEPETBOPEHHS, WOro pecypc MIACTUYHOCTI 3HAYHO
3HIKYeThCsA. 3epHa WC BTpadyaroTh CIIPOMOXKHICTH INepeMilyBatuch y mMacuBi Co Ta
PYHHYIOTBCS MiJT A1€10 MPUKIIAJACHOTO 330BH1 3yCHUILISL.

ITor’s3ane 3 mapreHcuTtHUM (dazoBuM ['ILIK—ITTIII nepeTBopeHHSIM 3B’sI3y10401
cKIa70Boi (puc. 3.12) 3HMWKEHHS TIACTHYHOCTI K0OabTy B TBepAoMy crutaBi WC-15Co,
axuil mignasanu XIII, BiMHYIO Ha XapakTep B3a€MOJil CKIAJOBHUX CIUIaBy i 4ac
pi3HOTO poxay nedopMyBaHHS.

3HIMKH CTPYKTyp BCepeauHi BiAOWTKY Bix 1HAeHTopy (puc. 4.21) €
orocepeKoBaHUM MmiaATBepkeHHsIM pocty BMicTy ['IIIT kobanbTy B TBEpIOMy CILIaBi,
saxui manaBanu XII1. ¥V cepii 3paskiB TBepaoro criaBy WC-15Co, sky mignaBamu XII1,
K y LEHTpl, TaKk 1 Ha mepudepii BIAOUTKY BiJ 1HACHTOPY CIOCTEPIrajioch 3HAYHE
po3tpickyBanHsa 3epeH WC (puc. 4.21 6), y Toil yac sik y cepii 3pa3KiB CIUIaBY, sIKy HE

niggaBanu XIII, HesHauHe po3TpickyBaHHs 3epeH WC crocrepiraioch Jumie B UEHTP1

B1IOUTKY (puc. 4.21 a).

a — offHOBIcHe nipecyBaHHs; O —XII1
Pucynok 4.21 — 3HiMKH CTPYKTYp BCEpEIUHI BIAOUTKY BiJl IHAEHTOPY 3pa3KiB TBEPAOIO

crutaBy WC-15Co, oneprkanux omHoBicHUM nipecyBaHHsIM 1 XIIT

PostpickyBanns 3epen WC BcepeauHi BIIOUTKY BiJ 1HACHTOpA 31 301IbIIEHHIM
BinmHOocHOTO BMicTy ['IIIT Mmonudikarii 1o 3araasHOTO 06’ €My KOOAIBTY B Cepii 3pa3KiB,

aky nignaBanu XII1, Takoxk cocrepiranocs y TBepaux cruiaBax ckiaaxy WC-3Co, WC-
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6Co 1 WC-8Co. Tak, y TBepaomy cmiaBi WC-8Co 3 nepeBaxkatodoro ['II[IT cTpykryporo
K0OaNbTy Mij Yac 1HAEHTYBaHHs mipaminkoio Bikkepca 3epuna WC BcepennHi BiIOUTKY
TaKO)K MacoBO poaTpickani (puc. 4.7 6), moO HE crocrepiranocs y CIUlaBi 3
nepeBaxkatouoto ['IIK crpykryporo. V Ttoit xe uac, y tBepaomy cruiaBi WC-8Co 3
nepeBaxkatouoio ['TIK cTpykryporo koOansTy BecepenrHi BITOUTKY BiJl iHACHTOpa 3epHa
WC nedopmyBanm mpomapkd KoOansTy mpokpydyiock (puc. 4.7 a). Macose
po3tpickyBanHa 3epeH WC y BinOutky Bif iHmeHtopa B cruiaBi WC-15Co, sikumii
nignaBanu XIII, Takox CBIIYUTH MPO CYTTEBY 3MiHY 3aJUIIKOBUX HANpPYy>KE€Hb B HOTO
dazoBux cknanoBux. Y cmiasi WC-15Co, sikuii nignasanu XII1, 3anunikoBi HarpyeHHs
y WC Oynu Hanpy>KeHHSIMU po3Tary 31 3HaueHHsAM 280 MIla, B Toii 4ac, K B CIIJIaBi, IKUI
He mignasanu XII1, Hanpyxxennss y WC manu npoTHiIexKHUHM 3HaK Ta Oynu piBHUMH 1270
MIIa. MmoBipHo, y TBepmomy crutaBi WC-15Co, sxuii minmasamu XIIT, 3MiHa 3HAKY
3QJIMIIKOBUX  HANpYyKEHb IMOB’s3aHa 3 MepediroM  MapTEeHCUTHOTro  (ha30BOro
neperBopeHHs y Co marpuili Ta 30UIblIeHHsIM 00’ emy koOansry Ha 1,5% [119]. 3mina
MEXaHI13My B3a€MOJIiT KepaMIvHOT Ta 3B’ SI3yI0UO0i CKJIAJIOBUX Y BIIOUTKY B1J] IHAEHTOPY 3
B/IABIIIOBAHHS TYTOIJIABKOI CKJIAJO0BOI B OUIBIN IMJIACTHYHY MATPHIIO KOMIIO3UTY Ha
PO3TPICKyBaHHS TYTOIUIABKOI CKIIAJIOBOI Yepe3 HEMOMIIMBICTH TIEPEMIIIICHHS 32 PaXyHOK
nedopmMariii MaTpUIll 3 HU3LKUM PECYPCOM IJIACTUYHOCTI CriocTepirajiacs y psiii pooiT
[86], [143], [145] Ta € iHAMKATOPOM 3MIHU MEPEBAXKAIOYOTO MEXaHI3MY 3HOIIYBaHHS
IHCTPYMEHTY 3 IIUX MaTepiaiBb.

3MiHa XapakTepy B3a€MOAIl MK CKJIAJIOBUMH TBEPAOrO CIUIABY MiJ 4ac HOro
nedopMyBaHHS KapAMHAIBHO BIUTMHYJIA HA MEXaH14HI BJIACTUBOCTI MaTepiany (Tadi. 4.6)
Ta, BHACTIZAOK 3MIHM MEXaHi3My 3HOIIYBaHHS, Ha CTIHKICTh cepii 3pa3KiB CILIaBy, SKY
nignaBanu XIII, mig gac #ioro excrutyarailii B IKOCTI 1e(OpMyIHOYOTO THCTPYMEHTY, 110

OIKCaHO B HACTYITHOMY PO3JLII.

BucHoBku 10 po3ainy 4

1. Bnepiie nokazano, mo tBepai criasu WC-3Co, WC-8Co 1 WC-15Co, ski

nignaBanu XII1 1o criikaHHS, MarOTh BUII 3HAYCHHS TBEPOCTI Ta TPAHUII MIITHOCTI. Tak,
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MOKa3HUK TPAHUIIl MIIHOCTI MPH TPUTOYKOBOMY 3THHI CIUIaBiB, siki migmgaBaau XIIT qo
ciikanHs, 3pic Ha 30 % nmo 1420 MIla ans tBepaoro cmaBy WC-3Co, Ha 9% no
1980 MlIla nns tBepaoro criay WC-8Co 1 Ha 13% g0 2410 MIla nnst TBepAoro cruiaBy
WC-15Co nopiBHSAHO 13 TBEpAUMHU CIIJIaBaMHM, OJICPKAHUMH OJTHOBICHUM IIPECYyBaHHSIM.
TBepnicTb KOXHOI 13 cepiil TBepaoro cruiaBy, oaep:xkanoi XIII, 3pocna Ha oxuHuUIO 3a
mkanorw HRA.

2. Bnepuie nokazano, mo tBepauit cmiaB WC-8Co-0,3VC, onepxanuit XIII,
Mae Ha 53 % BHILy TPIIIMHOCTINKICTH 3 mokasHukoM 15,4 MIla - m!? nopisasaHo 3 THM
K€ CIIABOM, OJEPKAHUM OJHOBICHMM MpeCyBaHHAM, 3 okaszHukoM 10,1 MIIa - M2,

3. BcraHoBiieHa 3aKOHOMIPHICTh MIX POCTOM MEXaHIYHHUX BIACTHBOCTEH 1
3MIHOIO cepenHboro po3Mipy 3epHa WC Ta ¢a3oBoro ckiiajly B TBEpJUX CILUIaBax, siKi
nignaBanu XIIT 1o ciikanas. Tak, MiABUIIEHHS 3aTHOCTI 10 OMOPY PO3MOBCIOIKEHHIO
Tpimmuu B cruiaBl WC-8Co-0,3VC, skuii mignasanu XII1, moB’si3aHa 31 3MEHILIEHHSIM Ha
15 % cepeanboro po3mipy 3epeH WC MOpIBHSAHO 3 TUM K€ CIUIABOM, OJIepKaHUM
OJTHOBICHMUM TIpecyBaHHsAM. TBepai craBu, ski migmaBanu XIII, mamu  Ouabiuid
BiHOCHUH BMIcT I'IIT koOaneTy Ta BUILY TBEPIICTh 1 TPAHUIIO MILHOCTI MOPIBHSHO 3
TBEPAUMHU CILIaBaAMH, K1 OJIEP>KYBaJIi OJTHOBICHUM IMPECYBaAHHSIM.

4. [lokazaHO PpI3HHUIIO MEXaHI3MIB pYWHYBaHHS TBEpPAMX CIUIaBIB, SKI
nignaBanu  XIII, mTOpiBHAHO 3 TBEpAUMHU CILJIaBaMH, OJEpP>XKaHUMU OJHOBICHUM
npecyBaHHsIM. Ha moBepXxHsx pyiHyBaHHS CIUIaBiB, ski miggaBanu XII1, cnocrepiranocs
pPO3TaJly’)KeHHsI OCHOBHOI TpPIIIMHU Ta, SK HACHIJOK, BUKPHIIYBaHHS MIKpOOO’€MIB

MaTepially, 4oro He CIIOCTEPIranoch y CIuiaBax, oJiepKaHUX OHOBICHUM MPECYBaHHSIM.
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5 EKCILJIYATALIMHI BUTTPOBYBAHHS TBEPIUX CILJIABIB,
OJEPXKXAHUX XOJIOAHUM I3OCATUYHUM ITPECYBAHHAM

Ob6nacte 3actocyBaHHsi TBepaux cmiaBiB WC-Co Bu3zHayaeTbcsi iX (i3uko-
MEXaHIYHUMH BJIACTUBOCTSIMH, SIKi, y CBOIO Yepry, 3ajieXaTh BiJ CEPEAHBOTO PO3MIpPY
3epeH WC Ta BMicCTy 3B's13yrouoi ckianoBoi [3]. Tak, B SKOCTI Marepianxy 1HCTPYMEHTY
Juisi OypiHHS TIPCHKUX TOPiJ HAJlal0Th MepeBary KpyMHO3EPHUCTUM MapKaM TBEpAUX
crutaBiB 3 cepenHiM posmipom 3epeH WC Bixg 2 Mkm g0 10 MKM Ta BMICTOM KOOQJIBTy
nopsiziky 5 mac. % — 10 mac. %, siKi J€MOHCTPYIOTh MOEAHAHHS BHCOKOT MIIIHOCTI Ta
TBepaocTi [146]. B axocti MaTepiaiy piKydoro iIHCTPyMEHTY IMPHUITHATO 3aCTOCOBYBATH
TBEP/Il CIUIaBU 3 cepeaHiM po3MipoM 3epeH WC MeHIIUM 2 MKM Ta JOCUTh IIUPOKUM
Jllara30HOM BMICTY 3B’sI3y104u0i mopsiaKy 3 mac. % — 15 mac. % B 3aJ1€KHOCTI B1J] pEXKUMIB
Ta BaXXKOCTI YMOB 00poOku [2]. OOpoOKy MeTalliB Ta CIUIaBIB XOJOAHUM IUIACTUYHUM
ne(opMyBaHHSIM MPOBOASITH IHCTPYMEHTOM 3 TBEPJIMX CILJIABIB CEPEIHbOI 3€PHUCTOCTI 3
posmipoM 3epeH WC Bix 1 MKM 110 3 MKM Ta BMICTOM KoOanbTy Big 15 mac. %, skuii Ou
3a0e3neuyBaB BUCOKY MilHICTh [147]. Ilpore, miABHINYIOYM BIACTUBOCTI TBEPAOIO
CIUTaBY, 3aJUIIUBIIN HE3MIHHIUM BMICT KOOAJIBTY Ta cepefHii po3mip 3epeH WC, MoxHa

PO3LIMPUTH 0OJACTH 3aCTOCYBAHHS KOXKHOI 3 MapOK CILIABY.

5.1 BmiuB X0JIOHHOIO i30CTATMYHOIO MPECYBAHHSI HA 3HOCOCTIMKICTH

MOPOAOPYHIBHOIO iHCTPYMeHTY 3 TBepaoro cmiasy WC-6Co

[ToBepxni 3HOmIyBaHHS TBepaoro cruiay WC-6Co, skuil miggaBadd Ta HeE
niggaBanu XII1, 300paxeno Ha pucyHky S5.1. llupuHa miusiMu 3HOLTYBaHHS Ha poOoUii
NOBEpXHi 1HCTpyMeHTy 3 TBepnaoro cmiasy WC-6Co, sxuit He mignasamu XIII (puc.
5.1 a), ctanoBuna 0,75 MM, y TOi yac, IK BUMIpPSIHE 3HAYEHHS ISl IHCTPYMEHTY, AKUN
niggasanu XII1, 6yno menmum Ha 16% 3 mokaznukom B 0,63 MM. 3MEHIIEHHS [IUPUHU
TUISIMU JI71s1 cTuiaBy, sikuil mignaBanu XIII, cBiquuTh Mpo MiABUIIEHHS 3HOCOCTIHKOCTI
uporo marepiany. Takok, Ha 1HCTpyMeHTI, sikuil He mignaBainu XIII, poboua kpaiika

3a3HaJia O1IbLI IHTEHCUBHOT'O 3HOILIYBAHHS, Y 11i1 00JaCTi MPUCYTHI BIAPUBH MaTepiay.
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CKOnBaHHA Kpanku

a — ogHoBIcHE nipecyBaHHs; 6 —XII1
Pucynok 5.1 — CEM 300paeHHs TOBEPXOHb 3HOIIYBaHHS IHCTPYMEHTY 3 TBEPAOIO

crutaBy WC-6Co, onep:kaHoro oqHoBicHUM nipecyBaHHsaM 1 XIIT

st pobodoi moBepxHi 1HCTpyMeHTy, sikuii He migmaBanu XIII, xapaxkrtephe
3HOIIYBAaHHS 3 YITKO BUJUMHMHU OOJIACTSAMHM I1HTEHCUBHOTO aOpa3WBHOTO CTUPAHHS
MaTepially, BUTSITHYTHMH B HamnpsMKy KOB3aHHS 3aroTOBKM  IMICKOBHKY 00
NOpPONOPYHHIBHY BCTaBKy. Y crnedeHoMmy cruiaBl WC-6Co, skuii nigaaBanu XIIT mo
CIIKaHHsI, Kpaiika Mail>ke He 3a3HaJia 3HOIIYBaHHsI, 001acTi adpa3sMBHOTO CTUPAHHS MEHII
PO3IMOBCIOMKEHI, a 1X pO3MIp MaJHi y TOPIBHSAHHI 31 CTUIaBOM, sikuit He mignaBamu XIII.

[ToBepxHs 1 pobova Kpaiika IHCTPYMEHTY, BUTOTOBJIEHOTO 3 TBEpA0To cruiapy WC-
6Co, axmit migmaBanu XIII, He 3a3Hanmm 3HauHUX 3MiH. lle TOSCHIOETHCS TUM, IO
MaTepiall JEMOHCTPYE HIKYY CXWIBHICTh JO aJre31ifHOro HaJWUMaHHS Ta Kpalry
CTIMKICTh 1O 3HOIIYBaHHSA KpaWKu, M0 J03BOJIsIE i 30epiraTd CBOIO MOYaTKOBY
TEeOMETPI0 1 TPHU3BOAUTH JI0 PIBHOMIPHOTO 3HOIIYBaHHS poOodoi moBepxHi. Ha
NpPOTUBAry 1bOMY, pobova Kpaiika IHCTpyMeHTY 3 TBepaoro cimiary WC-6Co, sikuii He
niggaBanu XII1, mae momiTHI mepOMHU 1 BTpaTy noyaTkoBoi reometpii. Lle € Hacmiakom
BUPWBAHHS MAacCHBIB Marepiaiy, 0 MaJd aare3idHe 34eryieHHs 3 poOOYO0I0 MOBEPXHEIO
THCTPYMEHTY, 1[0 3HAYHO BIUIMHYJIO Ha CTIHKICTh JI0 3HOIIYBAaHHS II€] cepii.

binbm getanpbHO MEXaHI3MU 3HOITYBaHHS JIBOX cepiit TBepaoro cmiapy WC-6Co
MO>XKHA MPOaHai3yBaTH 3 IETAIHLHUX 300pakKeHb ITOBEPXOHb 3HOIIIYBaHHS (puc. 5.2, 5.3).

[IpencraBnieHi pe3yabTaTd MOKa3ylOTh, IO IHCTPYMEHTH IBOX Ce€piil JAEMOHCTPYIOTh
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BIIIMIHHICTh Y MeEXaHI3Max 3HOIIYBaHHS Ta CYTTE€BO PI3HUH PIBEHb 3HOUTYBaHHS
noBepxoHb. I1i1 yac MEPBUHHOTO OTMIAAY POOOYMX MOBEPXOHb IHCTPYMEHTY 3 TBEPIOTO
crutapy WC-6Co, sixkuit miggaBanu (puc. 5.2) ta e nignasaimu XII1 (puc. 5.3), momiTHa

CYTT€BA PI3HUIIS X MOPQOJIOTIH.

Cnektp 1

W -68,7 mac. %
0-14,3 mac. %
C-10,3mac. %
Co-5,7mac. %

5 keV

a — CEM 300paskeHHs Tomosorii po6o4oi moBepxHi; 6 — 30ibIIeHE 300paKeHHS
XapaKTepHOI AUITHKH po0o4oi moBepxHi; 6 — EDS anami3 XiMiqHOTO CKJIaay BHIIJICHOT
oOnacrti
Pucynok 5.2 — Mopdosoris moBepxHi 3HOITYBaHHS TOPOAOPYHHIBHOT BCTaBKH 3

tBepaoro criaBy WC-6Co, ofiep:kaHoi 0JJHOBICHUM TPECyBaHHSIM

[ToBepxHs iHCTpyMeEHTY, sikuil He niignaBanu XII1, 6ubin penbedHa, 1Mo BCii mioil
CIIOCTEpIraloThcsl BUpUBUBaHHS Marepiany. Ilig gyac oOpoOKH MICKOBUKY CXUIIBHICTb
MIKpPOYaCTUHOK 00pOOIIFOBaHOT 3ar0TOBKH J10 HAJIMIIAHHS HAa pOO0YY MTOBEPXHIO TBEPOTO
cruiaBy — aocutb Bucoka [148]. Ha poOouiii moBepxHi MOpOAOpYyHHIBHOI BCTaBKH 3
tBepaoro cmiaBy WC-6Co, sxy He migmaBaim XIII, cmocrepiranucss TucKpeTH1

BKJIFOUEHHSI HAJMIUIOrO MaTepiany oOpoOJroBaHOT 3arOTOBKU IMICKOBHKY, 1110 BKPUBAJIH
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yCIO IUIOILY, fIKa 3a3Hajia 3HOILIYBaHHSA. 3HAYHOIO € JaedopMallis MOBEPXHEBUX IIAPiB
po0oU0i MOBEPXHI MOPOAOPYHHIBHOI BCTaBKH (puc. 5.2 0) Ta pyhnyBaHHs 3epeH WC.
Ha mportuBary BctaBmi 3 TBepmoro cruiay WC-6Co, onepkaHOi OTHOBICHUM
npecyBaHHsIM, BCTaBKa, sKy mignaBanu XIII, nemMoHCTpye BUILY CTIMKICTH 110
azre3iiHOTO Ta aOpa3uBHOTO 3HOUTYBaHHS (puc. 5.3). JIUITHKY HATUTUINX MIKPOYACTHHOK
00poOIIIOBAaHOTO TMICKOBUKY Ha po0Oodiii MOBEPXHI MOPOAOPYHHIBHOI BCTaBKH, SKY
nigaaBanu XII1, MeHI po3moBCIOIKEH1, a 00JIaCTI aAre31iHOro mapy OyJM MEHIITUMU Ta
po3tamoByBanucs Mixk 3epHaMu WC. BiIMiHHICTh y MeXaHi3Max Ta PiBHI 3HOIIYBaHHS
iHcTpyMeHTIB 3 WC-6Co 1BOX cepii MOXKHA MOSCHUTH PI3HUICI0 MEXaHIYHUX

BJIACTUBOCTEH Ta ()a30BOT0 CKJIaAy MaTepiaiB.

o
1. Cnektp 1

1 W -71,7 mac. %
i ~ C-15,2mac. %
i) . 0-10,3mac. %
- | Co-29mac. %

S ]

OeV 5 keV

a 8
a — CEM 300pakeHHs TOMOJIOT1i TOBEPXHi 3HOILITYBaHHS;, 6 — 30ibIIIeHe 300pakeHHS
XapaKTepHOI AUISHKH MMOBEPXH1 3HOIIYBaHH:; 6 — EDS anani3z xiMmiuHoro ckiany
BUIUIEHOI 00J1aCTI1
Pucynok 5.3 — Mopdostoris moBepxHi 3HOLTYBaHHS TOPOAOPYHHIBHOT BCTaBKH 3

tBepaoro craBy WC-6Co, sikuii mignaBanu XII1 1o criikanus
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BoueBuap, y Bumaaky BUIPOOYBaHHS MOPOAOPYWHIBHOI BCTaBKH 3 TBEPIAOTO
crutapy WC-6Co, siky nignaBanu XII1, koedimieHT TepTs y napi micKOBUK-TBEPAUIA CIUIAB
OyB HWXYUM Yy TOpPIBHSHHI 3 BCTaBKOIO, OJEP)KAHOIO OJHOBICHUM TPECYBAHHSIM.
KoedirieHT TepTss MK 3B’SA3YIOUOI0 CKJIAJ0BOIO TBEPJOTO CIUIaBYy Ta OOpOOIIOBAHUM
MarepiajaoM BiFirpae 3Ha4Hy posib y (OpMyBaHHI 3HOCOCTIMKOCTI MOPOAOPYHHIBHOTO
iHcTpyMeHTy [143]. Tak, 3aKOHOMIpHO, 3a PIBHUX YMOB, IIBUAIIE 3HOIIYETHCS TOU
IHCTpYMEHT, KOe(DIIliEHT TepTs 3B SA3yI0YOi CKJIAI0BOI SKOTO 3 0O0poOIIOBaHUM
marepianom Buimil. Bimomo, mo koedimient repts LTI moaudikariii koOanbTy HIKIHIA
MOPIBHSHO 3 TUM ke nmokazuukoM 1yt 'K momimopduoi mogudikarii, Takox ['IIIT-Co
MIPOSIBJISIE BUIIY 3MallyBajdbHy 3/1aTHICTE [75], [123] Ta, BIAMOBIAHO, IEMOHCTPYE BUIILY
CTIMKICTb O CTUPaHHSI.

PeHTreHOCTPpYKTYpHUM  METOJOM  JOCTOBIPHO  BHU3HAUYUTH  KUIBKICTH  Ta
CHIBBIAHOLIEHHSI MOMMOP(GHUX Monaudikaniid KoOaJIbTy 3a AAHOTO HHU3BKOTO BMICTY
3B’s13y10401 y TBepaomy ciiaBi WC-6Co nocuts npodnemaruyno [23], [75], [87]. Anamniz
noBeAiHKY B3aemo/Iii 3epeH WC Ta ko0anbTy y BiIOUTKAX BiJl 1HIEHTOPY Ha MOBEPXHSX
tBepaoro crmiaaBy WC-6Co nBox cepit (puc. 5.4) omocepenkoBaHO BKazye Ha
MJIACTUYHICTH 3B S3YI04Oi CKJIAJ0BOi, & OT)KE W Ha TUIl KPUCTAIIIYHOI I'PaTKu KOOAJIbTy

[145], [86], [143].
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a — offHOBIcHe nipecyBaHHs; O —XII1
Pucynok 5.4 — 3HIMKH CTPYKTYp BCepeauH1 BIAOUTKY B 1HIEHTOPY CEPiil TBEPAOIo

cmtasy WC-6Co
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Ak 1 B TBepaux cmaBax WC-8Co ta WC-15Co, saxi migmaBanu XIIT Tta B axux
peectpyBanocs 30iabieHHs KutbkocTi ['IIIT momimopdHOT Moaudikalii ko0aneTy, Tak i
B TBepaomy crutaBi WC-6Co, sikuii migmaBamm X111, y BinObutky Bin iHmenTopy 3epaa WC
po3tpickyBaiucs. Lle cBimuuTh Npo yckiagHeHHs nepeminieHs 3epeH WC 3a paxyHOK
nedopmarii  ko0ameTy, ockiIbku 30umbmieHHS KinbkocTi ['IIIT-Co mpusBeno g0
3MEHIIICHHS PECypCy TIACTHYHOCTI 3B’ A3YI0401 CKJIaJ0BOI KOMIIO3UTY. 3MiHA TTOBEAIHKA
B3a€EMOJII1 CKJIQJIOBUX CTPYKTYpPH TBEPJOTO CIUIaBy BigoOpa3umiacs y 3MiHI MOBEIIHKH
3HOITYBaHHS IHCTPYMEHTY 3 I1boro Marepiamy. [lim dYac KOHTakTHOi B3aeMoil
NOPOIOPYHHIBHOI BCTaBKH, siKy miggaBanu XIII, 3 mickoBukom 3epna WC Oynu MeHII
NIATINBI 10 TIEPEMIIIEHHS 32 PaXyHOK Jedopmallii MpoIapkiB KoOanbTy, B 3B SI3KY 3
ManuM pecypcoM miactuunocti ['III-Co, a oTxe, 3anuiianucs HEPyXOMUMU JIOMTOKH
00’€M 3HOIIYBaHHS KOOAQJIBTOBOI MATPHUIll HE JOCATAB KPUTUYHOTO 3HAYEHHS Ta BOHA
nepecrtapaja (pIKCyBaTH iX. BUIbII MOBIJIbHE 3HOUTYBAHHS MOPOIOPYHHIBHOI BCTaBKH 3
tBepaoro criaBy WC-6Co, saxy migmaBanu XIII, cympoBoIxKyBamocs MOCTYIIOBUM
BunaneHHsM 3epeH WC oiHe 3a OHUM, Ha MPOTHUBArY IJIACTUYHOMY Je(hOPMYBaHHIO
uuux kiactepi 3epeH WC 1 Co Ta BigpuBy nedopMoBaHOTO 00’ €My Marepiairy 3 pooodoi
MOBEPXHI MOPOAOPYHHIBHOI BCTaBKH, SIKy He mianaBanu XII1.

CnocrepexxyBaHui epeKT OrojieHHs KapOlTHUX 3€pEeH, Ta 3MEHIICHHS KiJIbKOCTI
k00anbTy Ha poOoUiil MOBEpXHI MOPOAOPYHHIBHOI BCTaBKH 3 TBepAoro ciapy WC-6Co,
axy mignaBanu XIII, micas BUnmpoOyBaHHS MOBHICTIO TTOBTOPIOE peasizailiio MogiOHUX
SIBUIIL, SIKI CIIOCTEpIrajucs Ha MOBEpXHI pyilHyBaHHs TBepaoro ciary WC-15Co (puc.

4.19) micnst BUpOOYBaHHS MIITHOCTI MPU TPUTOYKOBOMY 3THHI.

5.2 BmiuB X0JOQHOIO i30CTATMYHOIO MPECYBAHHS HA 3HOCOCTIMKICTH

pizky4oro incTpymenTy 3 TBepaoro cmiiasy WC-8Co

Hwuxue nokazani CEM 300pakeHHsI TUIIOBUX MOP()OJIOrii 3HOIIYBaHHSA pOOOYUX
MOBEPXOHb PIDKYUOro I1HCTpyMeHTy 3 TBepaoro crmiaBy WC-8Co, onep:kaHoro
OJTHOBICHUM IpecyBaHHAM (puc. 5.5), axuit miggasaiu oopooui 'l micns cikanus (puc.

5.6) ta mianaBanu XII1 no crikanns (puc. 5.7).
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a — CEM 300pakeHHs TOBEPXH1 3HOIIYBAaHHS Pi3lis; 6 — 301IbIICHE 300paKeHHS
XapaKTepHO1 AUISIHKY MOBEPXHI 3HOLIYBaHHS; 6 — EDS anani3 XiMi4yHOTO CKI1aay
BU/IIJIEHOT 001aCTI
Pucynok 5.5 — IloBepxHsi 3HO1TYyBaHHS pi31is 3 TBepaoro ciiapy WC-8Co, oiepaHoro

OI[HOBiCHI/IM MpCCyBaHHAM

Pizenp, sikuii He miggaBaIu AOJATKOBINA 00pOOIll JEMOHCTPYE 3HAYHE 3HOIIIYBAHHS
MOBEPXOHb, y BEPIIMHI PIXKY4Oi Kpallku yTBOpHWBCS anaresivamii map. EDS anami3
criekTpiB (puc. 5.5 6, puc. 5.6 6, puc. 5.7 6) nmokasye, 10 MOBEPXHI IHCTPYMEHTY 3
tBepaoro criapy WC-8Co ycix cepiii MalOTh BUCOKY KOHIeHTpalio Fe, 1o Bkazye Ha

Te, [0 MaTepiajl HAPOCTY MOXOAUTH 13 0OPOOITFOBAaHOT YaBYHHOI 3aTOTOBKH. Yepes BUCOKY



125

XIMIYHY CIIOPITHEHICTh MI’)K BUITPOOOBYBAHUM THCTPYMEHTOM Ta YaBYHHOIO 3arOTOBKOIO
[149], y mpomeci pi3aHHS MIKPOYACTUHKH 3aroTOBKHM aAre31MHO 3 €qHyBaJIuCAd 3
GPUKIITHIME TOBEPXHIMH IHCTPYMEHTY, 3aBISKHA YOMY 00poOII0BaHUIT MaTepiai MIITHO
OpWwIsAraB J0 pDKydoi Kpaiiku 1HcTpyMmMeHTy. Criau aare3ifHOro HaJIuMaHHS
0oOpoOIIOBaHOTO Marepialdly Ha TOBEpPXHI TBEPAOCIUIABHOTO 1HCTPYMEHTY OUIbII
PO3MOBCIOMKEHI Ha Tiepudepii obmacTi, Mo 3a3Hana adpa3uBHOTO 3HONTYBAHHS T 4ac
pizanHs. [Ticns nporecy oOpoOKU pi3aHHIM FOJIOBHY 3aHIO TTOBEPXHIO pi3Ls (puc. 5.5 a)
MOXKHa YMOBHO TOAUTATHA Ha JBI 00NacTi, a came: BKPUTY IMIapoM oOpoOIIOBaHOTO
MaTepiaily mnepudepiiiHa yacTMHA oOO0JNAacTi 3HOIIYBaHHS Ta o0NacTh, IO 3a3Haja
abpa3uBHOTO 3HOITYBaHH:. O0acTh a0pa3MBHOTO 3HONIYBAHHS MalKe HE MICTUTh CJI1JIIB
BEJIMKUX HApOCTIB 00poOIOBaHOrO Marepiany. BoueBuab, aaresiiiHe HaJIMUIAHHS, 1110
nepenyBajgo BTpaTi 00’eMy Marepiaidy pi3lisl Ta CIocTepiraerbest Ha nepudepii 0o6aacTi
3HONIYBaHHS 33JHBOI MOBEPXHI, CTAJIIO MEPIIONPUYUHOIO 3HOIITyBaHHS pi3is. Tawm, me
MOCTYIIOBO Ha TMOBEPXHI pi3ld HaIUNaB wmarepial oOpoOIIOBaHOT 3aroTOBKH B
MOJIAJILIIIOMY B110yBaBCS BIAPUB YTBOPEHOTO HAPOCTY 3 BIAPUBOM aIr€31iHO 3YETIIEHOTO
00’eMmy Marepiany pisis. [lepexiani oGmacTi, e Marepiai 0OpoOIIOBaHOT 3arOTOBKH 111€
MPUCYTHIN HA TOBEPXHI pi3iis (pUC. 5.5 6), TAKOXK 3a3HAH 3HOIITYBAHHS.

Pizeus 3 tBepmoro cmaBy WC-8Co, sikuii mpoiiiioB noaarkoBy oopooky ['T1,
MOKa3yBaB Kpally CTIHKICTh JO 3HOIIYBAHHS Yy MPOLECI pi3aHHS MOPIBHSIHO 3 PI3LEM,
KWW He miagaBaan oopooii. JlorkxuHa 3HOIIEHOT 001acTi poO0Y0i KpaKy, BUMIpSHA Bij
BepirHU pi3iy, ckiana 0,31 Mmm. BapTo 3a3HauuTH, M0 JUCKPETHI CIIAM 3HOITYBaHHS
poO0YOi KpaliKh CIIOCTEpIraloThCs M B MICIAX 1032 BHUMIPIOBAHOKO JIUISHKOIO
3HOITYBaHHS (pUC. 5.6 ). BoueBuab, Ciiiv 3HONTYBaHHS poO0Y0i KpalK¥ Ha BiJaICHUX
BiJl BEpIIMHU Pi3lls AUITHKAX 3’SBHJIMCH Yepe3 BHKPHUIINYBaHHS KpynmHUX 3epeH WC Ta
KJIACTEPIB 3€PEH, OCKUIBKU B CTPYKTYpI caMe I1i€i cepii peectpyBanu 3epHa WC OibIii 5
MKM (puc. 4.1). Came kpynHi 3epHa WC ciiyryBaiiv ocepekaMu pyiHyBaHHS! KOMIIO3UTY,
OCKUIBbKH, Y€Pe3 iX pO3Mip, BOHU BPa3JIUBI O MEXaHIYHOTO BiPUBAHHS IT1/1 YaC TOUYIHHS.
Onnak, mona 00JacTi, M0 3a3Hajia 3HOIIYBAaHHS HAa TOJIOBHIM 3a/IHIN MOBEPXHI Pi3Ild,
akui miggaBaiau oopooui I'IIl, mpubnusHo piBHA Tii camiil oOmacTi Ha pi3ll, AKUH HE

IiIIaBalId JIOIaTKOBIM 00pooii (puc. 5.5 a, puc. 5.6 a).
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a — CEM 300pakeHHsI MOBEPXHI1 3HOIIYBaHHS; O — 301IbIlIEHE 300paKEHHS
XapaKTepHO1 AUISIHKY MOBEPXHI 3HOILYBaHHS; 6 — EDS anani3 XiMi4yHOTO CKI1aay
BU/IIJIEHOT 001aCTI
Pucynok 5.6 — IloBepxHi 3HOITyBaHHS pi31is 3 TBepaoro ciiapy WC-8Co, saxuii

nigaaBaau oopo6ir [T micns criikanHs

O6nacTh aAre3iHOrO 3HOIIYBAaHHS Ta HapICT OOpOOIOBAHOTO MaTepially Ha
BEpILMHI pi3ud, sikuil migaasBanu oOpoOui I'Ill, 3HauHO MEHIl MOPIBHSAHO 3 TIEIO XK
00J1aCTIO HA BUXIJTHOMY Pi3IIi.

Pizeup, sxkuit g0 cmikanHga mniggaBany  XIII Mae nomiTHUN nOpupicT B

3HOCOCTIMKOCTI M1 4ac 0OpOOKH HUM YaBYHHOT 3arOTOBKH MOPIBHSHO 3 PI3LSIMHU PEIITH
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cepiii. JloBxuHa 3HO1IEHOT 001aCTI pOOOYOT KpaKy BTpUUl MEHIIIA 3a ITI0 K 00JIacTh Ha
pi3ui, sixkuit He mignaBanu XII1, Ta cknagana 0,14 mum (puc. S a).

Hapict 006po6mroBaHOro Marepiady Ha BEPIIMHI Pi3lld Ta HAJTUIAHHSI HA TOJOBHIN
3a/IH1M TOBEPXHI PI31Isl TAKOXK MPUCYTHI, OTHAK MEHIII, TOPIBHSIHO 3 TUMU K 00JACTIMU

Ha PI3ISIX PEILITH Cepiid.
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XapaKTepHOI AUITHKH MMOBEPXH1 3HOIIYBaHHS; 6 — EDS anani3z xiMmiuHoro ckiany
BUIUIEHOI 00J1aCT1
Pucynok 5.7 —IloBepxHi 3Ho1TyBaHHS pi31is 3 TBepaoro ciiapy WC-8Co, saxuii

nignaBany XIII mepen ciikaHHAM
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[Tnoma, 110 3a3Hajna 3MiH y poIieci BUMPOOYBaHHS 3aJICKUTh HE B1Jl 3IaTHOCTI J0
CYNpPOTHBY 3HOIITYBaHHIO, a B MapaMeTpiB pi3aHHS Ta Oysia MPUOIM3HO PiBHA TOMY XK
MOKA3HHUKY Ha PI3IsX 1HMUX cepiid. [Ipore, criBBigHOMEHHS IO 001acTi Ha 3aHIN
MOBEPXHI Pi31Is, 1110 BKPUTA MIKpOYaCTUHKaMH 0OpOOIIOBAHOTO MaTepially, 10 3arajbHOi
IO 3HOIIEHOT 00nacTi HaiBuIEe cepen cepii pi3iiB, mpubdbauzHo 80 % 3HOIEHOT
obOmacti BKpuTa 00poOmtoBaHMM MatepiasoM. OmHak, M AUCKPETHUMH HApOCTaMU
3HOIIYBaHHS MaTepiaily pi3ld Maike He croctepiraiocs (puc. 5.7 6), 11e CBIIUYUTh PO
kpanty cTiikicts pismiB 3 WC-8Co, sxi mignasanu XIII, mo aare3iifHOro 3HOUTYBaHHS.
KittouoBuMm € Te, 1110 JUIIIE MICIS BIAPUBY HAPOCTIB 3aTOTOBKH 3 MOBEPXH1 IHCTPYMEHTY
1HTeHCcu(DiKyBaocs 3HOITYBaHHs pi3i. CliJl BIAMITUTH BKJIaJ aOpa3uBHOTO MEXaHI3MY
3HOLIYBAaHHS, IO BHUJHO HAa JETAJbHUX 3HIMKAX MOBEpXH1 pi3us (puc. 5.7 0), sgxuid
niggaBanu XII1, Ha 3HOmyBaHHs pi3isl. Came abpa3uBHE 3HOIIYBAHHS € IMOYATKOBOIO
CTaJI1€10 3HOUTYBAHHS 1HCTPYMEHTY BCIX CEpii, a OT>Ke U PI3HMIIS CTIMKOCTI 10 TAKOro
THUITY 3HOIIYBaHHS PI3I[iB € KIIOYOBOKO.

Came 3MiHa MEXaHIYHUX BJIACTUBOCTEH, 1HIIIHOBAHA CTPYKTYPHUMHU 3MiHAMU B
tBepaomy craBi WC-8Co, saxuit mignaBanu ['II1 Ta XIII, crama BupilIaJbHOKO B
MIJBUIIEHHI 3HOCOCTIMKOCTI pI3IB Tif dYac pi3aHHs. OCHOBHUMH CKJIQJJOBUMHU Y
dbopMyBaHHI CTIMKOCTI KOMIIO3UTY JI0 3HOIIYBAaHHS € MEXaHi3M B3a€MOJIIi CKJIaJ0BHX,
MILIHICTb 3B’SI3Ky MI’)K HUMH Ta CTIMKICTb JO 3HOLIYBaHHS KOXHOI 31 CKJIaJJOBUX OKPEMO.

PesynbraTu BunpoOyBansb pi3iiB 3 TBepaoro ciary WC-8Co, ofiep:kaHux pi3HUMH
TEXHOJIOTIIMM, T1J] YaC MOB3OBKHBOIO TOUIHHS 3arOTOBKH 3 CIpOT0 YaBYHY 300pakeH1
Ha pucyHkKy 5.8. lns toro, mo6 MokHa OyJiO JETaJbHO CHOCTEpIraTé 3a €BOJIOIIEI0
3HOITYBaHHS, OyJI0 0OpaHO HEBHCOKY MIBUAKICTH pizaHHs (77,2 M/XB), IO BiAMOBina€e
IIBUJIKOCTI Pi3aHHS MiJ Yac HamiBYMCTOBOI 00OpoOKku TouiHHAM [150]. [lns mosermeHHs
MOPIBHSHHS TPHOX MPEACTABICHUX CEPiil BICh Yacy BiKIIaJeHa B JOTapu(MIdHIM ITKaI.
3arajioM, O4YiKyBaHO, 3 PUCYHKY MOXKHAa TMOOAQYUTH, IO MapaMeTp 3HOIIYBaHHS Vp
MOCTYTIOBO 3pOCTa€ 31 30LIbIICHHSIM 00pOOJICHOT IOBXKMHU YaBYHHOI 3arOTOBKU B YCiX
JOCITIPKYBAaHUX CEPIsSIX CILIABY.

3a 0THAKOBUX YMOB Pi3aHHS JOBKHUHA AUISTHKY 3HOIIYBAaHHS, BUMIPSIHOI IO KpamIii

TOJIOBHOI 3aJIHBO1 MOBEpXHI1 pi31d 3 TBepaoro craBy WC-8Co, saxuit Oyno ofepkaHo 3
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3actocyBanHsAM XIII, micast nuisaxy pizaHHs npubnau3Ho 32 M Oyna HAWKOPOTIIOKO Cepen
MOPIBHIOBaHUX CIUIaBiB 3 mokasHukoM 0,02 MM Ta diHIHHO 30UIbIIyBalach 31

301IBIIEHHSM HUIAXY Pi13aHHS.
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Pucynok 5.8 — 3Ho1ryBaHHS rOJI0BHOI 33/IHBOI MOBEPXHI cepiit pi3iiB (Vg), onepKaHuX

3 TBepaoro cray WC-8Co i1 yac mOB3/I0BKHBOTO TOUIHHSI YaBYHHOI 3arOTOBKHU

HaliBuiunii noka3HMUK 3HOLIYBaHHS Vg y KOXKHIHM TOYL1 BUMIPY IPOHEHOTO HUIAXY
cepell MOPIBHIOBAHUX CIUIaBIB TOKa3yBaB pizerb 3 TBepaoro ciaBy WC-8Co, skuit
JIOJIATKOBO HE ITi/IJIaBaIH KOAHINA 00po0Iri. 3a mepernHaMu KPUBOi 3MiHU MapaMeTpy Vg
BIJl MIPOMJIEHOTO 1THCTPYMEHTOM IIUISAXY MOXKHA CBIAYMTHU MPO PI3HI CTaJli 3HOLIYBAaHHS
IHCTpYMEHTY. Y BHUIIAJKy PI3liB, OJepKaHuX 3 HeoOpobiaeHoro TBepaoro cruiapy WC-
8Co Ta 06podaenoro I'lll, mepmia yMOBHO JiHIIHA AUISHKA BiAMideHa Ha PUCYHKY 5.8
MYHKTUPHOIO JIHIEI0 XapaKTEPHU3YEThCS TMOBIILHUM HApOCTAaHHSM 3HOIIYBaHHS Ta
OPUIIBU/IICHHSM 3HOIIYBaHHS 3 HaONMXEHHSIM 10 Apyroi ctaaii. JIiHisg, BigMiueHa
TOYKaMHM Ha PUCYHKY 5.8, IS pi3liB, OepKaHUX 3 HEOOPOOJIEHOro TBEPAOro CIUIABY
WC-8Co Ta o6pobnenoro I'lll, Bkazye Ha CTiHKHII Ta PIBHOMIPHUI PICT 3HOUTYBaHHS
iHCcTpyMeHTy. Ha Tperiii cTazii, sxa (ikcyBanacs Juiie 11 pisiis, OAep>KaHoTo 31 CIUIABY,

KWW HE TJIJIaBaJIA YKOJHIM 00po0Ili, CIOCTEPITAIOCS aCUMIITOTUYHE 3HMXKCHHS TEMITY
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3pocTaHHs 3HOIIyBaHHS. Pizens 3 TBepmoro crutapy WC-8Co, skuii Oynao omepikaHo 3
3actocyBaHHsAM XIII, goBmie 30epirae cBOIO MPOAYKTUBHICTD Mij Yac Pi3aHHS 3aBISKH
KpaIluM XapaKTepUCTUKAM CTIHKOCTI /10 3HOLITYBaHHS.

3aBASKH BUIIIHA TBEPAOCTI Ta MIIHOCTI MOPIBHSHO 3 1HCTPYMEHTOM, SIKHUU HE
nignaBanu XII1, pizenp 3 marepiany, sikuii mignaBanu XII1, MeHII CpUWHATIUBHIA 10

3HOIIYBaHHS PIXKYUO0T Kpaku.

5.3 BmiuB XOJIOZHOIO i30CTATHYHOIO IPECYBAHHS HAa 3HOCOCTIHKICTH

negopmyrouoro incrpymenty 3 TBepaoro cmiasy WC-15Co

TBepai ciiaBu 3 BUCOKUM BMICTOM KoOaibTy, 30kpema WC-15Co, akTUBHO
BUKOPHUCTOBYIOTHCS Y PI3HUX Taly3siX IPOMHCIOBOCTI B SKOCTI Marepiainy s
IHCTPYMEHTY, III0 3aCTOCOBYIOTH [IJIi OOpOOKM MeETaliB Ta CIUIABIB XOJOJHUM
IUIACTUYHUM MOBEpPXHEBUM JiepopmyBaHHsAM [147]. OnHuM 3 BUIIIB Takol 0OpOOKH, 1110
CIIYTY€ JIJIsl ABUIIICHHS YUCTOTH (3HMYKEHHS IIIOPCTKOCTI ) TOBEPXOHb JIETaJIeH 31 cTajei
Ta CIUJIaBIB, € BUIVIA/HKYBaHHS nepopMyBaHHsAM [151].

Onnak, JOCHIKEHHS OO0 MOTEHIANy, sIKUi HaJlae 3aCTOCYBaHHS XOJIOHOTO
130CTaTUYHOTO TMPECYBaHHS HECIEUEHMX 3aroToBoK 3 TBepaoro criaBy WC-15Co y
MIJBUIICHH] CTIMKOCTI JI0 3HOIIYBAaHHIO CIIEYEHOTO I1HCTPYMEHTY TMiJ dYac #oro
eKCIUTyaTallli, J10ci He BUKOHYBAJIUCh.

CEM 3HiMKH poOOYMX MOBEPXOHb IHCTPYMEHTY 3 TBepaoro craBy WC-15Co,
akui He miggaBantu (puc. 5.9 a) ta mignasanu XIII (puc. 5.9 6), IEMOHCTPYIOTH CYTTEBY
BIIMIHHICTB y pO3Mipax IJISIM 3HOIIYBaHHS, 10 YTBOPWIKCS Y IPOLEC] BUIIIAIKyBaHHS
CTaJeBUX 3aroToBOK. Po3Mip AOBIIOI OCi €TINTUYHOI TUISIMU 3HOILIYBaHHS Ha poOouiit
MOBEpXHI BUmIamkyBada 3 TBepaoro cmiaBy WC-15Co, skmit He migmaBanu XIII, B
cepeHbOMY, B 2 pa3u OUIbIIMKA TOPIBHSHO 3 JOBKHHOIO I[HOTO K IMOKA3HUKY Ha
BUNITQKyBadi, sikuil migaaBanu XIII. Takoxk BapTo 3a3HaunTH, 1m0 Tpudau3Ho 80 %
IO TUIAMHM 3HONIYBaHHS Ha I1HCTpyMeHTI, sikuid He migmgaBanu XIII, Bkputa
HETEPEePBHUM IIApOM MIKpOYaCTHHOK cTaji 45. Y Toi ke wyac, mioma, BKpUTa

HENEePEepPBHUM LIAPOM MIKPOYACTHHOK CTai 45 Ha MOBEPXH1 3HOLIYBAHHS 1HCTPYMEHTY,



131

skud mpagaBaan XIII, cranoButs Omm3pko 35 %, Ha 1HINK YaCcTHHI IUION[ IUISIMHU
3HOIIYBaHHS, YACTHHKHU CTaJli 45 BKPUBAIOTh MIOBEPXHIO TBEPAOTO CILIABY JTUCKPETHO Ta

HEPIBHOMIPHO 3 MaJIO0 TOBIIKMHOIO IIApY.

500 MKkm , 500 Mkm

a o
a — OJIep>KaHMUM OTHOBICHUM MPeCyBaHHAM; O — oaepskanuid XII1
Pucynok 5.9 — 300pakeHHs 3arajibHOrO BUJy IUIIM 3HOIIIYBAaHHS Ha POOOUMX

MOBEPXHSIX BUIIIAKYIOUOTO IHCTPYMEHTY 3 TBepzoro ciapy WC-15Co

JloBkMHa JAOBIIOI OCI IUIAIMA 3HOUIYBAHHS €JINTUYHOI (QopMu Ha poOouiii
MOBEpXHi 1HCTpYMEHTY 3 TBepaoro ciiay WC-15Co, axuit He mignaBanu XIII, ckiana
1,6 mm. [JoBxHHA TOro X MapaMeTpy Ha MOBEPXHI IHCTPYMEHTY, akui mianasanu XIII,
cranoBwia 0,9 mm. Po3mip misiMu 3HOITYyBaHHS, O€3MOCEPENHBO, TMOB’SI3aAHHUM 31
CTIMKICTIO MaTepialy J0 3HOIIyBaHHSA. MEHIMI po3Mip IJISSMUA 3HOIIYBaHHS, IO
yTBOpWJIach Yy Tipoiieci OOpoOKM BUINIQKyBaHHSIM cTaimi 45 nedopMmyrounm
iHcTpyMeHTOoM 3 TBepaoro criaBy WC-15Co, sxuii mignaBanu XII1, Bkazye Ha Bummit
OMip TBEPIOTO CIJIaBy A0 3HOHIyBaHHsS. CTIMKICTh 0 3HOIIYBAaHHS 1HCTPYMEHTY
3QJICKUTH B1J CTIMKOCTI JIO 3HOITYBaHHS K ckiiagoBux kommosuili WC-15Co okpemo,
TaK 1 MEXaHi3My 3HOIIIYBaHHS MaTepianxy BIJIOMY, KMl BU3HAYAETHCS BIACTUBOCTSIMU
MaTepiany. AHami3 JeTalbHUX 3HIMKIB TOBEPXOHb 3HOILIYBaHHS MOKa3aB, IO
3HOITYBaHHS 1HCTpyMeHTy 3 TBepaoro cmiaBy WC-15Co, axuii He miajgaBaiu Ta
niggaBanu XIII, BinOyBaBcs 3a pi3HUMH MexaHI3MaMH. SIK Ha MOBEPXHI 1HCTPYMEHTY,

axui He mignaBany XIII (puc. 5.10), Tak 1 HAa MOBEPXHI IHCTPYMEHTY, SIKUM 10 CITIKAHHS
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nignaBanu XIIT (puc. 5.11), micist eKCepUMEHTY CIIOCTEPITraauch AUISTHKA aAre31iMHOoro
HaJIMNaHHS MaTepiary 00po0III0BaHOI 3aTOTOBKH, 1110 TAKOX MIATBEPKYETHCS XIMIYHUM

aHai30M nux obnacteit (puc. 5.10 6, puc. 5.11 6).

a— XapaKTepHi CJ'IiI[H HaJIUITaHHA MiKpO‘-IaCTHHOK CTaJICBO1 3aroTOBKH, 0 — Mama

PO3MOALTY XIMIYHUX €JEMEHTIB 00JacTi MOBEPXHI 31 3HIMKY JBOPYY
Pucynok 5.10 — 3HIMKHM KOHTaKTy TepTs poO040i NOBEPXHI BUIIAKyBaya 3 TBEPOTO

cruiaBy WC-15Co onepxaHOro 0THOBICHUM MPECYBAaHHAM

AJre3iiiHU MeXaH13M 3HOIIYBaHHS, CIPUYMHEHUN HAJIUMAHHSIM MIKPOYaCTHHOK
00p00OTI0BaHOTO MaTepiady Ha poO0Yy TOBEPXHIO IHCTPYMEHTY 3 TBEPJHX CILIABIB, YACTO
€ OCHOBHOIO MPUYMHOIO 3HOLIYBAaHHS Ta CYHNPOBOKYETHCS 3HAYHOIO BTPATOI0 00’€My
MaTepially TijJ] 4ac pi3HOro poay eKcIuTyaTtanidHux BurpoOysanb [11], [13], [152].
[ToBepxHs BUINIaKyBadya 3 TBEPAOro ciuiaBy, skuid He mignaBanu XIIIT (puc. 5.10 a),
3a3Hasia OUTBIIOrO 3HOLIYBAHHS MiJl Yac BUIVIAJKyBaHHsS CTajeBoi 3arotoBku. PoOoua
MOBEPXHI BUTTIAKyBava il 9ac oro eKCIuTyarailii Maixa TeHISHITI0 10 CYTTEBOI BTpaTH
00’emy Marepiany. Y 30HI TepTs, IO KOHTaKTyBaja 3 OOpOOJIOBAHOIO CTaJEBOIO
3aroTOBKOIO, Maii’Ke€ HE CIIOCTepirajaoch oOacTell TBEPIOTo CIUIAaBY, sIKI HE 3a3HaJU
3HoITyBaHHs. [loBepXHEBU 11ap TBEPAOTO CIUIaBy, Ak He migaaBanu XIII, moBHICTIO
BIJICYTHI{, a Ha BIJKPUTI MIPUIIOBEPXHEBI IIapy HaJUIaB MaTepiajl CTaJeBOi 3arOTOBKH.
CrpyKTypHi 3MiHU Ta (aKT TOTO, 1110 Ha TOBEPXHI BUIIIAJPKyBaya Micyist HOro eKCIuTyararii

CIIOCTEPIrajoCh HAJMMaHHSA 3HAYHOI KIJIBKOCTI MIKPOYACTHMHOK CTajieBOi 3aroTOBKH
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CBIIYUTH IPO T€, 110 3HOIIYBAaHHS, NMEPEBaXKHO, BiJ0YyBajIOCh BHACIIAOK are31iHOrOo
HaJUMNAHHS CTalll Ta BIJPUBY aJAre3iHOrO Mmapy pa3oM 3 MNPUJISTAIOYUM JI0 HbOTO
00’eMoM MaTepially BHUINIaJDKyBada. BiporinHo, Ha poOouiii MOBEpXHI BUIIAIKyBaya 3
tBepaoro cmiay WC-15Co, skuit mignaBanu XIII, anres3iiinuii map yTBOproBaBcs Ha

JUISTHKaX MaTepiaixy TBEpJOTO CIUIaBY, B AkuX nepeBakarounm OyB ['TIK koOaibT.

a— xapaKTepHi CJ'IiI[H HaJIUITaHHA MiKpO‘-IaCTI/IHOK CTaJICBOI 3ar OTOBKH, 0 — Mama

Bi3yaJIbHOTO PO3MOILTY XIMIYHUX €JIEMEHTIB 00JIaCTi TOBEPXHI 31 3HIMKY JIIBOPYY
Pucynok 5.11 — 3HIMKHM KOHTaKTy TepTs poOOYOi MOBEPXHI BUIIIA)KyBaya 3 TBEPIOTO

crutapy WC-15Co, sikuit mignaanu XIIT

[ToBepxnst BurnamkyBada 3 TBepaoro crmaBy WC-15Co, skuit migmnaBamu XIIT
(puc. S5.11 a), 3a3HaNa MOPIBHSHO MEHIIOTO 3HOIIyBaHHA. [lnomia, mokputa
MIKpOYaCTHHKaMU 00pOOIIIOBAHOI CTaIeBOi 3arOTOBKH, HA TOBEPXHI BUIVIAIKyBaua, SKUN
mignaBanu XIIT (puc. 5.11 6), Oinblua MOPIBHSIHO 3 IUIOLICI0 HA 1HCTPYMEHTI,
OJIepKaHOMY OJHOBICHMM TpecyBaHHAM (puc. 5.10 6). IIpote, 3HOITYBaHHS 00’eMy
Matepiaay BUIVIAJKyBaua HE CIOCTEPITaeThCs, MIKPOYACTHMHKU TMPUIIUIAIA camMe Ha
MOBEPXHEB1 IIapH, a HE Ha BIAKPUTI 3HOIIYBAaHHSAM NpurioBepxHeni mapu. [loniOxuit
e(eKT, KoJIM 3a MEHIIIOTO PIBHS 3HOIIYBaHHS i3l 3 TBepaoro cray WC-8Co, skuii
niggaBamu  XIII, moma, 1o BKpUBaB aire3iiHU IIap HAJIWILIOTO MaTepialy
00poOJIIOBaHOI 3aroTOBKH, Oyjia OUIBIIOK, HDK Ha PI3Il, OAEpPKAaHOMY OJHOBICHUM

npecyBaHHsaM. [1i71 anre3iiHUM 11apOM YITKO MPOCIIIIKOBYIOThCS 3epHa WC, 1110 CBITYUTH
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po Te, 10 aAre31WHUM Map HACTIIBKM TOHKHM, 10 HOTo «IpOCBIUYE» €IEKTPOHHUM
My4OK CKaHYIOUOTO MIKPOCKOITY.

Pi3Hi MexaHi3Mu 3HOIIYBaHHS 1HCTpyMeHTY 3 TBepaoro cmiaaBy WC-15Co, sxuit
nignaBanu XII1 ta ve mignaBanu XII1, moB’s3aHa 3 pi3HOIO MOBEIIHKOIO 3HOITYBAHHSI SIK
CKJIaIOBUX TBEPJIOTO CIIaBY OKPEMO, TaK 1 OBEIIHKH B3a€MO/I1T CKJIaI0BUX CIUIaBy OJJHA
3 ontHOTO. SIK Oyi0 moKa3aHo B monepeaasroMy po3aiii (puc. 4.21 a), 3epaa WC TBepmoro
crutapy WC-15Co, sikuit e mignaBanu X111, y BIIOUTKY Bij iHIEHTOPY NPOKPYUYBAIUChH
Ta 30epiraiy IUTICHICTh 3a paxyHOK mepeBaxarouoi ['IIK momimopdroi Momudikarrii
koOanbToBOI Matpuill. 3epHa WC crnay, skuii mianasanu XIII (puc. 4.21 6), Ha 3HIMKaX,
3po0OJeHUX Tichs 1HACHTYBAaHHS, PO3TPICKaHl, IO CBIAYWIO TMPO YCKIATHEHHS
nepeMilieHHs] BUCOKOMOAYJIbHUX 3epeH WC y koOanbTOBi Marpuii, ockuibku Co y
crutaBi 11i€i cepii nepeBaxHo 3HaxoauBcs y 'L momimopdHii Mmoaudikaiii, sika Mae
OOMEXEHY IUIACTUYHICTh Y 3B’A3KY 3 MAJIOIO KUIBKICTIO CUCTEM KOB3aHHSI JUCIOKAIlIi
[153].

TakuM YMHOM, 3MiHA TMOBEIIHKM B3a€EMOJIi CKJIAJAOBHX KOMIIO3UTY IIiJI 4ac
MEXaHIYHOTO BHUNPOOYBaHHS Cepii 3pa3KiB TBEPAOrO CIUIaBy, Ky MiAJaBajid Ta HE
nignaBanu XII1, moBHICTIO MOBTOpHIIACh (puc. 5.12) i 9ac eKcIuTyaTallii IuX CIUIaBiB B
AKOCTI Marepiany AedOpMyIdoro IHCTPYMEHTY Ta Oyjia BHPIIIAIbHOI Y (GOpMYyBaHHI
CTIMKOCTI Marepiany 10 3HOIIYBaHHS.

Ha mouarkoBiii ctajii 3HOIIYBaHHSI, M1 Yac BUIJIAPKyBAaHHS CTaJl THCTPYMEHTOM
3 TBEpJIOTO CIUIABY, ikuii He migaaBanu X111, moBepxHeBi Iapy BUMIIAKyBavya MIACTUYHO
nedopmysanucs, 3epHa WC BaaBimoBaiucs B 00’€eM mMarepiaiy 3a paXyHOK IJIaCTHYHO1
nedopwmartii npormapkis nepeBaxatodoro ['TIK kobanety (puc. 3.12). Ha nedpopmonany
MOBEPXHIO TBEPJAOTO CIUIaBy MOYMHAB HAJMIATH MaTepiall CTajeBOi 3aroTOBKH (puC.
5.10 a), amxe, 3a paxyHOK MiJABHUIIEHOI penbedHOCTI Takux obmacteit (puc. 5.12 0),
MIKPOYACTUHKH CTajll MEXaHIYHO BIIpUBANO BiJ 0OpoOMtoBaHOI 3arotoBkH. Ilim dac
neopMyBaHHS TBEpPJOTO CIUIaBy 3adissHUM 00’eM KOOaJbTOBOI MAaTpHIll 3a3HaE
maptreracuTHoro ['TIK—ITIIT ¢a3zoBoro mepeTBOpeHHs, yTBOPIOIOUN KBA3ITPAHUIIIO, 1110
posainsiia negopMoBaHU 00’€M TBEPJOTO CIUIABY Bij 00’€My, 110 HE 3a3HAB BILIMBY.

[Tap, skt yTBOPUBCS BHACHIIOK are3ii CTaii 3 TBEPAUM CIUIABOM, i 9ac MOAAIbIIO1
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eKCIUTyaTallii BUIVIA/P)KyBada IT/11aBaBCSI CYTTEBUM HABAaHTAKCHHSAM Ta HEMHHYYE

BIJIDUBABCS, IO CYIPOBODKYBAJIOCh BTpParol0 00’eMy TBepAoro criaBy. CXoxxui
MEXaHI3M 3HOIIYBAaHHS, KOJIM Ha IIOYaTKOBIM cTamii BUNPOOYBaHHs TepeBakajia

IJIACTUYHA «Tedish KOOaJbTy, MOro EKCTPYAyBaHHSA 3 00’€My KOMIIO3UTY Ha HOro

MOBEPXHIO 3 MOAAJBIINM BiIPUBOM Je(hOPMOBAHUX IIAPIB TBEPAOTO CILIaBYy MaB MicCIe
Ta OMUCYEThCA y psaai poOit [12], [154], [155], [143].
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Pucynok 5.12 — JleranpHi 3HIMKH 3HOLLIEHUX MTOBEPXOHb Ta TPUBUMIpHI Tororpadii
BIIMOBIHUX JUISTHOK 1HCTPpYMEHTY 3 TBepAoro criaBy WC-15Co, sikuii 10 CriikaHHS HE

nignaBanu XIII (a, 6) Ta mianasamu XIII (s, )

VY cepenHboMy, pi3HMIIS MK HaWBIJIAJICHIIIMMU TOYKaMHU Ha Tororpamax (puc.

5.12 6) poGouoi moBepxHi I1HCTpyMeHTY 3 TBepaoro cmimaBy WC-15Co, saxuii He

mignaBanu XII1, micis excrutyaramiiHoro BUpoOyBaHHs ckiagana 17 Mkwm.
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[HcTpyment 3 TBepaoro cmiay WC-15Co, skuit migmaBanu XIII, mig yac

eKcIuTyaranii B ymoBax TepTss o0 cramb 45, 3a piBHMX YMOB, 3HOIIYBaBCS MEHII
IHTEHCHBHO TMOPIBHSIHO 3 IHCTPYMEHTOM 31 CIUIaBy TOTO X CKJIaay, KU He IMiJgaBaiu
XIII. binema kinbkicte ['IIT-Co (puc. 3.12) y cTpyKTypl KOMIO3UTY OyJia OCHOBHOIO
NPUYUHOIO TIABUIICHHS CTIMKOCTI LIBOTO Marepiaidy OO0 3HOIIyBaHHS. SIK BHIHO 3
Tonorpadii (puc. 5.12 2), poboua moBepxHs IHCTPYMEHTY — IVIaJIKa, BIACYTHI SIK 3HAYHI
JIOJIaTHI, TaK 1 B1JI’€MHI HEpIBHOCTI. Pi3HuISI MDK HalBiAJaJeHIIMIMMH TOYKAMHU Ha

TOTIOrpaMax, y CepeaHbOMY, CKiaaaia 6 MKM, a TPUBUMIPHHHN Mpodiip CXOXKHUNA Ha

npodiib MOBEPXHI IHCTPYMEHTY JI0 MOro BUIpoOyBaHHsS (puc. 5.13), skuii MOBTOPIOE
dopMy cerMeHTy cepu.
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Pucynok 5.13 — TpuBumipna tonorpadis MoBepXxHi IHCTPYMEHTY 3 TBEPJIOTO CILIABY

WC-15Co no iioro BUnpoOyBaHHs

Ha Biaminy Bix iHCTpymeHTY, sikuii He migmpaBanmu XIII, poboda moBepxHs SKOTO
nicisl BUMIQJUKYBaHHS cTaji 45 Oyna BKpUTa TOBCTUM, MaiyKe€ HEMEPEpPBHUM IIapOM
aAre3ifHOr0 HAJWMAaHHA MIKPOYAaCTHHOK OOpOOIIOBAaHOT 3aroTOBKM, Ha TOBEPXHI
IHCTPYMEHTY 31 CIuIaBy, sikuid mignaBain X111, Hanmunanusg xodu 1 Majo micie OyTH, OJTHaK

PO3MOICHE Y BUITISAI JUCKPETHUX, APIOHUX IUISHOK, OUIBIIICTh 3 IKUX OyJIu JOCUTH
TOHKI.

B inctpymenri, skuii He mignasanu XIII, I'IHK-Co 6yB nepeBaxkarounm (puc. 3.12),
3HOITYBAHHS CYNPOBOKYBAJIOCH Ie(popMyBaHHSIM MTOBEPXHEBHUX MIAPIB, IO 1HIIIFOBAIO

Ta, B MojaaiblIoMy, iHTeHcH]iKyBano BiapuB MacuBiB 3epeH WC Ta Co 3 pobouoi
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MOBEPXHI IHCTPYMEHTY. BipuB mMaTepiany iHCTpYMEHTY € HACHIIAKOM aAre31iiHOro TUIy
3HOUIYBAaHHS, KOJIM Maca Marepiajly 3aroTOBKM Ha MOBEPXHI 1IHCTPYMEHTY 3 TBEPAOIO
crutapy WC-15Co 36inmbnryBanach 1 MeXaHiuyHE 3TUPaHHS aAre3iifHOrO mapy pa3oMm 3
MIKpOOO’€MOM  MarTepialy 1HCTpyMeHTy Oyino HemuHyuyuMm. lle mnpumynieHHs
MIATBEPKYEThCS  JACTATPHUMHU  3HIMKAMHU  TOBEPXOHb  IHCTPYMEHTY  TIICIA
BUTIIA/DKYBaHHs cTaii 45 (puc. 5.10, puc. 5.12 a), sxi poOunuch O6e3mocepeaHpo Ous
oOnacteif, BKPUTHX TOBCTHUM CYUUIBHUM aJre3iiHUM IIapoM MaTepialy CTaleBOi
3arOTOBKH Ta Ha SIKUX BUAHO 00JacTi HAWIHTEHCUBHIIIOTO 3HOIIYBaHHs. | HaBmaku — Ha
JeTaJIbHUX 3HIMKAaX po00Y0i MOBEPXHI IHCTPYMEHTY 3 TBEPJIOTO CILIABY, IKUH M111aBalld
XIIT (puc. 5.11 puc. 5.12 g) Ta B sikoro nepeBakarouuit 06’em kobansty Oy y ['IIIT
moaudikamii (puc. 3.12), O oOnacTed, BKPUTHUX TOHKHM IIApOM Marepiainy
00poOJIIOBaHOT 3arOTOBKH, 3HOIIYBaHHS HE CIOCTEpirajgoch. BoueBuab, KoOaibT Ha
JUITHKax poOOo4yO0i MOBEpXHI IHCTPYMEHTY, sikuil mianasanu XIII, Ha ski, mepur 3a Bce,
HaJunadl MIKPpOYACTUHKH Marepiaidy cTajeBoi 3aroTtoBku 3HaxomuBes y ['HK
nosiMopdHiA Momudikalii, TPUCYTHICTh SKOI, Y HE3HAYHIN KIJIBKOCTI, PEECTPyBajach
mugppakromerpoM (puc. 3.12). SBumie aare3iiHOro HaJdWMaHHS Ta 1HIIHOBaHE HUM
aaresiiiHe 3HOIIYBaHHS I1HCTPYMEHTY TaKOX BIJOOpa3UiiOCh Ha SKOCTI TOBEPXHI
00poOIIIOBaHOT BUINIAKYBAaHHSM CTaJIeBOi 3aroToBKH. Ilicist MpoXOmKeHHsS KOXKHOI
YeTBepTI NUIAXYy BHINIAP)KyBaHHS 3 TIOBEPXHI CTaJeBOi 3aroTOBKU PEECTPYBAIUCH
npodinorpamMu, HaROUIBII XapaKTEePHI 3 IKUX I TPOUIEHOT YACTHHU IIISAXY 300pakeH1
Ha pUCYHKY 5.14, Ta mpoBOAWIIACH Bi3yallbHA OIlIHKA YCI€1 MOBEPXHI CTaJE€BOI 3aTOTOBKH
Ta poOOUOT MOBEPXHI TBEPAOCILIABHOTO IHCTPYMEHTY.

[IpodimorpamMu 3 MOBEPXHI CTAJIEBOI  3arOTOBKH  ICIS  MPOXOJKEHHS
BUMIIaKyBadueM 3 TBepaoro cruiaBy WC-15Co, sxuii mignaBanu ta He mianaBanu XII1,
MEepINoi YETBEPTl BiJ 3arajbHOi JOBKWHU IUIAXY BHUINIAJKyBaHHS MOBTOPIOIOTH XiJl
dbopmu npoduTI0 TOBEPXHI CTAJIEBOT 3arOTOBKH MICIISL TOUIHHS 0 BUIVIAKyBaHHS (pHUC.
5.14 a). lna ekcriepuMeHTY KOXKHOT 3 cepiid CIUIaBy, B CEpPEAHbOMY, LIOPCTKICTh MOBEPXHI1
CTaJIEeBO1 3arOTOBKH MiCIIsl BUTTIAIXKYBaHHS 3HU3MIACh y 29 pasiB 10 3HaueHHs Ra = 0,33
MKM TOPIBHSHO 3 CEPEIHIM 3HAYEHHSM IIOPCTKOCTI OBEPXHI 3arOTOBKH MiCJIsl TOYIHHS

31 3Ha4eHHsIM Ra = 9,5 mxwm.
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OJTHOBICHUM TIPECYBAHHSM; 6 — ITICJISI BUIJIAJKYBaHHS IHCTPYMEHTOM, ojepxaHuM XIIT;

2 — TICJIS BUTVIAPKYBAaHHS IHCTPYMEHTOM, OJIEP>KaHUM OJIHOBICHUM MPECYBaHHAM

Pucynoxk 5.14 — IIpodinorpamu, 3HITI Ha pi3HUX JIIISTHKAX TOBEPXHI CTAJIEBOT

3arOTOBKH JIO Ta MICIs BUIVIAKYBaHHS IHCTpyMEHTOM 3 TBepaoro cruiasy WC-15Co

3HaYeHHA MIOPCTKOCTI TOBEPXHI CTalieBOi 3aroTOBKH, SIKy BUIIAIKyBaJld

iHCcTpyMeHToM 3 TBepaoro cruiaBy WC-15Co, axuit He nigaaBanu XII1, B moganbimomy 3

MPOXO/KEHHSIM NUIAXY BUIIAIKyBaHHs 3poctano (puc. 5.14 6). Ilig kiHenp uusixy

BUIJIA[KYBAHHS 1HCTPYMEHTOM, skuil He miggaBanu XIII, mopcTkicTs craneBoi



139

3aroTOBKU 3pociia Maibke B 3 pasu jo0 3HaueHHs Ra = 0,92 mxm (puc. 5.14 0).
[Tpodimorpama, 110 BiAMOBIIa€ OCTaHHIN YETBEPTI NUIAXY BUIIAKyBaHHS (puc. 5.14 6,
2), Mae XapakTepHy XBWiIenoniOHy ¢opMy. 30LIbIIEHHS BUCOTH MPOQLIIO
CYIIPOBOJI)KYBAJIOCh 3pOCTAHHIM Macu Marepially 00po0III0BaHOT CTaIeBOi 3arOTOBKU Ha
poOoyiil MOBEpXHI IHCTPYMEHTY Ta MOTIPIISHHSIM SIKOCTI TTOBEPXHI CTaJIeBO1 3aTOTOBKH,
0 TaKoX (hIKCyBaIOCh BiyanabHO. CIIOCTEPEKEHHS TOKAa3ajH, 0 B MOMEHT MOYaTKy
poOCTy  MIOPCTKOCTI  (TIOTIPIIGHHS  SIKOCTI  TOBEPXHI  3arOoTOBKH) 3 SIBJISIBCS
BHCOKOYACTOTHUHN 3BYK, MOAIOHUN O 3BYKY, KMl BUHUKAa€ B MPOIECI TOYIHHS, a B
MOMEHT, KOJI 3ByK 3HUKAaB, IIOPCTKICTh 3HOBY 3HI)KYBAJIACh (AKICTh MOBEPXH1 3aTOTOBKHU
3poctana). Ilig yac BiiBEeNEHHS I1HCTPYMEHTY BIJl CTaJIeBOi 3arOTOBKM B MOMEHT
NOCWJIEHHS 3BYKY Ha poOodlii MOBEpPXHI BUINIAJ)KyBaya BI3yaJdbHO Ta TAaKTHJIBHO
(bikcyBaBCs HApICT, MIOWHO 3BYK CTUXaB — HapICT 3HUKAB. [IEHTHYH1 3MiHU (DIKCYBAIUCH
3 IEPIOAUYHICTIO, KA CIIBIAAA€ 3 IEPI0JOM MOBTOPIOBAHOCTI «XBUJIbY Ha MpOoQ1iIorpami
(puc. 5.14 2). BoueBuab, pa3oM 3 MEXaHIYHO BIJAIpBaAaHUM aAre31MHUM HAPOCTOM 3
MOBEPXHI BUIMIA/PKyBada 3 TBEPAOro ciuiaBy, sikuil He migmaBanu XIII, y mporeci
BUIIA/PKYBAHHS BIIPUBAJIO U MacuB MmaTepiany iHCTpymeHTy — 3eped WC ta Co, 1o i
CTaJI0 OCHOBHOIO MPUYHHOIO O1IBII IHTEHCUBHOTO 3HOIIIYBAHHS IIi€1 cepii MOPIBHSIHO 13
cepi€ro IHCTPYMEHTY, Ky nianaBanu XII1.

J17is OBepXHi CTalIeBOi 3arOTOBKH, SIKY BHIIAIKyBaIH IHCTPYMEHTOM 3 TBEPJIOTO
crutasy WC-15Co, sikuit mignasanu XIII, xapaktepHum Oya0 3HMKEHHS IOPCTKOCTI 3
PONACHUM BHUIVIAKyBaueM IIIJITXOM Ta HE3HAYHE 3pOCTaHHS 3HAUEHHS MIOPCTKOCTI Mij
KiHeIb nUIsixy o0pooku (puc. 5.14 ). lllopcTKicTh MIMSHKH CTajeBO1 3arOTOBKH, sIKa
BIJIMTOBIJIa€ OCTAHHIM YETBEPTI NUIAXY BUIIIAKYBAaHHS IHCTPYMEHTOM 3 TBEPJIOTO CILJIARBY,
axui mignaBanu XIII, y cepennbomy Oyna BTpuyl MeHINa 31 3HaueHHSIM Ra = 0,3 MM
MOPIBHSHO 3 TUM € MapaMeTpOM I 3aTOTOBKH, SIKYy BUTJIQ/KyBajl 1THCTPYMEHTOM 3
TBEpJOro cruiaBy, sikuil He mignaBanu XIII. MexaHi3M 3HOIITYBaHHS J1e(POPMYIHOUYOTO
iHcTpyMeHTy 3 TBepaoro cmiaBy WC-15Co, skuit mignaBanu XIII, OyB cxoxxuMm Ha
MEXaHI3M 3HOIIYBaHHS MTOPOJAOPYHHIBHOI BCTaBKH, sKy minnasanu XIII, mo, BoueBu b,
BKa3zye Ha Te, W0 mnepeayMoBH, iHiumidoBaHi XIII, ski BmmuHyau Ha (QopmyBaHHS

BJIACTHUBOCTEHN 1THCTPYMEHTY 3 IIMX MaTepiaiiB B 000X BUMaAKaxX OyJv CIIOPITHEHUMH.
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Pucynok 5.15 — 3”omyBanHs 1HCTpyMeHTY 3 TBepaoro ciuiasy WC-15Co, onep:xaHoro
oHOBICHUM MpecyBaHHaM 1 XIII, Ta 3MiHA IOPCTKOCTI CTaJIEBOi 3aTOTOBKH B

3aJIEKHOCTI BIJl IPOMJEHOTO HUM ILJISAXY

opcTKiCTh 3aroTOBKM 31 cTaji 45 HaNpUKIHII MPOWIEHOr0 BUINIAIKyBadyaMu
[UIIXY KOPEJIO€ 3 PIBHEM 3HOIIIYBAaHHS IHCTPYMEHTIB 3 TBEPAOTO cIuiaBy (puc. 5.15), sxi
He miaaasany Ta nignasanu XII1, a omke, kpamia CTIMKICTh 10 3HOIIYBaHHS IHCTPYMEHTY
3 TBepaoro cruiaBy WC-15Co, sxuii mignasanu XII1, miaBuirye nponyKTUBHICTh (TEpMIiH

eKCIUTyaTallii) IHCTPyMEHTY 3 IIbOTO Marepiay.

BucHoBKH 10 po3aiay 5

1. VY poboTi BHepiie eKcriepuMeHTaaIbHO BCTaHOBIECHO, 1m0 XIIT HecneueHux
3arotoBoK 3 TBepaoro craBy WC-6Co mpu3Belo [0 MiJIBHINCHHS CTIAKOCTI 10
3HOIIYBaHHS 1HCTPYMEHTY, BHUIOTOBJIEHOrO 3 1IbOro Mmarepiamy. Ilicmsa Tepts
NOpPONOPYHHIBHOI BCTAaBKM 3 TBEPAOro cIulaBy, Akui He miggaBanu XIII, o0 kepH
Tope3pkoro MiCKOBUKY, IIMpPUHA 00JACTI 3HOIIYBAaHHS KpaKu HAa PoOOYid MOBEpXHI
1HCTpyMeHTy crtaHoBuna 0,75 mM. BonHouac, mmpuHa o0nacTi 3HOLUTYBaHHST Kpalku Ha
IHCTpYMEHTI 31 craBy, sikuil mianaBaiu XIII, Oyna Ha 16 % MeHIO0 3 MOKa3HUKOM B

0,63 mM. IlokazaHo, 110 3HOIIYBaHHS BiIOyBaJOCh 3a JIBOMa PI3HUMH MEXaHI3MaMH.
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binbin iHTEHCUBHE, aare3iiiHe 3HOIIYBaHHS OyJI0 MpUTaMaHHE IHCTPYMEHTY 3 TBEPJIOTO
cruiaBy, sikuil He mignaBanu XIII, a moctynoBe BukpuiyBaHHs okpemux 3epeH WC —
OCHOBHHM MEXaH13MOM 3HOIITYBaHHS IHCTPYMEHTY 31 cIiiaBy, sikuid mianasamu XII1.

2. VY xomi ekcrutyarauiiHoro BUIpoOyBaHHa TBepaoro cruiapy WC-8Co B
SKOCT1 MaTepialy pi3liB A1 0OpOOKHU Ciporo 4aByHY TOUIHHSIM OyJI0 BCTAHOBIICHO, IO
IHCTpyMEHT 31 cruiaBy, skuid miggaBanu XIII, moka3zaB HaWBHUINY CTIMKICTH [0
3HOUIYBaHHS. JIoBKHMHA 3HOIIEHOT 00siacTi poOouOi Kpaillku pi3lisd, BUTOTOBIICHOTO 3
TBEPJIOTO cIuiaBy, sikuii mignaBanmu XII1, 6yna HaiikopoTmoro Ta piBHa 0,14 mMkwm, 110 B 3
pa3u MEHIIE y MOPIBHSAHHI 3 TUM K€ MOKa3HUKOM IS CILIaBY, OJI€P’KaHOTO OAHOBICHUM
MPECYBAHHAM Ta OUTBII HIXK Y 2 pa3y MEHIIIE MOPIBHSHO 3 TOBKHHOIO 3HOIICHOI 00J1acT1
po0O0YOi Kpailku Ha Pi3il, OIEPKAHOTO 31 CIUIaBY, SIKUM JOJATKOBO, MICISl CHIKaHHS,
nignaBand oopo6i I'IIT.

3. Bnepiie nokaszaHo, 1mo iHCTpyMeHT 3 TBepaoro cmiaBy WC-15Co, skuii
nignaBanu XIIT mo cmikaHHs, Ma€ BUILY CTIMKICTh 3a IJIACTUYHOTO MOBEPXHEBOTO
neopMyBaHHS HHMM 3aroTOBKM 31 cTami 45 TOpIBHSHO 3 IHCTPYMEHTOM, SIKUA HE
niggaBanu XII1. JloBma Bich €MINTHYHOI IUIIMHM 3HOLIYBaHHS Ha PoOOYld MOBEpPXHI
1HCTpYMeHTY, sikuit mianasanu XII1, 6yna pisua 0,9 Mm, 1110 Ha 44 % KOpPOTIIIE MOPIBHIHO
3 TUM JK€ MapaMeTpoM Ha poOoUiil MOBEpXHI BUMIAKyBava, sikuid He mignaBanu XIIT.
3HOILIYBaHHS IHCTPYMEHTY 3 TBEPJOTO CIuIaBy, sikuil He migmaBanu XIII, mepeBaxHO
Bi/I0YBaJiOCh 3a paxyHOK BUpHBaHHS KjacTepiB 3epeH WC ta Co pa3oMm 3 HAJIUILIUM
aAre3iiHUM IIapoM Marepiajly CTaJeBOi 3aroTOBKM. 3a paxyHOK MOCTYIOBOIO
BUKpHUIITyBaHHS OkpeMux 3epeH WC Bi10yBaioch 3HOIIYBAaHHS IHCTPYMEHTY 3 TBEPJIOTO
crutaBy, sakui mignasanu XII1. Kpama cTiikicTh IHCTPYMEHTY 3 TBEPJOTO CIUIABY, KU
mignaBanmu  XIII, BimoOpaswiach Ha 31aTHOCTI 3a0e3ledyBaTh BHUCOKY  SKICTh
00poOIIOBaHOT MOBEPXHI CTAJIEBOi 3arOTOBKM MPOTSATOM JIOBIIOTO Yacy MOPIBHSIHO 3
1HCTpYMEHTOM, akui He mignasanu XIII.

4. 3a IHIIUX PIBHUX YMOB, IHCTPYMEHTH 3 BOJIb(PPaMOKOOAIBTOBUX TBEPIUX
crutaBiB, ski miggaBanu XIII, mig gac excruryaramiitHux BUNPOOyBaHb MOKa3adu Kparry
CTIMKICTb J10 3HOIIYBAaHHSI MOPIBHSHO 3 IHCTPYMEHTAMU 3 TO1 K CHPOBUHU, OJIEP>KaHUMHU

TPAIUIIIMHOIO TEXHOJIOTIEIO, Ta TUMH, SIK1 IMCJIS CIiKaHHS mignaBann oopooi ['II1.
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6 BII/IUB ObPOBKH BUCOKHUM I'TTPOCTATUYHHUM TUCKOM
CIIEYEHUX TBEPIUX CILIABIB HA KOMILJIEKC IX ®I3UKO-
MEXAHIYHUX TA EKCILTYATAIIMHHUX BJACTUBOCTEM

Yepes eHeproeMHICTh MPOIIECIB Ta 3MiHY CTPYKTYPHU MMOBEPXHEBUX IIaPiB TBEPAOTO
CIuIaBy 0OpoOKa CIiedeHruX BUPOOIB 3 LIUX MarepiaiiB, 34€0UIbIIOr0, MOTpedye 3HAUHUX
3aTpar, a BUpOOHW Ticis Hei 4YacTo MOTpeOyrTh T0JaTKOBOI MEXaHIYHOiI OOpOOKH.
O6poOka BucokuMm riapoctarndyHuM TuckoM (BI'T) nedopmyrodoro iHCTpyMeHTY 3
TBeproro cmiasy WC-15Co mnpoBogwiacs BKe IICAS KIHIIEBOTO  JOBEICHHS
MOJIIPYBaHHSAM poO0oU0i MOBEpXHI BUaKyBada. Onepariis 00pooku BI'T npoBoaunucs
y KaMmepl BHUCOKOIO THCKY, BCTAHOBJIEHIM Ha yHiIBEpCalbHY BUIIPOOYBAJIbHY MAaIlUHY
(pec), NUISIXOM CTUCHEHHSI poO0Y0i pITMHU B KaMepl IITOKOM, 10 OyB 3aKpiIUICHUM Ha
BEPXHIO PyXOMY TpaBepcy Ipecy, oOpoOKa MpoBOIMIIACS 3a KIMHATHOI TEMIEPATYpH.
[HcTpymenT 3 TBepaoro ciasy nif aiero BI'T B 400 MlIla, 110 3acTocoByBaBcs MPOTATOM

30 CCKYH/, 3a3HaBaB MEXaHIYHUX HaBaHTa)KCHb.

6.1 BruinB 00po0KM BHCOKHM TiIPOCTATHYHMM THCKOM HA CTPYKTYpPy Ta

MexaHivHi BiaacTuBocTi TBepaoro cmiiasy WC-15Co

Sx BugHO 3 pucyHky 6.1 B iHCTpymeHTi 3 TBepaoro cruiapy WC-15Co, sxuit
niggaBan o0po6ui BI'T, inTeHcuBHicTh audpakmii mioumH ['IHIT nmomimopdHoi
monuikaiii kobansTy 3pocia, a nudpakiis miomun 'K nomimopdnHoi mogudikarii
K0OaNbTy 3HU3WIIACA, IO CBIMYUTH Tpo 30utbmIeHHS KutbkocTi ['IIII xobameTy mo
BIIHOILIICHHIO /IO 3arajibHoro 00’emy koOajabTy B OOpOOJICHOMY CIUIaBl MOPIBHSIHO 3
Heo0poOaenrM. BoueBr b, BHACTIAOK pisuuLi koediuientis ctucuenns WC (2,53 * 102
ITa!) ta Co (6,00 * 10'2 IIa!) [156] Ta pi3noi 3minm 06’emy Co ta WC mix uac
o0tucHenHs BI'T y nux ¢azax Bunukanu HanpyxkeHnHs. Ha rpanuni 13 3epuamu WC y
KOoOanbTl JIOKA3yIOThCA HavBuimi HampyxeHHs [70], [157]. Y mnonmamemiomy, 3
nigsuieHHsM 10 400 MlIla ta sutpumxkoro BI'T, iiMOBiIpHO, 111 HarIpyXeHHS 1HIL1IOBAJIN

3apOJKEHHS JIIHIMHKUX J1eeKTiB, 1m0 nmommproBaiucs cucremamu kop3anus [ T[K-Co [65]
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Ta peanidyBalucid y Ne(eKTH MaKyBaHHS KpPUCTAIIYHOI rpaTku. CXOXHil MexaHi3M
yrBopenns ['II1-Co 3 nedekriB nmakyBanus y ctpykrypi I'IK-Co min yac HakiagaHHs
30BHIIIHBOTO MEXaHIYHOTO BIUIMBY, a00, HaBiTh, CHJIaMHU BHYTPILIHIX TEPMIYHUX

HaIpy>KeHb ONKUCcaHui y psial poOit [62], [65], [119], [158].
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Pucynok 6.1 — {udpakrorpamu (MoKa BUIpOMIHIOBaHHS1) CLIEUEHUX 1THCTPYMEHTIB 3

tBepaoro criaBy WC—15Co, axuii mianaBany Ta He miggaBaan oopooi BI'T

Binomo, mo I'lIK Co 3a kIMHaTHOI TeMIeparypu € MeTacTaOUIbHUM, ajne psia
eseMeHTiB, BKItodatoun W ta C, crabumizyrorh 10 moaudikaimiro B WC-Co TBepaux
crutaBax [5]. ¥V cinaBi WC-15Co, sikuii He nmpoxoauB 00pooky BI'T, acumerpruuna gpopma
pednexcy, skui Bianosinae miuomuHaMm {111} I'lIK kobanbTy Ta AOAATKOBI CyMIXKHI
pedaexcu MOXYTh CBITUUTH TIPO HASIBHICTHh TBEPJUX PO3UYHMHIB BOJIb(paMy Ta ByIJICITIO B
ko0anbTi [51]. V 3pasky, sikuit npoiinioB 00pooky BI'T, MoxHa criocTepiraTi po3/ijeHHs
pednexciB {100} T'IHIT momudikarmii Ta {111} I'IK mogudikariii koGambTy.

TBepmicts 3a BikkepcoMm, BuMipsiHa Ha moBepxHi oopodnenoro BI'T creueHoro
tBepaoro cmiaBy WC-15Co, Oynma Ha 14 % HWXKYOI0, TOPIBHSHO 3 TBEPIICTIO
HEOOpOOIIeHOro KOMITO3UTY. [I7ist 1eTainbHOro aHaiily po3MOIULy TBEPAOCTI MO 00’ eMy
CIIEUEHOTO cruiaBy micist 00pooku BI'T nekinbka 3pa3kiB, 0 Majau GopMy NPSIMOKYTHOT

MPU3MH, OYJIO pO3pi3aHO HABIILI, MOBEPXHS MOMEPEYHOTrO0 Mepepizy Oysia BiamoiipoBaHa
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JUIS. TIONANIBIINX JOCHipkeHb (puc. 6.2). TBepaicTh 3a BikkepcoM cIiaBy, SIKUM He

niggaBanu oopooOIl, Oyia piBHOIO y KOXKHIM BHMIPIOBaHIM TOYII, 3HAUEHHSI TBEPOCTI

BapIIOBAINCH Y MEKaX MOXUOKH.
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Pucynok 6.2 — Po3noain TBepAOCTI B onepedHomy nepepisi tBepaux cmiaie WC-3Co

1 WC-15Co no ta micnst o0pooku BI'T

[Toka3aHo, 110 B 3pa3kax 3 TBepaoro ciiary WC-15Co 3 kBagpaTHUM NEepepi3oM 1
pPO3MIpOM CTOpPIH 6 MM TBEPIICTh y LIEHTPI nepepizy Oyina Maiike piBHOK TBEPAOCTI
HeoOpobneHoro crutaBy. [lounHaroun BiJ LEHTPY IUIOLIMHU TEpepi3y, TBEPHAICTb, IO
BUMIpIoBaiach yepe3 koxkHi 400 MKM, TOCTYIOBO 3MEHIIIYBajach /10 3HAYEHHs, PIBHOTO
TBEPJOCTI OIYHOI MOBEepxHi. [IeHTHYHA TEHICHIIIS 3HM>KCHHSI TBEPJOCTI Ta ii 3MiHA IO
00’eMy 3pa3KiB Takox crocrepirajack y TBepaomy criaBi WC-3Co, skuit micis
crnikanHs mignaBanu o6po6ui BI'T. Teepuicte oOpobnenoro craBy WC-3Co micins
00poOku Oyna Ha 8 % MEHIIIO0 MOPIBHAHO 3 HEOOPOOIeHNM criaBoM (puc. 6.2). He crin
HexTyBaTu (akTopoM BILITUBY MOPGOJIOrii KapOiTHOTO CKEJIEeTy Ta CTAaHOM T'paHUIlb
po3nity WC/WC 1 WC/Co, sxi, iimMoBipHO, 3MmiHmIa oopodka BI'T, na ¢opmyBanHs
MEXaHIYHUX Ta eKCIUTyaTalliiHuxX BiactuBocTe TBepaux craBie WC-Co [159].
3HWKEHHSI TBEPAOCTi, BIPOTiHO, 3yMOBJIEHE MOPYIIEHHAM LIJTICHOCTI KapKacHO1
CTPYKTypU KapOiJTHOTO CKEJIETY, Ta MPOSIBIISLIOCS MEHIIIE B CIJIaBl 3 MEHIITUM BMICTOM
KOOQJIBTY Ta OLIBII PO3BUHEHUM KapOigHuM ckesierom. Ciaijl 3a3HaYMTH, 10 TBEPICTh 3a
mKajgow A, BumipsHa metogoM PokkBena, He 3MiHiOBajach micias oOpoOku BI'T.

HmoBipHO, 3MiHYy TBeprocTi 3a PokkBenoM y 3paskax miciast oopooku BI'T ne Bmamocs
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BIICJIIIKYBaTH 4Ye€pe3 BJBIUl BHUIIE HABAaHTAKECHHS Ha I1HJICGHTOP TIOPIBHSHO 3
BUMNPOOYBaHHSM TBEPAOCTI 3a BikkepcoM Ta NPHUHIMIIOBO PI3HUM MEXaHI3MOM
CYIIPOTHUBY MiJl Yac 1HACHTYBAaHHS aJIMa3HOI0 YOTUPUTPAHHOIO MiPaMiIKOIO0 Ta KOHYCOM.
Ak 1y Bunagky tBepaux craBiB WC-6Co (puc. 5.4 6), WC-8Co (puc. 4.7 6) 1 WC-15Co
(puc. 4.21 6), axi mignasanu XII1, Tak 1 y Bumanky cmaBiB WC-3Co (puc. 6.3 6) 1 WC-
15Co (puc. 6.3 2), axi mignaBaau 06poodii BI'T, y BinOuTky Binx inaerTopy Bikkepca 3epHa
WC 6ynu po3tpickadi, 1110, OTIOCEPEIKOBaHO, BKa3ye Ha 3011bIIeHHs KibKocTl ['IIIT-Co
y CIlaBaX Ta 3MiHy TOBEHiHKH B3aemofii ckmamoBux cuctremun WC-Co mim dac

nedhopMyBaHHS.

a — Heobpobnenuit WC-3Co; 6 — oopobsiennit BI'T WC-3Co; ¢ — Heobpoonenuit WC-
15Co; e — 06pobnenuit BI'T WC-15Co
Pucynok 6.3 — 3HIMKU CTPYKTYp BCepeauH1 BIAOUTKY Bl IHAEHTOPY 3pa3KiB TBEPAOrO

crmaBy WC-3Co 1 WC-15Co
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3 pes3yabTariB MOXHaA CBIAUMTH, 110 00poOka BI'T TBepaux cruiaBiB Mae
MOBEPXHEBUM XapakTep Jii, a il BIUIMB 3MEHIIIYETHCS 1O MIp1 BiJIIaJIEHHS BiJ MOBEPXHI
Ha 5Ky aie BI'T. Takum unHOM CTa€ MOXKJIMBUM CTBOPEHHSI TPAIIEHTHUX TBEPIUX CILJIABIB

31 3MIHHUMH BJIACTUBOCTSIMHU 110 00’ €My BUPOOIB 3 IIUX MaTepialiB.

6.2 BruinB 00p0o0OKH BUCOKHMM TiAPOCTATHYHUM THCKOM TBepaoro cmiay WC-

15Co Ha 3HOCOCTIHKICTHh IHCTPYMEHTY 3 ILOI'0 MaTepiaxy

Ha pucynky 6.4 300paxeHi 3HIMKH IUISIM 3HOIITYBaHHS HAa POOOUYMX MOBEPXHSIX

1HCcTpyMeHTy 3 TBepaoro craBy WC-15Co, axuil He mijijaBaiy Ta MiJgaBain o0pooIl

BI'T.

500 M-KM

a — IOBEPXHS 3pa3Ky, AKUH He MiaaaBaiu 00pooili; 6 — MTOBEPXHS 3pa3Ky, IKUH
nianaBaiu o6pooi BI'T
Pucynok 6.4 — 300pakeHHS 3araJIbHOTO BUIJISTY IUJISIM 3HOIIYBaHHS Ha POOOYMX

MOBEPXHSIX BUMIIAKYIOUOTO IHCTPYMEHTY 3 TBepAoro cmary WC-15Co

Po3Mmip moBII07 OC1 €TINTHYHOT IUIIMU TEPTS HA pOOOYMX MOBEPXHS BUIIIA[KyBaviB
3 TBepaoro criaBy WC-15Co, sxi He migagaBanu oOpoOIl, B cepeanbomy, B 1,5 pasu
OUTBIINI TOPIBHSHO 3 IOBKMHOIO IIHOTO K MOKA3HUKY Ha BUTJIAKyBadl, SIKHH 1 aBaIH
00po6111 BI'T. 3Ho11yBaHHS 1THCTPYMEHTY 3 He0OpoOsieHoro TBepaoro criapy WC-15Co,

nepeBakHo, Bi10yBaJIOCs 32 paXyHOK BUpUBaHHA MacuBHUX kiactepiB 3epeH WC Tta Co
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3 pobodoi moBepxHi (puc. 6.5) BHACHIIOK peamizalii TPbOX CTaald — aare3iiHoro
HaJIMIaHHS MaTepialy CTaleBOi 3ar0TOBKH, INIACTUYHOI IeopMallii MOBEpXHEBUX IapiB
poOouoi MOBEpXHI 1HCTPYMEHTY Ta BiApuBaHHS Ae(OpMOBaHOrO 00’eMy Marepiary
BUIVIQ/KyBaya. MexaHi3M 3HOIIYBaHHsS OUIbII JE€TaJbHO OINMCAHUN B MONEPEAHBOMY
pO31iii, B IKOMY MOPIBHIOBAJIACS 3HOCOCTIHKICTh IHCTPYMEHTY 3 LIOTO K Marepiaiy i3

3HOCOCTIWKICTIO IHCTPYMEHTY, OZIep>KaHoTo 13 3acTocyBanHsM XII1.

a — XapaKkTepHI CI1JI1 HAJUIIaHHSI MIKPOYAaCTUHOK CTaJeBO1 3arOTOBKH; 6 — Mana

Bi3yaJIbHOTO PO3MOILTY XIMIYHUX €JIEMEHTIB 00JIACTi TOBEPXHI 31 3HIMKY JIIBOPYY
PucyHok 6.5 — 3HIMKH KOHTaKTy TepTs poO0U0i MOBEPXHI BUITIAIKyBaya 3

HeoOpobaeHoro TBepaoro cmasy WC-15Co

[Ticnst BUpoOyBaHHS Ha poOOUi MOBEPXHI IHCTPYMEHTY, SIKHH MiaaaBaan 00pooir
BI'T, wiTko ciocTepiratoTbest JiiHIT — CJ1iin a0pa3uBHOTO 3HOIIyBaHH (puc. 6.6). OnHak,
Ha poOoUiil MOBEPXHI CIiIB BUKPUIITYBaHHS MacUBIB Marepialy He crocrepiranocs. Sk
BUJIHO 3 PUCYHKY 6.6 0, HaJIMMNaHHS MaTepialy 3arOTOBKM Ha MOBEPXHIO IHCTPYMEHTY,
akui manaBaan oopoo6ii BI'T, Takok BimOyBasiocsi, IpoTe, WOTO CIiIU MOBTOPIOIOTH
cJtiu aGpasHBHMX KaHABOK. VIMOBIpHO, MiKpOYaCTHHKH 06POOIIIOBAHOT CTalTi MEXaHIYHO
3UIUIIOIOTBCS 3 TBEPAMM CIUIAaBOM Y MICISIX 3 TIJBHUIICHOK peiabedHICTIO. AHI
BUPHUBAaHHs KJacTepiB TBEPAOIO CIUIABY, aHl MOBCIOAHOTO po3TpicKkyBaHHs 3epeH WC Ha
iHcTpyMeHTl 3 TBepnoro cmiaBy WC-15Co, saxuii migmaBaau o6poOui BI'T, He

criocrepiranoca. HanumanHsa warepiadly CTaJIeBOi 3aroTOBKH, BIPOTITHO, TaKOX



148

BiJ1I0yBanocsi B o0nactsax BUkpuilyBaHHs 3epeH WC 3 poOo4doi MOBEpXHI 1HCTPYMEHTY,
OCKUTBKM TakKi MICLS € 3aaupaMu, 3a sKl 3a4iIUIIOEThCS CTalb Yy Mpolieci 00poOKH
BUTJIA/HKYBaHHIM. MiCIISIMU 3HOIITYBaHHSI MOTJIM CJIYT'YBaTH AUISTHKA TBEPAOTO CIUIABY, B
akux Ko0ansT 3Haxonutbes y LK cTpykTypi, amske BMICT 11i€1 KpUcTaniyHOT Mo diKarii

Co B crmaBax OyB OCHTh 3HaYHUM (puc. 6.1).

STy T g CEET TR

' Yot kPR 4 » . .- e

@ — XapaKTepH1 CJIJIM HAJIMIIAHHS MIKPOYaCTUHOK CTaJeBOi 3arOTOBKY; O — Mara
PO3MOLTY XIMIYHUX €JIEMEHTIB 00JIaCTi MOBEPXHI 31 3HIMKY JIiBOPYY
Pucynoxk 6.6 — 3HIMKH KOHTaKTy TepTs poO0Y0i MOBEPXHI BUIIIA)KyBada 3 TBEPIOTO

crutasy WC-15Co, sikuit mianaBanu o6po6ui BI'T

Ha pucynky 6.7 300pakeH1 JneTajabHI 3HIMKH MOBEPXOHb TEPTS JAeHOpPMYIOUnX
1HCTpyMeHTIB 3 TBepaoro ciary WC-15Co, sikuif mijraBaim Ta He IMii1aBaid 00pooIi
BI'T. Ha CEM 3HiMKaxX MOBEPXOHb BUIHO, L0 MEXaHI3MU 3HOIIYBAHHS 1HCTPYMEHTY
JIBOX cepiil cyTTeBO BiApi3HAOThCA. [licns BumpoOyBaHHS Ha poOOYiMl MOBEpxXHI
IHCTpYMEHTY, sSkui He mianaBanu oOpooii BI'T (puc. 6.7 a), momiTHI BUpHUBAHHS
Marepianay, M0 BKa3zye Ha XapakTepHl CIIAU aJre3iifHOr0 3HOIIYBaHHS. 3 aHai3y
TPUBUMIPHOI Maru NoBepxHi (puc. 6.7 6) MOXKHa KOHCTATyBaTH BIICYTHICTh XapaKTEPHOT
JIJIS1 BUX1JTHOTO CTaHy 1IHCTPYMEHTY cepudHoi popmu podouoi nmoBepxHi. [LnomuHa, 1o
NPUCYTHSI HA TOBEPXHI 1HCTPYMEHTY, SIKUi He migaasanu oOpobui BI'T, yrBopuiacs
BHACJIIOK 3HOIITYBaHHs MaTepiaty. PI3HUIS MK HAMHMKUYOIO Ta HAMBUIIIOI TOYKAMH Ha

TPUBUMIPHINA Marli npodiato ckinanana 17 Mxm. JlogarHa 3MiHa BUCOTH CBIIUMTBH IIPO
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HasBHI BHCTYIM, IO BIANOBIAA€ AUISIHKAM HaJIMIaHHA Marepialy oOpoOIFOBaHOI

3aroTOBKH, BIiJI’€MHA 3MiHa BHUCOTHM — BHUPUBHMBAHHS MAaCHBIB TBEpAOTO CILUIABY, IO
YTBOPUJTUCS BHACIIJOK are31iHOTO 3HOITYBaHHS 1HCTpyMeHTY (puc. 6.7 a, 6). Bucora

TaKUX 3arajJlH Ta BUCTYIIB BIJHOCHO IJIOCKOT YaCTUHU MPUOIU3HO PiBHA 7 MKM.

yarsonmdon eLoon aQ

o - RO W

MEKM
20

watsowmdan EATVRYilaY

P o ot W

Pucynok 6.7 — [leTanbHi 3HIMKH pOOOYHX TTOBEPXOHB Ta TPUBUMIpHI Tomorpadii
BIJINOBIJIHUX JUISHOK IHCTpYMEHTY 3 TBepAoro ciaBy WC-15Co, skuii He nijgaaBanu

00po6rii (a, 6) Ta mianaanu 06podii BI'T (s, 2)

st incTpymMenTy 3 tBepaoro cruiapy WC-15Co, axuit migmgaBamu o6po61ii BI'T,
XapaKTepHOIO € Iajika podoya moBepxHs (puc. 6.7 6) 3 BIACYTHIMU PI3KUMHU TeperiaiaMu
BUCOTHU TPUBUMIPHOTO MPOQUII0, 110 PEeECTpyBaBcs iHTEphEepEeHLIHUM METOAOM (pHC.
6.7 2). Pi3Humns MK HalBiAJaJCHIIIMMU TOYKAMHU Ha TONOTPaMax, B CEPEIHbOMY,

cKianana 9 MkM, TpUBUMIpHUN Npoduib OMM3bKUM 1O (GopMi 10 yacTUHM chepu.
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MarnouncenbH1 BUCTYIIH BIJIIOBIIAIOTH O0JIACTSIM HAJMIAHHSA MaTepiany oOpoOIFoBaHO1
3arOTOBKH.

[Tpodinorpamu, 0OpoOICHNX BUTIAKyBAaHHSM MTOBEPXOHB cTa 45, 300pakeHi Ha
pucynky 6.8. IloMmiTHa cyTTeBa pi3HUIA 3MIHU NPOGUIB MOBEPXHI 0OpOOIIOBAHOT

CTaJIEBO1 3arOTOBKH B MPOIIEC] BUIIIAKyBaHHS.
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Bazora HOOBKHHA, MKM
8
a, 6 — MICJIsl BUITIAJI)KyBaHHSI HEOOPOOJIEHUM THCTPYMEHTOM; O — MICHS BUIVIAIKyBaHHS
o6pobnenoro BI'T iHcTpyMeHTOM
Pucynok 6.8 — IIpodinorpamu, 3H8TI Ha PI3HUX JIUISHKAX MOBEPXHI CTaJIEBOI1 3arOTOBKHU

Micys BUTNIQ/PKYBaHHS 1THCTpyMEeHTOM 3 TBepAoro cmiapy WC-15Co

Ha modvatky nuisxy BUINIQIKyBaHHS IIOPCTKICTh 3arOTOBKU [JIsi 000X cepiid
nedopMyroUuoro IHCTpYMEHTY Oyia piBHOIO Ta ckianana Ra = 0,33 Mk, qaHuil MOKa3HUK
CIIBCTaBHUI 3a SIKICTIO OTPUMYBAHO1 MOBEPXH1 3 00pOOKOI0 NUTIPYBAHHAM, IPUTUPKOIO.

VY mpoueci BUINIAIKYBaHHS IIOPCTKICTh CTajieBOi 3arOoTOBKH, SIKy OOpOOIIIOBaB
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obpobsennii BI'T tBepaocmiiaBuuii iHCTpyMeHT (puc. 6.8 @), miaBUIIUIACS BTPHUYL 10
nokazHuka Ra = 0,92 MkM miJ1 KiHelb NUTSIXY BUTJIAIKyBaHHS, a Ha AEKIJILKOX MTPOMIXKHHUX
TUTSTHKaX HaBITh NepeBUIyBasia 3HaueHHd Ra = 1 mkM. Lle cBimuuTh Npo MosBY SBHUIIL
3aJIMpaHHs CTaJeBO1 3arOTOBKM BHACIIIOK 3HOIIYBAHHS TBEPAOCIUIABHOTO IHCTPYMEHTY.
Yum noBIIHNA TPONICHUN BUTTIAKYBAUYEM IIUISIX — TUM O1TbITIE HOTO 3HOITYBaHHS 1 BHINA
IIOPCTKICTh B 00p00I0BaHOi 3aroToBKH. [1i KiHenp npodisorpamu, o Bignosigae 1/3
MIPOMJICHOTO BUITIQ)KyBaueM IIUISIXY, pPEeCTpyBaiacs XBWJIENOMIOHA 3MiHA TPOQILIIO
(puc. 6.8 ). IlosBa Takux AUIMHOK Ha mpodijorpaMax TMOB’s3aHA 3 SIBUIIEM
HapOCTOYTBOPEHHSI — HAJIMIIAHHS MIKPOYaCTUHOK OOPOOIIIOBaHOT CTaJIEBOI 3arOTOBKU Ha
po0oUy MMOBEPXHIO TBEPOCIIABHOTO BUIJIAKyBaya.

Pict Bucotu mnpoduaro oO0poOIOBaHOI BUINIAHKYBa4eM IIOBEPXHI 3YMOBIICHHI
301IBIIEHHSIM MacH MaTepialy CTajleBOl 3arOTOBKH, 3YETJIEHOTO 3 POOOYOI0 TOBEPXHEIO
1HcTpyMeHTy 3 TBepnoro cmiaBy WC-15Co, skuil He mignaBanu oOpobui BI'T. Ha
NIUISTHKax, JI€ peecTpyBaBcs picT XBWiIenoaiOHoi ¢opmu npoduio B MOpoueci
BUITIA/IKYBAaHHS, 3’ SIBJIBCSI XapaKTEepPHUN BUCOKOYACTOTHUH 3BYK, TO1IOHUI 0 3BYKY, 1110
BUHHUKAE MiJ Yac pi3aHHs. 31 30UIbIICHHSIM Macu MIKpPOYACTUHOK ctaii 45 Ha poOouiid
MOBEPXHI BUITIAKyBava 3BYK nocuitoBaBcsi. Ha mpodinorpamax (puc. 6.8 a, ) HaiiBuIIIl
TOYKHM BIJNOBIJAIOTh MAaKCUMaJbHIA Maci HapoOCTy, IO YTBOPHMBCS Ha MOBEpPXHI
IHCTpyMEHTy B Tmporeci BuriamkyBaHHsa. [1[oifHO 3Byk 3HUKaB, BHCOTa Mpodimato
BIJIHOCHO HYJIbOBOI JIiHII 3HAYHO 3HWXKYBaJIach, MIOPCTKICTE 0OpOOIIOBAHOT
BUIIA/HKYBaHHIM MOBEPXHI POCHA. 3apEeECTPOBAHI 3HAUEHHS Ta MPSAMI CIOCTEPEKEHHS
BKa3ylOTh Ha Te, 10 3@ JOCATHEHHS KPUTUYHOI Macu 34YEIJICHOIO 3 1HCTPYMEHTOM
0OpOoOTIOBAaHOTO Marepiady HapiCT BiIpUBaBCS 3 POOOUOT MOBEPXHI BUIIIAKyBaya.
VIMOBipHO, BifpMB HAPOCTIB 3 MOBEPXHi iHCTPYMEHTY CYNPOBOKYBABCS BHPHBAHHSIM
00’eMiB Marepianly BUIIa/pKyBada, a came macuBiB 3epeH WC ta Co (puc. 6.5, puc. 6.7
a, 0). Ilicmsa TPOXOMXEHHSI TOJOBUHU 3arajbHOTO MUIAXY BHUIVIAJKYBAHHS SIBUIIEC
HaJunaHHs HaOyBaJlO MOHOTOHHOIO XapaKTepy, XBHWJII MOBTOPIOBAJUCS, IIOPCTKICTh
nenanm 3pocrana (puc. 6.8 a, 6). IlinBumieHHs penbedHOCTI MOBEPXHI BUINIAKyBaya
(puc. 6.7 6), 3aKOHOMIPHO, CYTIPOBOI>KYBAJIOCS MIABUILICHHIM Koe(]illieHTa TepTs y napi

TBEPAMI CIUIaB — CTalb. ¥ TBOPEHI BIAJIUHU 3aupaik 00pOOIIOBaHY 3aroTOBKY, 110, Y
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CBOIO UEpTYy, CYMPOBOIXKYBAIOCI MEXaHIYHUM 3aKPIIJICHHSIM MIKpOYaCTUHOK cTam 45 Ha
OTOJICHIM, penbedHINt TOBEepXHI TBepaoro ciary (puc. 6.5 6). IHTeHCcubikals
aAre31HOTO TUIYy 3HOIIYBaHHS 1HCTpyMeHTy 3 TBepaoro cmiaBy WC-15Co, sxuit He
iaBaad oopoOIil, Ta MaiHHS AKOCTI 00po0IeHOT BUIIAKyBaueM MOBEPXHI MOYaIUCS
npuOIM3HO Ha MOJIOBHHI NUIAXyY. lle Bkasye Ha Te, MO BUMIAIHKyBa4 3 HEOOPOOIEHOTO
TBEPAOTO CIJIaBy He 3a0e3medyBaB JOCTATHHOI SKOCTI MOBEPXHI, a HWOTO TOJabIIe
BUKOPHUCTaHHSI B SIKOCTI J1€(OpPMYIOUOTrO 1HCTPYMEHTY CTajllo HeMOoxJuBUM. [lig yac
OTIIAY TUISIM TEPTSI Ha 3pa3Ky, SKU He TiamaBaiu o0poo1i (puc. 6.5 a, puc 6.7 a), ciniau
aOpa3MBHOTO 3HOIIYBAaHHS BIAIIYKaTH HE BAAIOCh. CXOXHI MeXaHi3M 3HOIITYBaHHS
TBEPJAOTO CIUIaBy B MPOIIEC] BUINIAJKyBaHHS PEECTpyBaBcs W B 1HIIMX pobdotax [154],
[160], [161].

Hesnauna 3mina ¢opmu mnpodiaro oOpoOItoBaHOI BUMIAIKYBAaHHSIM TMOBEPXHI
ctaini 45 Ha npodinorpamax, IpeacTaBieHl Ha pUCYHKY 6.8 6, IMOBIipHillle, 00yMOBJIEHA
CIaJIKyBaHHSIM MOBEPXHI1, 3AIMIIICHOL MIiCJIs TOYIHHS.

[TinBuieHa 3HOCOCTIMKICTh ITO3UTHBHO BIUIMHYJIAa Ha SKICTb 0OOPOOIIOBaHOL

noBepxHi (puc. 6.9).
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PucyHok 6.9 — 3HouryBaHHs iHCTpYMeEHTY 3 TBepaoro ciiapy WC-15Co, sikuit
IiIIaBaId Ta He migmaBanu oopoo1i BI'T, Ta 3MiHa IMOPCTKOCTI CTAIEBOT 3arOTOBKH B

3aJIe)KHOCTI BIJ IPOMICHOTO LUISIXY
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[IopcTKicTh, BUMIpsSIHA B KiHIII MPOMIEHOTO BUINIQ/KyBadeM IUIAXY B 2,5 pasu
HIDKYa B CILJIaBI, IKUi iaaaBain oopo61 BI'T, y mopiBHSIHHI 3 IOPCTKICTIO HA TiM caMiid
TUISHIT TICST BUIIADKYyBaHHS HEOOpoOnIeHHM iHCTpyMeHTOM. OCHOBHUM (haKTOpOM
niaBUIeHHsT 3HOcoCTIMKOCTI cmaBy WC-15Co, skuit migmaBanu o6podui BI'T, €
301bienHs KinpkocTi [T monimMopduOi Moaudikaliii ko6ansTy B 3B 3Ky 3 Iepedirom
mapreHcutHoro ['TIK—T'TLIT ¢a3oBoro nepeTBopeHHs B 10oro 00’ emi. 301IbIICHHS Yacy
eKCILTyaTarlii Ta 3a06e3medeHHs 3aJ1aH01 SIKOCTI 00pOOII0OBAaHOT TOBEPXHI MPOTATOM YChOTO
gacy 00poOKH € IITbOBUMHU KPUTEPISIMU TOKPAIIICHHS TBEPAOCIUIABHOTO IHCTPYMEHTY. Y
MOpiBHAHHI 3 HeoOpoOseHuMm TBepauM ciiaBoM WC-15Co, o06poOsieHuii BHCOKHUM
TIPOCTaTUYHUM TUCKOM IHCTPYMEHT MOKa3aB Kpallly CTIMKICTh A0 3HOLIYBaHHS M1 4yac
BUIIIA/KyBaHHs. J[oBIa Bich eMiNTUYHOI TUisiMU Ha 3pa3ky WC-15Co, sikuil mianaBaiu
o0po6ui BI'T, onepxkanoi y mporeci Teptsi, Ha 31% (Mmaibke Ha TPETUHY) MEHINA, Y

MOPIBHSHHI 3 HEOOPOOJIIEHUM 3PA3KOM.

BucHoBkH 10 po3aiay 6

1. Brmepiie ekciepuMeHTaIbHO BCTAHOBIICHO, 1110 00poOka BI'T cieuenoro tBepaoro
crutapy WC-15Co iHinitoe B K0OaabTOBIM MaTpHlll MApTEHCUTHE (Pa30Be MEPETBOPEHHS
Ta 3MIHY TUITy KPUCTAII4YHOI I'paTKu 3Ha4HOro 00’ eMy kobansty 3 ['IK Ha ['TIII.

2. Tlokazano, mo o6podbka BI'T mae moBepxHeBHil BIUIMB, GOPMYyHOUM MaTtepian 3
IpaJlEHTOM BJIACTUBOCTEH MO 00’eMy. Tak, BCTaHOBJIEHO, IO TBEPAICTh MOBEPXHI
tBepaoro cruiapy WC-15Co, skuii ignaBanu oopoo1i BI'T micis cmikanns, Ha 170 MlIla
MEHIIa, y MOPIBHSIHHI 3 HEOOPOOJIICHUM CIJIaBOM, Ta MOCTYIMOBO 3POCTA€E 10 3HAYCHHS
1300 MIlIa, BumipstHoro Ha BijcTani 2,4 MM BijJ MOBEPXHi, 110 € PIBHUM TBEPIOCTI
KOMITO3UTY, IKUH He TiraBanu o0pooiri. ['panuis minHocTi TBepaoro ciiary WC-15Co,
axui mianaBanu oopo6it BI'T, 3pocia Ha 7 % MOPIBHSIHO 3 MIIHICTIO CIUJIaBY, SIKUH HE
MiJI1aBaJIid 00poOIIi.

3. BcranoBneno, mo o0podka BI'T TBepgoro crutaBy chpusiia ITiABHIIICHHIO
3HOCOCTIMKOCTI MiJi Yac XOJOJHOTO IUIACTUYHOIO IOBEPXHEBOTO JAe(OpMyBaHHS

IHCTPYMEHTOM 3 LIbOTO Marepianxy 3aroToBku 31 ctam 45. [lokazaHo, mo JoBXUHA OCi
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SINTUYHOT TUISIMU 3HOIIIYBaHHS Ha poOOUiil MOBEPXHI BUIIIA/XKyBaya 3 TBEPAOTO CILIaBY
WC-15Co, axuii mianasaiu BI'T, Ha 31 % MeHI11a TOPIBHSAHO 3 TUM K€ TTOKa3HUKOM IS
BUTJIA/DKyBava, skui He migmnaBaim BI'T.

4. Buma 3HOCOCTIHMKICTh TBEpPJOTO CIUIaBy, SKUH miggaBaad o6pooii BI'T,
BiI0Opa3miiach Ha 3aTHOCTI 3a0e3IMedyBaTH BHCOKY SIKICTh 0OpOOIIOBaHOI MOBEPXHI
CTaJICBOI 3aTOTOBKH MPOTITOM JIOBIIIOTO Yacy, TOPIBHSIHO 31 CTUIABOM, SIKWW HE ITiI/IaBaiu
0o0poO11i, MmO € HeoOXiAHUM (PaKTOPOM B MIJIBUINCHHI MPOAYKTHBHOCTI 1HCTPYMEHTY,

OZIEP>KaHOTO 3 I[LOTO MaTepiay.
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3ATAJIBHI BUCHOBKHA

VYnepiie, B paMKax y3arajJbHEHOTO aHamizy cepii ¢i3MYHUX Ta HATypPHHUX
BUPOOHMYUX EKCIIEPUMEHTIB, BCTAHOBJIEHA JOIUIBHICTh 3aCTOCYBaHHS TEXHOJOTIN
XOJIOAHOTO 130CTAaTHYHOTO MPECYBaHHS Ta 0OpPOOKH BUCOKHM TiIPOCTATUYHUM THCKOM
UL OfepKaHHSA  BOJB(PAMOKOOATFTOBUX TBEPAUX CIUIABIB 3  MABUIICHUMU
eKCIUTyaTallliHUMHU BIACTUBOCTSMHU.

1. Tlokazano, mo XIII cpopmyBano BiAMIHHY CTPYKTYpY HECIEUEHOTO TBEPIOTO
CIUTIaBY, OCOOJUBICTIO SIKO1 Oy BiJICYTHICTh MOPOXKHUH MK TpaHyllaMy Ta 3pyHHOBaH1
HalikpynHinn vacTuHKd WC, TOpPIBHSHO 31 CTPYKTYpPOIO KOMIIAKTY, OJEP>KaHOTO
OJHOBICHUM TIPECYBAaHHSM, fKId JaHl 3MIHM He Oynu mnputamanHi. BcTaHoBiIeHO
B32€MO3B 30K MK 3MIHAMH B CTPYKTYpl HECIIEYEHUX KOMMO3UTIB, cipuunHenux XIII,
Ta (OpPMYBaHHSIM CTPYKTYPH CIICUCHHUX TBEPIUX CIiaBiB. [lokazaHo, 1m0 cepenHiii po3mip
3eper WC B TBepaomy cimuiaBi WC-8Co, sxuit mignaBaiu XIII, smenmmusces Ha 23 %
MOPIBHSTHO 3 THM K€ CIIJIABOM, OJIEPKAHUM OJTHOBICHUM IPECYBaHHSIM.

2. VYmepue BctaHoBieHo, 1m0 XIII HecneyeHHX cIjiaBiB, OAEP’KaHUX OJIHOBICHUM
MIPECYBAHHSM, 1€ HA CTa 1l KOMIAKTyBaHHS c(hOpMyBajo YMOBH, 110 3a0€3MEUIIIA 3MIHY
(da3oBoOro ckiaay CneyeHUX TBEpAMX CIUIaBiB. Tak, mepeBakarouor MOJIMOP(HHOIO
Moaudikalli€ero, B SKiil 3HaX0UBCS KOOAJIBT B crieueHuX TBepaux criaBax WC-8Co ta
WC-15Co, saxi nmigmaBanu XIII, Oyna rekcaroHanbHa Ha MPOTUBAry KyOIuHIN, sika Oyna
OCHOBHOIO Yy CIUIaBaX, OACPaHUX OJHOBICHUM IPECYBAHHSIM.

3. BcraHoOBIEHO 3aKOHOMIPHOCTI BIUIMBY 3MIHM (DA30BOTO CKJIaTy Ta pO3MIPY
CTpyKTypHHX ckianoBux TBepaux cruiaBiB WC-8Co ta WC-15Co, sixi mignasanu XIIT no
CHiKaHHsS, Ha (OPMYBaHHA KOMIUIEKCY (DI3MKO-MEXaHIYHUX BIIACTUBOCTEH LHX
MatepianmiB. Tak, piCT rpaHUIll MIITHOCTI MPYU TPUTOUYKOBOMY 3THHI Ta TBEPIOCTI CIUIABY
WC-8Co, sixuit migmnaBanu XIII, caruys 9 % 31 3nauennsm 1980 MIla ta 2 onunuIls 3a
mkaigoro HRA, sianosigHo. CHpUYMHEHH 3MIHOIO IepeBa)karoyoi MoiiMophHOT
monupikarii kobanety 3 I'LIK crpyktypu na ['IIIIT cTpykTypy, picT rpaHuIll MIITHOCTI Ta
tBepaoctTi crmiapy WC-15Co, sxuit migmaBanu XIII, csaruyB 13 % 31 3HaYeHHAM

2410 MIlIa ta 1 ogunumi 3a mxkanoo HRA, BianoBigHoO.
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4. Vmepue mnokaszaHo, mo 3actocyBaHHa XIII g0 HecnedeHOro TBEPIOro CIiaBy
WC-8Co, neroanoro 0,3 mac. % VC (iHriGiTopoM poCTy 3€pHEH), CIPUUYNHUIO
YTBOpPEHHS OIMOAANbHOI CTPYKTypU CIIEUEHOTO CIUIaBy 3 TMOSBOIO OCEPEIKIB 3
M1JBUILIEHUM BMICTOM KOOAJIbTy Ta CIIPHUSIIO 3MEHIIEHHIO CEPETHHOT0 po3mipy 3epeH WC
Ha 15 %, TOpIBHSHO 3 TUM K€ CIJIaBOM, OJIEP)KAaHUM OIHOBICHUM TMPECyBaHHSIM.
Bcranosneno, mo tBepauii cruiaB WC-8Co-0,3VC, axuit mignaBanu XII1, maB B miBTOpa
pasy BUIILY TPIIMHOCTINKICTS, SKa csarana 15,4 Mlla - M2, 110, BpaxoByloul yTBOPEHHS
ckaagHoro kapoimy (V,W)Cy y CTpPYKTypi KOMIIO3UTY, € aTHUIOBUM [IJIsl CIUIABIB,
JeroBaHux iHT161TOpamMu pocty 3epeH WC.

5. Yhepiie eKCIEpUMEHTaJbHO BCTAHOBJIEHO, 10 I1HCTPYMEHT, a CaMe:
NOPOIOPYHHIBHI BCTaBKH 3 TBep0ro criaBy WC-6Co, pi3ui 3 TBepaoro criasy WC-8Co
1 BurmapkyBadi 3 TBepaoro craBy WC-15Co, sxuit mignaBanu XIII mo crikaHHS,
MOPIBHSHO 3 TUM K€ 1HCTPYMEHTOM, OJEPKAHUM OJHOBICHUM IPECYBAHHSM, MOKA3aB
M1JBUIIEHY 3HOCOCTIUKICTh B YMOBaxX pyHHYBaHHS KepHY TOPE3bKOTO MiCKOBUKY, TOUIHHS
YaBYHHOI 3arOTOBKH Ta XOJIOJHOTO IUIACTUYHOTO [TOBEPXHEBOTO 1e(POpMyBaHHs cTai 45,
BIJINIOBIJIHO. Bynio BCTaHOBIIEHO, IO IIMPHUHA JUISTHKA 3HOUTYBaHHS Ha POOOY1i MOBEPXHI1
noponopyrHiBHOI BcTaBku 3 TBepmoro cruiaBy WC-6Co, saxy migmaBanu XIIT nmo
criikaHHs, Oyna Ha 16 % MeHIIO, MOPIBHSAHO 3 TUM K€ MMapaMeTpoM, BUMIPSHUM Ha
poOOUili MOBEPXHI BCTABKH, OJIEPKAHOT OJHOBICHUM MpPECyBaHHIM. J[OBXKWHA AUISTHKU
3HOUTYBaHHS Ha poOouiil Kpaiiii pi3is 3 TBepaoro craBy WC-15Co, sikuii minnaBamu
XIII, 6yna Ha 67 % MeH1I010, TOPIBHIHO 3 TUM K€ TapaMeTPOM, BUMIPSHUM Ha poOoUii
Kpa#lii pi3I, oJIep>KaHOTo OAHOBICHUM mpecyBaHHsM. Ha 44 % Oyna kopoTIio BiCh
SJINTUYHOI TUISIMH 3HOLITYBaHHSI Ha poOOYiil MOBEpPXHI BUITIAIXKyBada 3 TBEPAOTO CIUIaBy
WC-15Co, sxunii nignaBanu XII1, mopiBHSHO 3 TUM K€ MapaMeTpOM Ha poOoUiil MOBEPXHI
BUITIA/IKYBa4a, OJIEP>KaHOTO OTHOBICHUM MPECYBAHHSIM.

6. Ymepuie  MPOJEMOHCTPOBAHO, IO  3aCTOCYBaHHS  OOpOOKM  BHUCOKHM
rigpocratuaanm TckoM B 400 MITa o cneuenoro tBepaoro criaBy WC-15Co npusseno
70 3MiHM (A30BOr0 CKJIAQy Ta MIABUIICHHS 3HOCOCTIMKOCTI 1HCTPYMEHTY 3 LIbOTO
Mmatepiainy. Tak, Brepiiie eKCriepuMeHTaIbHO BCTAHOBJIEHO, 1110 00poOka BI'T iHimitoBana

MapTeHCHUTHE (Da30Be MEPETBOPEHHS Y KOOANBTI, 1110 MPU3BEIO A0 3POCTAHHS KITHKOCTI
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rioro I'IIIIT momimopdHoi Mmoaudikarii y TBepaomy criaBi WC-15Co. 3mina ¢da3oBoro
CKJIaJly CIUJIaBYy B1J0Opa3uiiach y MiJABUIIIEHHI CTIMKOCTI IHCTPYMEHTY 3 IIbOTO MaTepiaty
70 3HONIYBAaHHSA TMiJ dYac XOJOAHOTO IUIACTUYHOTO ITOBEPXHEBOTO JeOpMyBaHHS
ctani 45. Tak, moka3aHo, 110 JIOBKHWHA OCI eTINTUYHOI IJIIMU 3HOIIIYBaHHS Ha poOoUii
MOBEPXHI BUIIAKyBada 3 TBepaoro ciiaBy WC-15Co, skuit migmgaBamm oo6poomi BI'T,
Oyna Ha 31 % MEHIIOI0 MOPIBHSHO 3 TUM K€ MapaMeTpoM, BUMIPSHUM Ha poOOUiif

MOBEPXHI BUIIIAJPKyBayva 31 CIUIABY, SIKMM HE MiaaBajin 00pooOIil.
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BIIPOBAJXEHHA B OCBITHIH NMpoLEC
pe3ynbTaTiB AucepTauiiiHoi poboTH
aciipanta Kadenpn BucokoTemneparypuux MaTepialis Ta NOPOLIKOBOI MeTamyprii

HapuaJibHO-HAYKOBOI'O IHCTHTYTY MaTepialo3HaBCTBa Ta 3BaprOBaHHA iM. €.0. IlaToHa

Ilepemera Bitanis IropoBu4a

Pe3y/IbTaTH HAYKOBOro HOCiHipkeHHs acmipanTta lllepemeTa B. 1. Ha TeMmy:
«3aKOHOMIPHOCTI (OPMYBaHHS CTPYKTYypH Ta (i3HKO-MEXaHITHHX BJIACTHBOCTEM
reepaux cruiaBie. WC-Co B ymoBax i30CTaTHYHOTO THCKY» BHKOPMCTaHi TiJ 9ac
MiIrOTOBKM Ta BHKIafaHHsA auciumiin «TexHonoril BHPOOHHITB MOPOIIKOBHX,
KOMIO3UIIHHIX Ta HAHOAMCIIEPCHUX MarepianiB», «OCHOBH OTPUMaHHA [IOpPOIIKOBHX
T4 KOMIO3ULIMHAX MaTepianiBy s MepuUIOro piBHA IIArOTOBKH 3106yBa4iB OCBITH
crienjanpHocTi 132 Martepianossaserso. TeopeTndi Ta MPaKTHYHI Pe3yIBTaTH MOAO
PO3BHTKY TEXHOJIOTIH OJepXKaHHA Ta 0Gpo6KE TBEPAMX CIUIABiB i3 3aCTOCYBAaHHAM
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