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O00’ext pocaimxenns. [Iporec oTpuMaHHS 3HOCOCTIMKMX MOKPHUTTIB Ha
ocHOBI cuctemu Fe-Ti-B-C, nuisxom HariaBieHHs MOPOIIKOBUMHE €JICKTPOIaMH.

IIpeamer npocaigxennsi. OcoOIMBOCTI Ta 3aKOHOMIPHOCTI (opMyBaHHS
CTPYKTYpH Ta BIIACTUBOCTEH 3HOCOCTIMKUX MMOKPHUTTIB Ha OCHOBI cuctemu Fe-Ti-B-
C MeToIoM HaIlIaBJIE€HHS MOPOIIKOBUMH €JIEKTpOJaMU Ta iX (PI3MKO-MeXaHIYH1
XapaKTEPUCTHKH.

Jucepratiisi IpUCBsiY€HA BUPIIIEHHIO aKTyaJIbHOI HAYKOBO-I0CIAHUIBKOI Ta
HAayKOBO-TIPAKTUYHOI 3ajadyi, sSKa MOJiArae y MOJEIIOBaHHI Ta JOCHIIKEHHI
0COOIMBOCTEH CTPYKTYPOYTBOPEHHS 3HOCOCTINKHX MMOKPUTH HA OCHOB1 ccTeMU Fe-
Ti-B-C 3 momaBanHsM MO, 3 BHKOPHCTaHHSIM YHCTHX IIOPOIIKIB METajiB, Ta
OTpUMAaHHI Ha OCHOBI ITI€1 CHCTEMHU MaTepially 3 MiJABUIIECHOIO CTIMKICTIO B YMOBax
abpa3uBHOT Aii.

[IpoBeaeHO aHai3 HaAyKOBOI JITEpaTypH, II0JI0 CUCTEM, L0 3aCTOCOBYIOTHCS
SIK OCHOBa [IJIsl €JICKTPOJIIB, MPU3HAYCHUX JUIS BIAHOBJICHHS Ta IABUIICHHS
3HOCOCTIMKOCTI Jerajeil oOjagHaHHS, IO Mpalioe B yMOBAaxX I1HTEHCUBHOI
abpa3uBHOI 11i. PO3risiHyTO CyyacHU PUHOK €JE€KTPO/11B BUPOOHUKIB PI3HUX KPAiH,
110 TIPOTMOHYIOTh €IEKTPOIN IS BiTHOBJICHHS TaKOTO 00JaqHaHHsA. BcTaHOBIEHO,
10 OLTBITICTH HAYKOBIIIB Ta BUPOOHHKIB CIIPSIMOBYIOTH JOCIIKEHHS Ta PO3POOKY
3HOCOCTIWKMX MarepianiB Ha ocHOBI cuctemu Fe-Cr-C, ska xapakTepuszyeTbes
BHCOKOIO TBEPJIICTIO, MPOTE TaKa TBEPJICTh 3a0€3MeUy€EThCA 32 PAXyHOK KPUXKOCTI
CTPYKTYPH, SKa CKJIQJA€ThCA 3 KPYMHUX KapOigiB XpOMy Ta KPUXKOi €BTEKTHKH.

Jlo6asku Oopy ta Mmeramie Mo, Ti, V, W, Nb, Ta, B ocHOBHOMY, HaIpaBJIcHI Ha



dbopMyBaHHS OB PIBHOBAXHOI CTPYKTYPH Ta MIABUINCHHS (h13MKO-MEXaHIIHUX
BJIACTUBOCTEN CTPYKTYpPHHUX CKJIQJIOBUX, IPU YoMy, Mporecu (popmMyBaHHSA
CTPYKTYPH 3aTUIIAIOTHCSA HE3MIHHUMH, 110 3AJIMIIAE AKTYyaJIbHUM MTUTAHHS MOIIYKY
ANbTECPHATUBHOI CUCTEMH SIK OCHOBH JIJISl BUTOTOBJICHHS 3HOCOCTIHKHMX MaTepialliB.

PosrisHyTo mepcrekTHBH - gociipkeHHs cuctemu Fe-Ti-B-C  Tta i
3aCTOCYBaHHS, SK OCHOBY, JUJII PO3POOKH 3HOCOCTIMKOTO MaTepially 3 BHCOKHMHU
NOKa3HUKaMHU  (PI3UKO-MEXaHIYHMX BJIACTUBOCTEH Ta CTIMKICTIO B YMOBax
NIJBUILIEHOr0 HaBaHTaXEHHS. TaKo)K BCTAHOBJIEHO, IO 3aCTOCYBaHHS BKa3aHOl
CHCTEMH JOLIJIbHE TUIBKH TPU BUKOPHCTAHHI T1 y BUTJSAI YACTOTO TOPOUIKY
MeTanxy, Ha BIAMIHY BiJ TIOMIMPEHOTO HOTO (Ta IHIMUX KapOiJOYTBOPIOIOYUX Ta
o6opugoytBoprotounx MetaniB |V-VI Tpynu mepionuyuHOl cHCTeMHM XIMIYHHX
€JIEMEHTIB) 3aCTOCYBAHHS HAayKOBISIMH Ta BUPOOHUKAMH €JEKTPOMIB y BUTJISAII
depocmnasiB. BukoprucTanHs YMCTHX MOPOIIKIB METANIB B peakiliiHii cymimi Me
+ B4C 3abesmeuye 3iificHEHHS Tak 3BaHOi IN-SItU peakmii mija 4ac OTpUMaHHS
MOKPUTTS, IO € MPUHIMIIOBO IHITUM MEXaHi3MOM CTPYKTYPOYTBOPCHHS HIXK
NeperiaBiieHHs MMiJ 4ac 3acTocyBaHHs (epocimiaBiB. BeraHoBieHo 1o (izuxo-
MEXaHI4YHl Ta EeKCIUTyaTalliiHl BJIACTUBOCTI TAKUX MaTeplaliB € BUIIMMH HIK Y
MaTepiaiiB, OTPUMaHUX 3 (PepOCILIABIB.

[IpoBeleHO MOPIBHSUIBHUN aHali3 METOMAIB OTPUMAHHS 3HOCOCTIMKOTO
MOKPUTTS, 3 IMO3HUIIA MPOCTOTH BUKOHAHHS METOAY, €KOHOMIYHOI JOIiIBHOCTI,
POyKTUBHOCTI, YUCTOTH/SKOCTI OTPUMAHOTO MOKPUTTS. Cepeln pO3TIISTHYTUX
MOIIUPEHUX Ta JACSIKUX CIEIIaIbHIUX METO/1IB OTPUMAaHHS 3HOCOCTIMKOTO MOKPUTTH,
SIK HAaUO1IbII YHIBEPCATBHUM, TPOTYKTUBHUM, JOIIJILHUM 3 MO3UIT JOCIIIKEHb Ta
TakuM, 10 3a0e3nedye BHUCOKY SKICTb MOKPUTTS, OOpaHO eJIeKTPOIyroBe
HaIUTaBJICHHS ITOPOIIKOBUMHM eIeKTpoaaMu, Takox Bimome sk FCAW (Flux-Cored
Arc Welding).

Po3pobneno nocmiani enekrpoan 3 peakmiiaoro cymino Me + B4C, ne Me
cymim yucTux mopomkiB meramiB (Ti + Mo) 30 %, aT., mpu KOHIEHTpAIIisIX
moJtioaeny (B cymimi Ti + Mo): 0 %, 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %,

80 %, 90 %, 100 %, ar. [IpoBeneHO MOCHIIKEHHS MIKPOCTPYKTYpHU Ta (Ha30BOTO



CKJIaZly MaTepialliB MEeToJlaMU CKaHyr4oi enekTpoHHoi mikpockomii (CEM) Ta
peHTreHo(}a3oBoro aHajizy, JOCTIDKCHHS (I3MKO-MEXaHIYHUX BIIACTHBOCTEH,
TEXHOJIOTIYHUX TapaMeTpiB, Ja0OpaTOpHI JOCHIKCHHS MaTepiajiB IMpH Pi3HHUX
yMOBax a0pa3uBHOI Ta yJIapHO-aOpa3uBHOI Aii.

BukoHnano TepMoanHaMidHe MOJCIIIOBaHHS MatepiamiB cucremu Fe-Ti-Mo-
B-C ta po3pobisieHo TepmMoarHaAMIuHy 0a3y HaHUX JaHOi cucTeMHu. MoJemtoBaHHs
IIPOBOJUJIOCH 13 3aCTOCYBaHHSM JaHWX HAyKOBOI IEPIOJAWKHA Ta BUKOPHCTaHHI
napameTpiB, BU3HAYCHHUX NUIIXOM ab INiti0 MojemoBaHHs, MPOBEJICHOTO B MEXKax
JOCITIKEHB JaHOI TucepTamiitHoi poOoTH.

Ha ocHOBI 3MOJenbOBaHMX  JIaHMX Ta IX  IHTepmperamii 3
eKCIICPUMEHTAIbHUMHU JaHUMH, BU3HAYCHHS (DI3UKO-MEXaHIYHUX BJIACTHBOCTEH,
pe3yibTaTiB MPOBEICHUX EKCIIEPUMEHTIB BH3HAYEHO JOCHITHUN MaTepial 3
HaWBUIIMMU KOMIUIEKCHUMU TTOKa3HUKaMu. Ha 0CHOBI JaHOT cCTEMU pO3p00IIeHO
MapTIiIO0 €JICKTPOAIB, MPU3HAYCHY /I BITHOBJICHHS Ta M1IBUIICHHS 3HOCOCTIMKOCTI
oOJyaHaHHs, IO MPAIO€ B YMOBAxX 3MiIlIaHOI aOpa3uBHOI Jii 3 METOIO ampooarrii
JTOCJIITHOTO MaTepiaay B pealbHUX YMOBaX pOOOTH.

[IpoBeneHO TPOMHCIOBY ampooOarlito  po3poOJIEHUX EJNEKTPOMdIB, sKa
OIATBEpAWIIa PE3yJIbTaTU Ja00pPaTOPHUX BHUIPOOYBaHb Ta TEXHIKO-€KOHOMIUHY
JTOIIBHICTh 3aCTOCYBAaHHS PO3POOJIEHUX TMOPOIIKOBUX €JIEKTPO/IB Ha OCHOBI
cucreMu Fe-Ti-B-C 3 pgomaBanusM MO Ui BIiJZHOBIEHHS Ta ITIABUILEHHS
3HOCOCTIWKOCTI JeTaliei, 1110 MPaIfoI0Th B yMOBaX IHTEHCUBHOI aOpa3uBHOI il Ta
BHUCOKHMX MMUTOMUX 1 IUKITYHUX HABAHTAXKEHb.

BcranoBiieHo, 1110 3HOCOCTIHKICTh pOOOYMX MOBEPXOHb HOXKIB JIJISl 3HATTS
KOpH 3 JEpPEeBUHM Ta CEKIIM IIHEKIB Mpecy sl BUPOOHUIITBA OYiBEIBHOI
KOHCTPYKIIAHOT KepaMiKH HalUlaBl€Ha PO3pOOJEHUMHU €NEKTPOJaMH MiABUIILYE
NOBroBiyHicTh y 2,8 Ta 1,9-2,0 pa3u, MOpIBHSHO 13 JACTaJsIMHU, BiJHOBJICHUMHU
CEpITHUMU EJIEKTPOJAMHU.

KurouoBi cioBa: moBepXHEBE 3MILHEHHS, CTPYKTypa, MIKPOTBEPHICTb,
TpHBAaJIa €KCIUTyaTallis, Aerpaaallis, Gi3uKo-MexXaHI4Hi XapaKTePUCTUKH MaTepiay,
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ABSTRACT

Ivanov O. Features of structure formation and properties of electric arc
coatings from powder wires on the basis of Fe-Ti-B-C system. — Qualified scientific
work as a manuscript.

The thesis for the degree of Doctor of Philosophy in specialty 132 — «Material
Science» (13 — «Mechanical Engineering»). — Ivano-Frankivsk National Technical
University of Oil and Gas, Ivano-Frankivsk, 2021.

The object of the study. The process of obtaining wear-resistant hardfacing
coatings based of the Fe-Ti-B-C system, by surfacing with powder electrodes.

The subject of the study. Features and regularities of formation of structure
and properties of wear-resistant hardfacing coatings on the basis of Fe Fe-Ti-B-C
system obtained by surfacing with powder electrode and their physical and
mechanical characteristics.

The dissertation thesis devoted to solving an urgent scientific-research and
practical-scientific problem, which consists in modeling and research of structure
features formation of wear-resistant hardfacing coatings on the basis of Fe-Ti-B-C
system with Mo addition, with the use of pure metals powders, and receiving the
material on the basis of such system with increased durability in the conditions of
long-term operation abrasive action.

The scientific literature analysis concerning the systems used as a basis for the
electrodes intended for restoration and increasing of wear resistance of details of the
equipment working in the conditions of the increased abrasive action is carried out.
The modern market of electrodes of manufacturers of different countries offering
electrodes for restoration of such equipment is considered. It has been found that
most scientists and manufacturers direct research and development of wear-resistant
materials based on Fe-Cr-C systems, which is characterized by high hardness, but
such hardness is provided by the fragility of the structure, which consists of large
chromium carbides and brittle eutectic. Additives of boron and metals Mo, Ti, V,
W, Nb, Ta are mainly aimed at forming a more equilibrium structure and improving

the physical and mechanical properties of structural components, while the processes



of structure formation remain unchanged, which leaves the question of finding an
alternative system bases for the manufacture of wear-resistant materials.

Prospects of research of Fe-Ti-B-C system, and its application as a basis for
development of wear-resistant material with high indicators of physical and
mechanical properties and stability in the conditions of the increased loading are
considered. It was also found that the use of this system is appropriate only when
using Ti as a pure metal powder, in contrast to its common (and other carbide-
forming and boride-forming metals of group IV-VI1 of the periodic table of chemical
elements) by scientists and manufacturers of electrodes in the form of ferro powders.
The use of pure metal powders in the reaction mixture Me + B4C provides the
implementation of the so-called in-situ technology during the production of the
coating, which is a fundamentally different mechanism of structure formation than
remelting during the use of ferro powders. It is established that the physical-
mechanical and operational properties of such materials are higher than those
obtained from ferropowders.

A comparative analysis of methods of obtaining a wear-resistant coating, from
the standpoint of simplicity of the method, economic feasibility, productivity, purity
/ quality of the obtained coating. Among the considered common and some special
methods of obtaining a wear-resistant coating, as the most versatile, productive,
feasible from the point of view of research and providing high quality coating,
chosen electric arc surfacing with powder electrodes, also known as FCAW (Flux-
Cored Arc Welding).

Experimental electrodes with a reaction mixture of Me + B,C were developed,
where Me is a mixture of pure metal powders (Ti + Mo) 30%, at., At concentrations
of molybdenum (in a mixture of Ti + Mo): 0 %, 10 %, 20 %, 30 %, 40 %, 50 %, 60
%, 70 %, 80 %, 90 %, 100 %, at. The study of the microstructure and phase
composition of materials by scanning electron microscopy (SEM) and X-ray phase
analysis, study of physical and mechanical properties, technological parameters,
laboratory studies of materials under different conditions of abrasive and shock-

abrasive action.



Thermodynamic modeling of materials of the Fe-Ti-Mo-B-C system is
performed and the thermodynamic database of this system is developed. The
modeling was performed using the data of scientific periodicals and using the
parameters determined by ab initio modeling, conducted within the research of this
dissertation.

On the basis of the modeled data and their interpretation with experimental
data, definition of physical and mechanical properties, results of the carried-out
experiments the research material with the highest complex indicators is defined.
Based on this system, a batch of electrodes was developed to restore and increase
the wear resistance of equipment operating in conditions of mixed abrasive action in
order to test the test material in real operating conditions.

Industrial testing of the developed electrodes was carried out and confirmed
the results of laboratory tests and technical and economic feasibility of using the
developed powder electrodes based on Fe-Ti-B-C system with the addition of Mo
for restoring and increasing of wear resistance of parts in the working conditions of
intense abrasive wear and high specific and cyclic loads.

It is established that the wear resistance of the working surfaces of knives for
removing bark from wood and sections of press augers for the production of building
ceramics deposited with developed electrodes increases the durability by 2,8 and
1,9-2,0 times, compared with parts restored with serial electrodes.

Keywords: surface hardening, structure, microhardness, long-term operation,
degradation, physicomechanical characteristics of material, technology, flux-cored
arc welding, hardfacing coating, abrasion wear resistance, optical and digital control,
titanium alloys, electrode melting process, hard alloys, in-situ, CALPHAD, carbides,
borides, structure formation, molybdenum alloys, ab initio, phase composition,

durability, fine-sized powders
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