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The analysis of physical and mechanical characteristics of coverings after the corresponding
strengthening processings taking into account structural transformations in surface layers is made.
Criteria assessments of technological methods of hardening — nitriding, drilling, borocementation,
laser treatment, ion-plasma nitriding, heat treatment, as well as criterion assessments of productivity
of technological equipment and economic indicators are defined, borocementation, laser treatment,
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B pobomi nposedenioocniosncents memooigeubopy ONMUMAIbHUX MEXHOIOSIYHUX NpOoYecie
3MIYHENHs N0BEPXHE8020 wapy oemaell. 3pooaenuti ananis QisuKo-mMexaniyHux XapaKxmepucmux nox-
pUmmis nicisn 8iONOGIOHUX 3MIYHIOIOUU 0OPOOOK3 YPAXYBAHHAM CIPYKINYPHUX NEPEMBOpetbE noGepXx-
Hegux wiapax. Busnaueni xpumepianvHi OYiHKUMEXHOIO2IUHUX CNOCODI8 3MIYHEHHS — A30MY8AHHS,
bopysanns, bopoyemenmayii, 1azepHoi 0OPOOKU, IOHHO-NAAZMOB020 A30MYBAHHS, MEPMIUHOI 0OPOO-
KU, a MAKodiC KpumepianvHi OYiHKU NPOOYKMUBHOCHE MEXHONI02IUHO20 0ONAOHAHHS | eKOHOMIYHUX
NOKA3HUKIG.

Knwuoei cnoea: 3miynenns; azomysauns; Oopyeanws, bopoyemenmayii; aazepuoi oopooxu;
IOHHO-NA3MOB020A30MYEAHH, MEXHON02IYHI NPOYECUSMIYHEHHSL.

Problem’s Formulation

The priority direction of the choice of wear-resistant coatings in mechanical engineering is the
optimal choice of technological methods of processing and application of coatings with high physical-
mechanical, durable and operational properties. The criterion for assessing the wear-bone coatings is
the durability and service life of the contact friction pairs. The efficiency of the final result — the
service life of the mechanism — depends on the correct choice of strengthening the surface layer of
machine parts. Natural, tribological exams — the process is quite long and expensive. The proposed
model using an orthogonal central composite plan of the second order allows with a high degree of
probability, where it is possible to set identical parameters of real loads and obtain a mathematical
dependence to determine the wear resistance of the tested coatings and structures.

Analysis of recent research and publications

The choice of performance indicators of technological systems is a decisive and main factor in
the system analysis of complexes to strengthen the surface layer and apply wear-resistant coatings of
machine-building parts. In accordance with the hierarchical structure of the system for strengthening
the surface layer, each stage is characterized by a corresponding indicator of efficiency [1]. The
quality of the material is largely determined by its internal structure — the microstructure, which is
affected by both the chemical composition and various options for influencing the material. Therefore,
the same material, but processed in different ways, has different properties.There are many methods
for strengthening the surface of steels [1—3] and traditional methods for studying wear resistance on
friction machines. But in real operating conditions there is a lot of unaccounted parameters, which do
not allow to fully model the processes occurring in the nodes of mechanisms with intense, alternating
loads [4,5]. Therefore, there is a need for each case of interaction of tribological pairs to develop an
original model with the specified parameters and actual loads during the test for wear resistance.
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Formulation of the study purpose

On the basis of the analysis of physical and mechanical properties of details of the cars
working in extremely heavy operating conditions, to investigate the widespread ways of strengthening
of superficial layers of details of average carbon steels, technological ways and variants of
combinations of their processing. To achieve this goal it is necessary to: conduct a systematic analysis
of working conditions and operation of certain groups of parts operating in extremely difficult
conditions; determine the principles of the approach to the choice of materials and technological
methods of processing; to study the processes of formation of the microstructure of surface layers on
the basis of medium carbon steels, to determine the main criteria for the formation of physical and
mechanical properties of the surface layers of parts and the optimal ways of their use. To implement
the tasks it is necessary to explore the world developments in the use of materials and technological
methods of materials processing. On the basis of the analysis of professional researches and sources to
reveal the most attractive directions of realization of the set purposes. To study the condition of the
surface layer of parts to choose the maximum possible set of equipment for the study of microstructure
(REM 1061), X-ray phase composition (DRON-2M), measurements of microhardness PMT, layer-by-
layer analysis of modulus of elasticity, ductility (Micron-Gamma). X-ray phase analysis was
performed on an X-ray diffractometer DRON-2 in monochromatized Co-Ka radiation (a0 = 1.7902A).
The identification of the components (phases) was performed by comparing the interplanar distances
(d, A) and the relative intensities (Iotn — /1) of the experimental curve with the data of the electronic
file PCPDFWIN.

Presenting main material

With the development of modern technologies for processing parts, it is possible to control the
physical and mechanical properties and strength characteristics of structural materials. Strengthening
of a surface layer of a detail is carried out by various options of processings providing formation in a
surface layer of strong and superstrong structures. Using the latest technologies for strengthening
steels, it is possible to increase the microhardness of the working surfaces of parts several times (H,so
= 2500-13000 MPa), at a thickness of 120—200 pum. In the general approach, this is defined as a
technological aspect of ensuring the reliability of the friction units due to the impact on the initial wear
resistance of parts during their manufacture. Reinforced surface layers of parts, as a rule, work in a
lubricating medium, provide the formation of stable adhesive bonds with polyhydric molecules of
various oils, such as motor, transmission, etc. And this in turn directly affects the operational aspects
of ensuring the wear resistance of materials during friction. Fig. 1 shows a graphical model of the
dependence of the hardness of the surface layer of the steel part 45 from the technological
strengthening methods of processing [1]. On the graphical model, you can clearly see the dynamics
and transformation of the microstructure on which depend the physical and mechanical properties of
the working surface of the steel part 45.

It is possible to obtain an exact mathematical dependence for determining the degree of wear
on the influence of operational parameters using the method of experimental planning [10], using an
orthogonal central composite plan of the second order. The similarity of the nature of wear of different
coatings, which proves the possibility of using this mathematical model for the choice of materials and
coatings, forecasting with greater certainty of the degree of wear resistance and the service life of this
material or coating. {{l }} Observations of steel parts after various methods of processing and study
of microstructures were performed using an electron scanning microscope REM-1061.

Obtain an exact mathematical dependence to determine the degree of wear on the influence of
operational parameters is possible using the method of experiment planning [10]. When comparing the
graphs of the degree of wear of the test specimens obtained on the basis of calculated data when
planning a multifactorial experiment and experimental data of tribological studies models for the
choice of materials and coatings, forecasting with greater certainty of the degree of wear resistance
and the service life of the material or coating.

Observations of steel parts after various methods of processing and study of microstructures
were performed using an electron scanning microscope REM-1061.
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Fig. 1. Percentage distribution of material and energy consumption of different processing

methods (a, b, ¢, d)
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The main technological criteria of processes for strengthening the surface layer are physical
and mechanical characteristics of coatings (modulus of elasticity — E (MPa), microhardness Hy,
plasticity coefficient — K, endurance limit — o, (MPa), yield strength — o, (MPa), the coefficient of
crack formation KSU (dg / cm?), the coefficient of length increase & (%), the compression coefficient
Y (%)). The strength of steels is ensured by a number of strengthening mechanisms: solid-soluble,
dislocation, disperse, granite, substrate and pearlitic [2, p. 136]. In steels with hardened to martensite,
the values of dislocation and substructural strengthening mechanisms, which depend on the dissolved
carbon content, play a significant role. Increasing the strength significantly reduces the ductility,
toughness and increases the limit of cold brittleness. For medium carbon ferritic-perlite steels, the
carbon content or the amount of perlite in the structure is the main factor in changing the strength and
plasticity. As the carbon content increases, the toughness value decreases and the viscosity-brittle
temperature increases. The most attractive in terms of properties are medium-carbon and medium-
alloy steels (0.3—0.5 % C; o2 = 700...850 MPa, o, = 900-1100 MPa). Features of these steels:
increased strength properties, low sensitivity to stress concentrators, high endurance and sufficient
viscosity. High-strength medium-alloy steels with a content of 0.4 % C provide ¢, = 2100 MPa.

Generalization of dimensions in percentage allows you to build a mathematical model that
reproduces the composition of physical and mechanical properties for each method of strengthening
parts and program the optimal balance of component characteristics. In world practice of strengthening
the surface layer of surfaces of parts and practical studies, it is known that with a significant increase
in microhardness proportionally decreases plasticity, yield strength, increases the probability of crack
formation, etc. The generalized criterion of efficiency of each separate way of strengthening is defined
from a parity:

Doy = A1.C; (W) + A4 Crzp(A4) + A4 Fjip(4) + 3L,
Doy = A3 X C;(Wg) + 25Crip(B) + A5F7p(B) + A5 L,
Dogy = A3 X C3(Wiyy) + A Crip(BLD + Ay Frip(BLD) + Xl
Dojio = Aa X CG(Wyo) + ApoCrp(IO) + AyoFjip(JI0) + Ajjo L] 710
Dourra = As X C:Wyza) + LunaCripuna) + Ao Frip(una) + ALl
Doro = A X C¢(Wr0) + A70Ciip(TO) + AroFjip(TO) + Ao,
where C;* — criterion estimates of physical and mechanical characteristics of coatings after
appropriate hardening treatments, taking into account structural transformations in the surface layers
C1 * (Eli H (ul)- Knli G (v1)s Otls KKCUl 613 Cl* (WA); C *pR (A — nitriding, B — drllhng, BC —
borocementation, LO — laser treatment, [PA — ion-plasma nitriding, TO — heat treatment) —
respectively, criterion estimates of productivity of technological equipment depending on the methods
of strengthening ; F * pr — criterion estimates of productivity of the used area; S * ., — criterion

assessments of economic efficiency; A; ;.. y— the weight of the efficiency criteria is determined by the
formula:
Ai — nQ_nH’
No
where 1y is the number of analyzed equipment; n, — the amount of equipment that meets regulatory
requirements.

Results and discussion. In the tabl. 1 provides a percentage distribution of material and energy
consumption of different technological methods of processing and hardening, which were selected
from the analysis of individual technological processes and materials of previous studies [3], [4]. In
order to objectively assess the nature, impact and relevance of each of the indicators of physical and
mechanical properties (each of them has its own dimension), which is characterized by the
corresponding physical processes, it is necessary to bring the indicators to a single measurement base.
A universal indicator for assessing indicators of different sizes is the percentage. In fig. Fig. 2 shows a
graphical diagram of the oscillations of the physical and mechanical properties of steel 45 after
different methods of hardening (drilling, nitriding, heat treatment, laser treatment, borocementation,
ion-plasma nitriding) [5].
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Table 1. Percentage distribution of material and energy consumption of different processing
methods

Production Time of Ener The cost of
Ne/Ne volume technological &Y strengthening
consumption
process of processes
strengthening

Q m’ % t,h % E,kVT % C, rpH %

Nitriding 6 60 96 90 625 40 125000 10

Boron 0.3 8 8 2 121 10 62500 5

Borocementation 0.3 8 8 2 121 10 62500 5

Laser treatment 0.1 2 1 2 244 20 1250000 55

IPN ion-plasma 0.3 7 3 2 121 10 137500 15
nitriding

Heat treatment 1.5 15 8 2 121 10 125000 10

As can be seen from the graph (Fig. 2) at the maximum possible values of microhardness
sharply decreases the ductility, coefficients K,, yield strength — o, (MPa), the coefficient of crack
formation KSU (dg/cm?), the coefficient of length & (%), the compression ratio ¥ (%).
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Fig. 2. Distribution of physical and mechanical properties at separate ways of strengthening
of working surfaces of a detail

For medium carbon ferritic-pearlite steels, the carbon content or the amount of perlite in the
structure is the main factor in changing the strength and ductility. As the carbon content increases, the
toughness decreases and the viscosity-brittle temperature increases. The most attractive in terms of
properties are medium-carbon and medium-alloy steels (0.3-0.5 % C; 60, = 700...850 MPa, o, = 900—
1100 MPa). Features of these steels: increased strength properties, low sensitivity to stress
concentrators, high endurance and sufficient viscosity. High-strength medium-alloy steels with a
content of 0.4 % C provide o, = 2100 MPa. Indicators of physical and mechanical properties have their




108 Maremaruune mozemroBanus Ne 1(44) 2021

own dimension and are characterized by appropriate physical processes. There was a need to bring the
indicators to a single base of measurement and evaluation. A universal indicator for assessing different
indicators is the percentage. Thus, the measurements, for example, boron coatings, microhardness on
the surface of the reinforced part to the core, will range from the maximum to the nominal value,
which can be assumed, respectively — Ny.x — 100%, Nger— 80%, Ny, — 60 %, at the actual state of
measurement — Hymax = 16000 MPa; H,ier = 12000 MPa; N,min = 8000 MPa. We also use similar
assumptions for other indicators (E (MPa), K,, o, (MPa), o; (MPa), KSU (dg / cm’), & (%), ¥ (%)).

Cranb 45

W Fe-97,8 mC0,47 m Cu-0,17 S-0,033 mP-0,029

mV-0,09 mSi-0,34  mNi-0,22 Mn-0,57 Cr-0,22

Fig. 3. Chemical composition of elements in steel 45 after reduction

Graphic diagram of fluctuations of physical and mechanical properties of steel 45 after various
methods of hardening, heat treatment, nitriding, IPA, microwave, laser treatment (LT), boron,
harrowing + LO) is given in fig. 4. At the maximum possible values of microhardness, the plasticity
decreases sharply, the coefficients Kp, the yield strength — o, (MPa), the coefficient of cracking KSU
(dg/cm?®), the coefficient of length increase & (%), the compression coefficient ¥ (%) . The red line
shows the dynamics of changes in microhardness depending on the methods and technologies of
hardening. At the maximum possible values of microhardness, ductility decreases sharply, coefficients
Kp, yield strength — o, (MPa), crack formation coefficient KSU (j / cm®), length increase coefficient &
(%), compression coefficient ¥ (%)). Ultra-high microhardness (plane B-D) during drilling,
borocementation on the one hand provide high surface properties for wear resistance, but at the same
time significantly reduce the plasticity, durability, cracking and provoke the destruction of surface
layers due to high stresses and especially the structure of the surface layer. Dotted black lines highlight
the field (A, B, D, C) of the most attractive optimal values of the group of physical and mechanical
parameters that provide the surface layer with a balance of strength and performance properties. This
field, highlighted by dotted black lines, is basic in the choice of technologies and methods of
strengthening and is taken as the zero level (Fig. 4). All emissions from this field cause risks of
destruction of the surface layer.In fig. 5 shows the values of microhardness indices depending on the
degree of penetration of the indenter into the depth of the impression (Micron-Gamma device) [9—10]
and characteristics of coatings, total costs of the technological process, equipment and economic
indicators that take into account the end result — wear resistance of coatings and the total cost of
obtaining them.

For comparison, selected both classic, traditional methods of hardening, and the latest
technologies with using laser drilling, nitriding, borocementation, IPA and microwave technologies.

According to the set of generalized criteria of efficiency of each of the given methods of
strengthening the general schedule of criteria of efficiency of the corresponding methods of
strengthening is constructed. Therefore at a choice of technologies and ways reinforcement must
clearly understand the operating conditions of the part, the full range of loads on the surface layer.
From the analysis of physical and mechanical properties of the strengthened coverings most
widespread and developed in world practice it is possible to define basic values of indicators of wear
resistance, durability, microhardness, plasticity for modern coverings which can be received by means
of various technologies (fig. 6).



Po3znin 2. MonentoBanHs Ta ONTUMi3allisi B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiasiB 109

100%
90%

80%
pgEEEEEEREN EEEEEEEEEEREY °

70%

.
«** . 60%

50%

/imnA
2|

A

TO

Fig. 4. Spatial diagram of changes in the physical and mechanical properties of the surface
layer of steel parts 45 depending on different methods and technologies of hardening
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Fig. 5. The values of microhardness depending on the degree of penetration of the indenter
into the depth of the impression (Micron-Gamma device)

Conclusions
The technique of definition of optimum ways and technologies of strengthening of a top layer
of details from steel 45 on criterion indicators of efficiency is developed. The basic values of the basic
indicators, which make D — zero level and are necessarily necessary for the strengthened surfaces at
the corresponding technologies are defined.
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Fig. 6. Graph of efficiency criteria of the corresponding methods of strengthening
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BU3HAYEHHS OIITUMAJIBHOT O CKJIALY ®I3BUKO-MEXAHIYHUX
XAPAKTEPUCTHUK CEPEJHbOBYTJIEBIIOBOI CTAJIIJIJISI ABTOMOBLIEN
Yepuera O.I'., Kopobouxa O.M., Ky6iu B.I.

Pedepar

Bynu npoBeneni qociiKeHHsT METOAiB BUOOPY ONTHMANBbHUX TEXHOJOTTYHHUX MPOLECIB IS
3MII[HEHHS TIOBEPXHEBOro 1mapy neraneid. HaBeneHo anani3 Gizuko-MexXaHIYHUX XapaKTEPUCTHK TOK-
PUTTIB MicIsl BIAMOBIMHMX BUAIB 3MILHEHHS 3 YpaXyBaHHSM CTPYKTYPHHX 3MiH y IOBEPXHEBHUX IIIa-
pax. BkazaHo kpurepianbHi OLIHKKA TEXHOJOTTYHUX METOIB 3MIlIHEHHSI — a30TyBaHHs, OOpAyBaHHS,
OopouemeHTaii, 1azepHoi 00pOOKH, I0HHO-TIJIAa3MOBE a30TyBaHHs, TepMiuHa 00pOOKa, a TAKOXK OTPH-
MaHi KpuTepiajdbHi OLIHKK MPOAYKTUBHOCTI TEXHOIOTTYHOTO 00JIalHAHHS Ta €KOHOMIYHI TOKa3HUKH.

MinHicTh cTaneil 3a0e3neuyeThess HU3KO 3MIITHIOIUUX MEXaHI3MiB: TBEPJOPO34YMHHI, JTUC-
JIOKaWiifHi, AMCIIEPCHI, TPaHiTHI, CyOCTPYKTYpHI Ta MEPIiTHI. Y CTalsiX, 3arapTOBaHUX J0 MapTEHCUTY,
3HAYCHHS JUCIOKALIMHUX Ta CyOCTPYKTYPHHMX MEXaHI3MiB 3MIIIHEHHsI, SIKi 3aJIeKaTh BiJl BMICTY pO3-
YUHEHOTO BYIJICLIO. 30UIBIICHHST MILHOCTI 3HAYHO 3MEHILY€ MJIACTUYHICTD, B'SI3KICTH 1 301bLIyE Me-
Ky KpuxkocTti. [y cepeaHboByrieneBuxGpepuTHO-MEPIITHIX CTajlell BMICT BYIJeLi0 a0o KiIbKIiCTh
MIEPIITY B CTPYKTYPi € TOJTOBHUM (haKTOPOM 3MIHH MIITHOCTI Ta TWIACTUYHOCTI. 3i 30UTBIIICHHSIM BMICTY
BYIJICLIO YAapHa B'SI3KICTb 3MEHILYETHCS, @ KPUXKICTh 3pocTae. HalOiabpi npuBaObIMBUMU 32 BIIACTH-
BOCTSIMH € CepelHbOBYTIIEeBi Ta cepennboierosani craini (0,3—0,5% C; 6o, = 700..850 MIla , o, =
900—1100 MIla). OcobnuBocTi UX CcTajed - MiABMINEHI MIIHICHI BIACTHBOCTI, HU3bKa YYTJIMBICTD
JI0 KOHILIGHTPATOPiB HAIIPYTH, BUCOKA BUTPUBAIICT Ta JOCTATHS B'A3KiCTh. BrcokomilHi cepeaHboie-
roBati ctani i3 BMicToMm 0,4% C 3a0e3neuyrors 6, = 2100 MIla. [Ipn MakcuMaIbHO MOKIITMBHUX 3HA-
YEHHAX MIKPOTBEPAOCTI MIACTHUHICTh PI3KO 3MEHIIyeThcs, koedinieHTu K, Mexa TekydocTi — o
(MIla), xoediuient yreopenns Tpiuma KSU (mx/cm’), koediieHT 36inbimenns 1oBxkuan & (%), Koe-
¢iuient crucHenns Y (%). UepBoHa JiHis MoKa3ye AMHAMIKY 3MiH MiKPOTBEPAOCTI B 3aJI€KHOCTI Bij
METOJIB 1 TeXHOJIOTiH 3MirHeHHs. [Ipr MakcMManbHO MOXKIIMBUX 3HAYEHHSIX MIKPOTBEPIOCTI Pi3KO
3MEHIIY€eThCS MIACTHUHICTh, KoedinienTu K, Mexa Texydocti - o, (MIla), koedilieHT yTBOpeHHs
tpimmn KSU (wx/cM?) ), koedimient 36impments gopxunu & (%), koedirient crucaents ¥ (%).

3 ananizy (i3uKO-MeXaHIYHUX BIACTUBOCTEH MOCHIICHMX MOKPHUTTIB HAMIOIIMPEHINoi Ta
HAMpO3BUHEHIIIO! Y CBITOBiM MpPaKTUI[I MOKHA BU3HAUYMTH OCHOBHI 3HaYEHHS MMOKAa3HHUKIB 3HOCOCTIH-
KOCTI, JJOBrOBiYHOCTi, MIKPOTBEPIOCTI, TNTACTHYHOCTI [UIsl CyYacCHUX MOKPUTTIB, SIKi MO)KHA OTPHMATH
3a JONOMOT'OI0 Pi3HUX TeXHONOTril. Po3polieHa MeToinKka BU3HAYECHHS ONTHMAIBHUX CIIOCOOIB 1 TeX-
HOJIOT{ 3MIITHEHHsI TOBEPXHEBOr0 LIapy AeTanel 31 craini 45 3a KpuTepialbHUMU MOKa3HUKAMH e eK-
TUBHOCTi. Bu3Ha4eHO OCHOBHI 3Ha4YeHHSI OCHOBHHX ITOKa3HHKIB, 10 CKJIAAal0Th piBeHb Dy, mo 06o-
B'SI3KOBO HEOOXIJHI JIJIs1 3MIITHEHUX TIOBEPXOHb 32 BiJIMTOBIIHUMH TEXHOJIOTiSIMH.
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