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ABSTRACT

Prysyazhnyuk P.MScientific foundations of the formation of the impasar
resistant coatings in thghigh-manganese steelrefractory compoundssystem by arc
hardfacingi Manuscript.

Thesis fortheDoct or 6s degree of Engi nG.2.0L n
A Mat er i alidvanSkEranldvskdNational Technical University of Oil and Gédishe
Ministry of Education and Science of Ukrajieiv Polytechnic National Universitgf the
Ministry of Education and Science of Ukraine, Lviv, 202

The dissertation is detedto the theoretical and experimental development of wear
resistant alloys of thehigh-manganese steélrefractory compoundssystem within the
alloying systems F&In-Nb-Ti-Mo-V-Si-C and FeMn-Mo-B-C, intended for arc
hardfacingusing powder electrode materials (in the formmafes and electrodes for arc
automatizedand manual welding, respectively). A distinctive feature of these materials
the provision of a combination of dispersion and deformation strengthening in the surf:
layers, which is achieved hys matrix-reinforced structure, where manganese austenit
serves as the matrix, strengthened under dynamic and highcsjmads by the mechanism

of microtwinning, and refractory solid solution phases based on carbides of-{fieN\i>
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V-C system (space group FBm) and ternary borides Mde,Mn)B; serve as reinforcing
phases.

Devicesand methodologies have been developed and patented in Ukraine (N
119278, 122253, 122254, 139773, 126751, 125009) for the comparative assessment c
wear resistance of deposited coatings under conditions of weaorbfjxed abrasive,
impactabrason, and gasabrason wear, as well as through sclerometric studies. A
technology has been developed for the production of electrode materials for arc weldin
the form of powdewires the main components of which are refractory carbides (TiC, NbC
VC, and MgC), powders of pure metals (Mo, Ti, Mn, etc.), boron carbide, graphite
ferromanganese, ferrosilicomanganese, as well as components providing arc stak
(calcium fluoride) and its protection (rutile).

Experi ment al studies of manganese a
spectroscopy and-¥ay phase analysis. Based on this, a model of its crystal structure w
developed in the form of a sugetl with antiferromagnetic ordering, corresponding to the
formula GFe,4sMng. This model allowdso calculateof thermodynamic and mechanical
properties with high correspondence to experimental data.

Within the framework of density functional theory and using the virtual crysta
approximation method, calculations of the electronic structure and mechanical proper
(elastic moduli, hardness, and fracture toughness) were performed for 15 carbidephas
space group FBm. These phases include pure carbides (TiC, NbC, VC, apd)Ms well
as theirsolid solutions with equimolar ratios of metal components. The results of tr
calculations revealed that the most optimal combination of physical and neathan
characteristics is exhibited by the solid solution (Nb, Ti, Mo)C. This alldowedccomend
this phase as a reinfamentfor iron-based deposited coatings.

Additionally, calculations of théand structure, electronic, thermodynamic, and
mechanical properties were conducted fernary tetragonal borides Mé&eB, and
Mo-MnB; (space group P4/mbm). As a result, it was established that there is a fundame
possibility of forming disordered solid solutions pee, Mn,.x)B,, where an increase in
Mn content leads to an increase in microhardness from 23 to 24.5 GPa, making this pl

promisingcandidatdor reinforcing coatings based on higlanganese steel.
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Using techniques for modeling disordered solid solutions, such as cluster expans
and the utilization of special quasirandom structures with subsequent data extrapolatiol
molecular dynamics methods, thermodynamic parameters determining the solubi
characteristics of Mn in carbides (TiC, NbC, VC, and,®poand boride (Mg-eB,) were
established. Their utilization allowed for the development of a thermodynamic functio
database integrated into software tools based on the CALPHAD methodology, suct
OpenCalphad and Thernr@alc. Thus, concentratielemperature intervals were identified
that are promising for the developmenthafrdfacingalloys, providing a heterogeneous
matrix-reinforced structure of the surface layer, conducive to wear resistance inglloy
systems FMn-Nb-Ti-Mo-V-Si-C and FeMn-Mo-B-C.

The thermal cycle corresponding to welding with a powdes was calculated and
experimentally determined, ensuring a siAgi@se structure of manganese austenite in th
surface layer. This enabled the calculation of diffusion processes during the solidificat
of the deposited layer under requilibrium conditons and the establishment of the kinetics
of cementite precipitation from austenite of different compositions. Based on these rest
in order to retard cementite precipitation, it was propdseadd 4 wt.% of Si into the
composition of the powder electrode materials, leading to an increase in the duration of
incubation period of cementite precipitation byd3orders and providing a singidhase
austenitic structure in the surface layer.

The microstructure and phas enanganese siesli
-simpl e carbidee system wer e experi me
morphology of carbide phases significantly depends on the type of selected phase.
instarce, when using NbC and TiC as reinforcing phases, they exhibit a cuboidal shape
are uniformly distributed in the austenitic matrix, whereas with VC andCMinping,
carbide phases segregate into layers along the boundaries of austenitic gre
Microstructure analysis and phase composition ifi Eemplex carbide systems of the Ti
Nb-Mo-V-C were found to have a stable solid solution (Nb, Mo, Ti)C.

Based on theoretical analysis, experimental studies, and comparison of the forma
characteristics of microstructure and phase composition ighigdr-manganese steél

simple carbidé and¢Fei complex carbide systems, the elemental composition of alloys
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in thechigh-manganese stekelrefractory compounglsystem was optimized. Thus, powder
wireswere developed corresponding to the types of deposited metal 360G15M&H6T3
(alloying system FMn-Nb-Ti-Mo-V-Si-C) and 70M24G1R3 (FeMn-Mo-B-C), intended
for depositing coatings on working surfaces of parts subjected to wapeadon wear
conditions, where the contribution of impact or abrasion is dominant, respectively.

Tribology studies were conducted on the developed alloys 360G15M6B6T3S3F &
70M24G13R3, revealing noteworthy findings. In the case of alloy 70M2R@&,18 strong
correlation was observed between sclerometric hardness andoabsesir resistance.
Specifically, the deposited layer by alloy 70M24®&B83exhibited a sclerometric hardness
of approximately ~22.5 GPa, surpassing St.3 steel by a fadds.dinder impaetabrasive
wear conditions, surface layers deposited by alloy 360G15M683H thatched higispeed
steel grad&k6M5 and outperformed the OK13MN alloy (manufactured by ESAB, Sweder
by about 3 times.

Moreover tribology tests of alloy 360G15M6B6TS8F under sliding friction against
a steel counterbody revealed a phenomenon of deformation strengthening, reaching a
of ~200 Om. This led to a notable incr
4.55.5 GPa to 688 GPa.

Further tribotesting under gabrason wear conditions demonstrated that at attack
angles of 90U, the wear resi stanceS3Fof
surpassed that of higthromium series alloysib60 by 1.4 times, owing to the deformation
strengthening effect on the surface layer.

Additionally, when subjected to friction against an unfixed abrasive, it was observ
that among the investigated tungstege alloys (both serial and experimental), the alloy
70M24G13R3 exhibited the highest level of wear resistance. However, it fell short in we.
resistance compared to the serial tungsten alloy of th& NW€ystem,brand EnDOtec
DO*611x (produced by Castolin Eutectic, USA).

Based on industrial tests of developed electrode materials providing the type
deposited layer 360G15M6B6T3S3F, it was possible to carry out restoration of the geom
of the working surfaces of rotors of PULVOMATIC crusher (model 1145) used in grav

production, as well as restoration and enhancement of the wear reslsfamebanding
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and contact surfaces of passenger train couplings. Indussiabt alloy 70M24G1R3
allowed recommending them for increasing the durability of bodiesratal picksused in
mining and road machinery, restoration and enhancement of the wear resistance of wor
surfaces of earthmoving equipment operating in sgastel mixtures, and also for
| mproving the ballistic resistancesteelf
according to the 4th protection class.

The scientific novelty of the obtained results.

1. The concept for the development of impact and wesistant alloys for electric
arc hardfacing has been proposed, which is based on a combinatioerrabdynamic
analysis, modeling of disordered solid solutions within the framework of density function
theory, investigations of the phase composition, structure, and pesgdertthe alloying
systems Fdi-Nb-Mo-V-Mn-Si-C and FeMn-Mo-B-C.

2For the first time, based on the an
alloyed manganese austenite formed during arc melting, it was established that the mo
probable locations of Mn in its crystalline lattice are the first and second coordination
spheres relative to the carbon atom located in the central octahedral pore. This allowed
the creation of a model of the crystalline structure of manganese austenite in the form c
super lattice with antiferromagnetic ordering, containing 33 a{@ite,sMng), and to
calculate its physiconechanical properties affecting the nature of deformation
strengthening.

3. The theory of modeling disordered solid solutions based on refractory compour
using virtual crystal approximation, special quasiomstructures, and cluster expansion
has further developed. This allowed establishing the optimal composition of carbi
((Nbo 3Ti 0.3M0o 3)C) and boride (MgFe& 79Ving25)B2) phases for strengthening deposited
layers based on higmanganese steels.

4. For the first time, using DFT calculations, thermodynamic parameters determini
the solubility of Mn in phases (M,Mn)C, where M=NDb, Ti, Mo, and V (spatial group Fm
3m) and Me(Fe,Mn;.)B, (spatial group P4/mbm), have been obtained. This has allowe
the development of a thermodynamic database for calculating phase equilibrium using
CALPHAD method in FeMn-M-Si-C and FeMn-Mo-B-C alloying systems and
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concentration ranges corresponding to typical elemental compositions of coatings depo:s
by powder electrode materials.

5 A new empirical parameter (U&g=+22F¢
accuracy of calculating the energy of formation of molybdenum boride phases within D
to the |l evel of N1 kcal/ mol, and fnenergy h
of tetragonal boride MdnB; (space group P4/mbm) 144698 J/mol.

6. It was first established that additional alloying of the charge of powder electro
materials providing manganese austenite structure in the deposited coating with Nb an
carbides up to 20 wt.% ensures the formation of an austearibéde structurewhere
carbide phases with average sizes of 4
cuboid shape and uniform distribution, while alloying with Mo and V carbides in simile
guantities leads to the formation of carbide phases in the form of lagegsthe boundaries
of austenitic grains. In all cases, manganese austenite was found in the structure, an
coatings were characterized élyility to deformation strengthening

7. For the first time, the regularities of structure formation and phase composition
alloys for deposition based on Fe, alloyed with equimolar amounts of carbides
combinations of NbC, NbC+M€&, NbC+MaC+TiC, and NbC+MegC+TiC+VC were
investigated, and it was established that such alloying leads, accordingly, to the forma
of. a stable carbide FCC phase, a (Nb,Mo)C solution, which coexists with cargitjeaM
(NbgsTipaMop3) C s ol uti on, and a (Nb, Ti , Maaarbitte)y C
allowing to obtain a solutiorfNby 3Tio3M0o3)C in the form of anreinforcing phase for
manganese austenite and to develop a composition for deposition 360G15M8B6T3
characterized by a hardness level: 47 HRC in the initial state and 57 HRC after deforma
strengthening, as well as abrasive wear resistance, at the level of coatings deposited by
high-chromium alloys T620, with higher impact resistance compared to them, by an ord
of magnitude.

8. It was first established that the addition to the charge of powder electrode mater
providing the formation of a higmanganese steel structure in the coating of a reactiv
mixture Mo+B,C with an equimolar amount of Mo and B leads taiitn formation in the

deposition process of solid solutions based on refractory ternary borid@sah4eving 25) B,
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i n the form of phases with faceted sha
GPa, the presence of which in an amount of ~30 wt.% allows to provide a hardness of
65 HRC (type of depositddyer 70M24G13P3) and abrasive wear resistance of deposite
coatings, at the level of coatings obtained by deposition of serial tungsten alleis &
WC-Fe.

The practical significance of the obtained results.

1. As a result of theoretical and experimental studies, as wdhbmsatoty and
industrial ests two types of new powder electrode materials were developed ar
implemented into production by LLC MNVC "Epsilon LTD". These materials are
composed of 360G15M6B6T3C3F (brandKR-1-1K) and 70M24G13P3 (brand $&R-
1-1B) for surfacing (in the form of wireand strips) antiardfacingtechnology.

2. The weatresistanhardfacingusing the developed alloy 360G15M6B6T3C3F has
been tested and implemented in enterprises, including at “Ieankivsk Locomotive
Repair Plant" for restoring the working surfaces of-BAutomatic couplers, at PJSC
"Poberzhsky Press Aggregate Plant"tfoe hardbandingf drilling pipes of the ZPKL27
brand (D=127 according to GOST R 508®83), and also for the restoration of working
surfaces of PULVOMATIC crusher rotors model 1145 from gravel production.

3.The developed alloy 70M24G13P3 has been applied to strengthen the bodie:
conical picks of mining machines and Wirtgebh0O00 DC road mills ("Municipal Road
Company"), teeth of JCB excavators made of Hadfield steel, and also to improve the balli
resistance of armor plates for personne
to the 4th protection class.

4. A database of thermodynamic functions (TDB format) for multicomponent systen
FeTi-Nb-Mo-V-Mn-Si-C and FeMn-Mo-B-C has been developed and integrated into
modern commercial (Therm@alc) and norcommercial (OpenCalphad) software tools for
calculating phas equilibrium diagrams.

5. Devices and methods for determining abrasive wear resistance under condition
gasabrasive wear and wear by fixed and unfixed abrasives have been developed
patented in Ukraine (Nos. 119278, 122253, 122254, 139773, 126751, 125009).
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6. The results of the dissertation research have been implemented into the educati
process of Ivandrankivsk National Technical University of Oil and Gas for bachelor's
degree programs in Applied Mechanics (discipline "Materials Science") anéhior
programs in Materials Science (disciplines "Materials Science" and "Powder Metallurgy
Keywords: hardfacing high manganese steel, refractory compounds, resestance,
impactabrasive wear, disordered solid solutions, deformation strengthenin

thermodynamic modeling.
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Hi>-i BOfj@k] ClstesHlz L Of sadz BB & geBjtizts 25 a5 Is
(28 k@A) bizds L dZONQ dzs | s @dizo ©§ £ o Odzdzy  dzj

stc! 855 | ShdassHlsg§ OH  j S MY j tod dj dels Ozt dad ¢
HEsfd' d2Ppder j dzs & lsOBdzdy' 2. 1.

v OB dzd 4w dz2j .ddj disCded@H 2O f dzOo dzj ded » G ted IS
oS tsted MjsOMAflz tdaf i3] dels Oz dzdm § stesh Csoadn Mlste

g dMmilsj 3O [ dzj BJ delsdzed 2 MC dzOH,
d Sy teddd
Jdzj SIstesH Fe |Mn|Si| C [Nb| V | Ti | Mo| B | Cr
BOIsj s’ O
Cls O dz te j h[190(4.0] 20| -
Cls GNbC te j h|15.1/3.2] 3.7 |18.1
d Is O tej h|16.3]3.6] 4.0 10.8
s OTC tej h|16.4|3.6| 4.1 10.2
4 Is GNo,C tejn|16|3.|4. 10
FeNbC tej h| - - 122/|16.8
Fe-(Nb,Mo)C tej h| - -122)| 84 8.7
Fe(Nb,Mo,V)C |tej M| - - | 26| 6.7 |3.65 6.9
Fe-(Nb,Mo,V,Ti)C |t j h | - - 119| 7742|3979
Fe-Mo-B tej h| - - - 24 | 2.7
Fe-Mo-B,C tej h| - - 10.75 24 1 2.7
tls ©-do-B,C tej " |13.7] - [0.75 24 | 2.7
tls ©-do-B,C tej N |14.7 0.8 17.8| 2.0
tls ©-do-B,C tej " |14.0 0.77 215/ 2.4
tls ©-do-B,C tej N |13.3 0.73 25.0| 2.8
tls ©-do-B,C tej " |11.0 0.6 35.8/4.0
tls O-d1,Cs tej " | 10 3.0 4.0 10.0
tls O-@B,-TIC |tejh| 7 |3.0/ 0.7 16.0 24
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