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ABSTRACT

Knyazev S. A.Improving the operational properties of machine parts by
borating with highspeed heating of HFC.Manuscript.

Dissertation of the degree of Doctor of Technical sciences by specialty 05.02.
- Materials sciencei Petro Vasylenko Kharkiv National Tedkal University of
Agriculture, Ministry of Education and Science of Ukraine, KharkR021.

The work was performed at theghrtment of Materials Science of the National
Technical University "Kharkiv Polytechnic Institute".

The aim of the study is to ingment a technology that combines diffusion
saturation with higfspeed surface treatment to intensify the process of obtainin
hardened borated layers.

In the dissertation work, a scientifically substantiated development of
hardening complex for carbome alloy structural steels with a combination of the
method of chemicaheat treatment and induction heating was carried out, which mac
it possible to ensure a significant increase in their surface hardness, wear resist:

without reducing the impact singth.
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Experimental studies were carried out on the basis of a detailed study of 1
effect of highspeed heating modes on the structure and phase composition of ste
after boriding.To ensure effective hardening, the selection of borating modes and t
composition of saturating pastes were carried out. The materials selected
experiments are available and reflect a wide range of basic grades offfeatiliéic,
martensitic, austenitic steels the course of the experiments, the conditions were
sekcted for the implementation of accelerated boriding under the conditions of furne
heating without using special equipment. The total boriding time has been redu
from 8 to 3 hours. The possibility of the formation of a less brittle siplgése boride
layer is shown. On austenitic steel, the possibility of the formation of a "bivedé
boron layer with continuous and intergranular diffusion is sh@le.main task of the
work was to determine the relationship between the technological parameters of hi
speed heating of higliequency current and diffusion saturation, the formation of the
structure and properties of steels strengthened by boratingstlilg solved the
problem of the influence of heating modes and the composition of the paste satura
the steel surface with boron. The photographs of microstructures are presented, w
show changes in the morphology of the structure mainly in thes sedion of the
samples. The diffuse layer differs significantly from the matrix structure mainly due
the formation of borides and carboborides, which is confirmed by measuring t
microhardness. Additionally, studies of the phase composition andstniution of
elements in microvolumes were carried out on structures of borated layers w
complex morphology under higgpeed heating. It was found that under conditions of
nonstationary heating, the structures formed differ significantly from thetstres of
traditional armored layers. They can have a dendritic structure, consist of isola
borides and carboborides in a solid solution of boron in iron, and the like. It has be
established that the absence of a continuous boride layer, althotggtudes the
microhardness of the layer, contributes to increased wear resistance in the absen
chipping.

Scientific novelty lies in the generalization and development of the theory ar

practice of hardening materials, taking into account and the g controlling
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structure formation and diffusion processes by optimizing technological paramet:
when saturated with boron under conditions of F8gked heating, allows solving the
urgent problem of increasing the wear resistance of machine pdrisdas.
For the first time:
- on the basis of theoretical and experimental studies, the features of diffuse proce
in the surface layers of steel during borating at high heating rates are revealed.
- the nature of the effect of higgpeed heating aime development of diffusion during
borating has been established, which consists in intensifying saturation processes
to an increase in the number of interfaces during phase recrystallization, whi
together with the horophilic nature of boron, deteres the grakboundary diffusion
mechanism as dominant and more dynamic.
- on the basis of studies of the relationships between the heating rate and the fealt
of structure and phase formation, a physical and mathematical model is proposec
obtaining an effective diffusion borated layer with an inceeas the heating rate to
1 0 0@s aAd more.
It was further developed:
- Technology of measurement and hgeed data collection in higdpeed heating
processes with higfrequency currents that creaiectromagnetic interference.
Improved:

- the process of furnace borating by studying the modes and composition of pa:
in order to reduce its duration and eliminate the negative effect on the matrix struct
of the material, the surface of which igrgeprocessed,;

- The process of forming a singidase borated layer in order to reduce brittlenes:
and cracking;

- Borating technology in order to reduce the amount of carbide phase in the ma
structure of martensitic steel with a high carbon content.

The practical significance of the results obtained is as follows:
1. The developed technology has been tested in JSC "Turboatom" and
recommended as a new technology for strengthening the edges of steam turbine bl

on the basis of existing equipment.
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2. The technology of shetéerm furnace borating has been proposed for
hardening the inner surfaces of parts of special mechanical engineering at the indus
site of XADO-Holding LLC.

3. The technology of borating with higgpeed microwave heating hasen
approved for hardening shot blades. Based on the results of comparison of bora
technology with higkspeed microwave heating, it was recommended fol
implementation at the Scientifitechnical and Financidhdustrial Company VGIK
LLC.

4. The appliechature of the results of the dissertation also lies in their use in tf
educational process of NTU "KhPI" at the Department of Materials Science in tl
presentation of the disciplines "Automation of industrial processes"”, "Chemical a
thermal treatmentfonaterials”, "Structures and functional properties of materials”, a
well as in the educational process at the Department of Materials Science :
Technology of Structural Materials of Sumy State University while teaching th
disciplines "Technology of sictural materials and materials science", "Metallurgy
and the basics of heat treatment”, "Technology of production and processing
materials”.

The main results of the dissertation work and scientific positions received by t
author personally, particghion in publications in cauthorship ranges from 50 to
100%. These include theoretical research, experimental research and industrial tes
The results were considered and discussed at International scientific and pract
conferences in Ukraine amdbroad.

The first section is devoted to the analysis of the current state of research
improve the wear resistance of machine part€Hy.

In the second section, the choice of materials is justified and the methods t
were usedn the process of performing the work are described.

For the experiments, steels were selected that are widely used in mechan
engineering and turbine engineering. The materials for the study were steels of vari

classes and purposes, which madessible to study in detail the structure of diffuse
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layers and the effect of carbon and alloying elements on the formation of the surf
layer during boriding according to the developed technologies.

In the course of the experiments, we used pastes miugacompositions, the
main components of which were boron carbide, amorphous boron, and sodi
fluoride. Boring according to the traditional technology was carried out by heating
a furnace in the temperatur e eofdfangnateso f
up to 3 hours. For highpeed boriding, a higftequency current generator YiG 60
3/0.44 was used, the heating temperature variedo m 1 0 5 @, ahdthe rat& 0 O
from 100C/¢£0 1200 A

The microstructure and thickness of thdudifon layers were studied by optical
microscopy on a ZEISS AXIO Vert microscope. Al according to the standal
brightfield technique with a maximum magnification of x1000. The hardness of tt
samples was determined on a TK device (Rockwell) on the A $lalmicrohardness
- on a PMT3 device at a load of 200 g and holding for 10 s according to the stande
method. The micrdrittleness index of diffuse layers was assessed at various loa
from 20 to 200 g using a PM3J device, impact bending tests on &3QAKM-03
pendulum hammer. Wear was determined by measuring the weight loss when expc
to solid particles accelerated by compressed airwitharg | e of at tA.c}
Elemental analysis was carried out on VEFM and VEF01-M-1 instruments of &
Sprut series. For phase analysis, a DR®OXtray diffractometer was used; for detailed
structural analysis and microdistribution of elements, a Philips XL 30 ESEM scannil
electron microscope with a maximum magnification of 8000 was used.

To optimize themodes of higkspeed boriding and to build a model of intense
saturation of the surface with boron at high heating rates, mathematical planning of
experiment was carried out.

The third section presents the results of a study of the influence of traditior
furnace borating on the structure and properties of borated layers depending on
borating regimes and carbon content in steel. The furnace borating technology \

investicated in order to select the main reagents for effective saturation and obtain b:
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samples used in comparing the structures and properties of samples after bore
technology with higkspeed heating of higliequency current.

Experiments with shottermhigh-temperature borating have shown that a paste
with an increased content of an activator based on 60% boron carbide and 40% Neé
effective. Overall, furnace borating studies have shown the potential to shorten
borating process.

In the fourth sectin, the results of a study of the features of the phas
composition, structure, and properties of borated layers obtained under the conditi
of high-speed heating of HFC are presented.

The borated layer obtained on martensitic steshfthe paste hasdh valuesf
the thickness of the diffusion | ayer
borated | ayer obtained by the tradi:H
hardening zone is located under the diffuse zone, which is a hard sublayer. -
borinated layer obtained by higipeed microwave heating, although inferior in
microhardness to the borated layer obtained by furnace heating, has a smoother ch
in microhardness with depth, which leads to a decrease in the brittleness of the sur
hadened layers.

Structural analysis of borated layers obtained by -Bjgged heating of high
frequency current revealed a solid solution based on iron, a small amount-tyfpeeB
borides (traces), LFB-type borides, and E€C, B) carboboride.

It was foundtha at hi gh he &t $),nhg couraet diffsisiory df O
chromium does not occur due to the short duration of the process, and its concentre
does not locally increase, as was observed in cases with furnace heating.

Comparison of the data omeg impact toughness of 15Kh11MF steel after
furnace and higispeed borating showed that after hggeed borating with HFC, the
impact toughness increases by-B®% than with furnace borating.

The parameters of gralmoundary diffusion for various heagjroptions were
established and experimentally confirmed; &= 0.18346 cra/ s - for high-speed

microwave heating; B, = 0.02036 crfi/ s- for furnace heating.
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Mathematical planning of the experiment with the construction of
mathematical model madepbssible to evaluate the influence of the parameters of th
high-speed boriding process on the level of microhardness and the depth of
hardened layer. For 15Kh11MF steel, the layer formation temperature should be in
range ofl150- 1 2 5@wittA\a leating ra¢ in the range of 10001 1 0@/ s.A

The fifth section is devoted to the practical use of borating with-$ypged
microwave heating for surface hardening of products operated under conditions
intense wear. For the study, parts were seleat&chich it is difficult to achieve the
required wear resistance by traditional methods of hardening, namely, the rotor bla
of steam turbines and shot blades.

Experimental tests have shown that the wear resistance of the material of bla
made of steel5Kh11MF, after surface hardening and application of the develope
technology, increases by 1.5 times. When replacing the existing technology
processing the edges of steam turbine blades from hardening to borating with H
heating, the economic effecaches 25 thousand UAH. on one blade due to extende
service life.

Approbation of the technology of borating with heating of high frequenc
current on sheblasting blades has been carried out. It is shown that replacing tl
existing hardening technologiewith borating with higkspeed microwave heating
makes it possible to obtain a significant economic effect by increasing the operatio
properties. A significant lengthening of the active service life leads to an econon
effect of 500 thousand UAH. ithé¢ manufacture of 120 blades.

Keywords: chemicalheat treatment (CHT), higlnequency currents (HFC),
borating, microhardness, paste, bored layers,-figed heating, diffusion, wear
resistance, impact strength.
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n

a v. a x, Y. a X, %, Yo
b, =% (2.5): bl:U:lT . (26) b, =1T . (2.7)
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O — Ogpqy (2.8)
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WS Yo 0, n (2.9)
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