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Abstract. Due to the constant increase in axial loads and the weight of rolling stock intended for passenger and freight heavy traffic, more stringent
requirements are being put forward by consumers of rail products. The pearlite-grade carbon steels currently used for the industrial production
of rails have high consumer properties, namely, resistance to wear and the formation of contact and fatigue defects, which makes it possible
to ensure operability in a wide range of operational and climatic conditions along the entire length of the railway network. An important tech-
nical task is to establish the patterns of formation of the microstructure of rails depending on the chemical composition of steel and influence
of the structure on properties of the finished products. One of the main parameters determining the structure and consumer properties of pearlite
steel railway rails is the size of the interlamellar spacing. Improving the operational stability of rails is one of the main tasks of the specia-
lists of JSC EVRAZ ZSMK, the Kuzbass Metallurgical Plant, one of the five largest manufacturers of railway rails in the world. The results
of a comparative analysis of chemical composition, size of the interlamellar spacing, as well as the strength and plastic properties of the metal
of pearlite-class railway rails are presented. In accordance with GOST R 51685-2022, 90KhAF steel is hypereutectoid in terms of carbon content.
As aresult of the conducted research, the relationships between parameters of the structure and the physico-mechanical properties of rails, as well
as between content of the main chemical elements in steel and the interlamellar spacing of perlite, were established.

Keywords: chemical composition, mechanical properties, hardness, rail microstructure, microstructure parameters, interlamellar spacing, differentially
heat-treated rails
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AHHOmayus. B cBs3H ¢ IOCTOSHHBIM YBEJIHYCHHEM OCEBBIX HATPY30K K MACChI MOABHKHBIX COCTABOB, MPEAHA3HAYCHHBIX [IS TACCAKUPCKOTO U IPY30-
BOTO TSDKEJIOBECHOT'O JIBHIKEHUS, BBIIBUTAIOTCS OOJIee KeCTKHe TPEOOBAHHS CO CTOPOHBI MOTPEOHUTENEH PeTbCcOBOM NPOAYKIHHU. McTonb3yemble
B HACTOSIIIEE BPEMSI IS TPOMBIILICHHOTO TIPOM3BOJICTBA PEJIbCOB YINIEPOAUCTHIC CTAJIM MEPIUTHOTO Kilacca 00J1a1al0T BBICOKMMH MOKa3aTeNsIMu
MOTPEOUTENLCKUX CBOMCTB, @ UMEHHO, CTOMKOCTBIO K M3HOCY, 00pPa30BaHUI0 KOHTAKTHO-YCTAJOCTHBIX AC(PEKTOB, YTO MO3BOJISET 00CCHEUNTD
paboToCIOCOOHOCTh B IIHPOKOM JIHAINA30HE IKCIUTYyaTAlIMOHHBIX W KIIMMATHYECKUX YCIOBHM Ha BCEH MPOTSHKEHHOCTH CETH JKEJIE3HBIX JOPOT.
BaxHOi1 TexHUUeCKOH 3a1aueil SBIsSeTCs yCTAaHOBJICHHE 3aKOHOMEPHOCTEH (OPMUPOBAHUS MUKPOCTPYKTYPBI PEIIbCOB B 3aBUCHMOCTH OT XUMH-
YEeCKOI0 COCTaBa CTAJIM M BIUSHHS CTPYKTYPbI Ha CBOMCTBA TOTOBOM MPOAYKIHU. OHUM U3 OCHOBHBIX [TAPAMETPOB, OMPEICISIIOIINX CTPYKTYPY
U MOTPEOUTENILCKUE CBOMCTBA JKEIE3HOMOPOIKHBIX PEJIbCOB U3 MEPIUTHON CTaNH, SIBISETCS BEIMYMHA MEKIUIACTHHYATOTO paccTosiHus. [1oBbI-
LICHUE DKCIUTyaTallMOHHON CTOMKOCTH PelibCOB — OJIHA M3 OCHOBHBIX 3ajau crenuanuctoB AO «EBPA3 3CMK» — meramtyprudeckoro 3aBoja
Kys0acca, BXOJSI1IIEro B IATEpKY KPYIHEHIINX B MUPE TIPOM3BOUTENICH HKEJIe3HOJOPOKHBIX PEIbCOB. B pesynbrare NpoBeJCHHbBIX HCCIICIOBAHUM
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HpeCTaBIeHbl Pe3y/IbTaThl CPABHUTENILHOTO aHAIM3a XMMHUYECKOT0 COCTaBa, BEJIMYMHbBI MEXIUIACTHHYATOrO PACCTOSHUS, a TAKXKe MPOYHOCTHBIX
¥ TUTACTUYECKNX CBOWCTB MeTaJula JKEJIE3HOMOPOXKHBIX PENbCOB MepiuTHOro kiacca. B coorBerctBrm ¢ OCT P 51685 — 2022 crans mapku
90XA®D no coxepkaHUIO yIIepoa sSBISETCS 3a9BTEKTOUIHOM. B pesynbrare nmpoBeeHHBIX UCCIIEIOBAHUH YCTAHOBIICHBI CBSI3H MEXKILy Iapame-
TpaMH CTPYKTYpPbI X QH3UKO-MEXaHHIECKUMHU CBOHCTBAMHU PENIBCOB, a TAKKE MEKIY COICPKAHNEM OCHOBHBIX XUMHUUYECKHUX 3IEMEHTOB B CTallH U

MEXKINIACTUHYATBIM PACCTOSTHUCM TICPIIATA.

Kaloyesvle c108a: xumudeckuii COCTaB, MEGXaHUUECKHE CBOMCTBA, TBEPAOCTh, MUKPOCTPYKTYPa PEIbCOB, ITAPAMETPBl MHKPOCTPYKTYPBI, MEKILTACTHH-

JaToC pacCTOsIHUE, I[I/I(IJ(bepeHHI/IpOBaHHO TEPMOYIIPOUHCHHBIC PEJILChI

st yumuposanusi: becconosa O.B., [Tonesoii E.B., OckonkoBa T.H., Komaposa T.A. CpaBHHUTEIBbHBIN aHAIN3 CTPYKTYPHI U CBOMCTB KEJIE3HO-
JIOPOKHBIX PENIbCOB 3a9BTEKTOMIHOTO cocTaBa. Mzsecmus 6y308. Yeprnas memannypeus. 2025;68(6):556-562.
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- INTRODUCTION

Consumers of rail products are increasingly deman-
ding longer intervals between maintenance operations
and improved durability and reliability of rails, which
remain the primary and most heavily loaded component
of the railway superstructure. The operational durability
of rails is governed to a large extent by the steel’s struc-
tural and phase state. For this reason, a key technical
objective is to clarify how the rail microstructure forms
as a function of steel chemical composition and how
the resulting structure affects the properties of the fini-
shed products.

Numerous studies [1 — 3] have identified the principal
trends linking microstructure to rail operational durabi-
lity. Worldwide, rails are most commonly manufactured
from high-carbon pearlite-grade steels. Under accelerated
cooling, these steels develop a fine lamellar ferrite — car-
bide mixture (pearlite), which provides a favorable
combination of hardness, strength and ductility, impact
toughness, fracture toughness, contact fatigue strength,
and wear resistance [4 — 6]. Among the parameters that
control both the microstructure and the consumer pro-
perties of pearlitic railway rails, a central role is played
by the interlamellar spacing (ILS). In this work, ILS is
understood as the sum of the thicknesses of the ferrite and
cementite lamellae that form in rails after rolling and dif-
ferential heat treatment [7 — 9]. Despite its importance,
this aspect remains insufficiently explored [10 — 12].
Therefore, quantifying this structural parameter is essen-
tial when designing steel compositions, selecting heat-
strengthening modes, and setting temperature — defor-
mation rolling schedules aimed at achieving the required
quality indicators of metal products.

This study presents the results of a comparative analy-
sis of the chemical composition, interlamellar spacing,
and strength and ductility properties of R65 railway rails
manufactured by JSC EVRAZ United West Siberian
Metallurgical Plant (JSC EVRAZ ZSMK) [13].

[ MATERIALS AND METHODS

Differentially heat-treated R65 railway rails, harde-
ned using the residual heat from pre-rolling heating,

were selected as the object of investigation. According
to GOST R 51685 — 2022, 90KhAF steel is classified as
hypereutectoid with respect to carbon content.

To evaluate the metal quality of the rails, tensile tests
were performed in accordance with GOST 1497 — 2023
using a Z-250 universal testing machine. Impact bending
tests were carried out in accordance with GOST 9454 — 78
on an RKP-450 pendulum impact tester. Hardness mea-
surements were conducted on the running surface
of the rail head in accordance with GOST 9012 — 59
using a NEMESIS 9503 universal hardness tester.

Microstructural studies and measurements were per-
formed using a Tescan MIRA3 scanning electron micros-
cope (SEM). The interlamellar spacing and grain diameter
were evaluated on transverse metallographic sections
prepared from the fillet region after electropolishing and
etching in a 4 % alcoholic solution of nitric acid.

The region selected for interlamellar spacing mea-
surements was located at a distance of 2 —4 mm from
the running surface of the rail head. This location was
chosen because it corresponds to the zone experiencing
the maximum contact stresses arising from wheel — rail
interaction during service. In accordance with the pro-
cedure described in [14], interlamellar spacing measure-
ments were carried out within pearlite colonies exhibiting
a clearly pronounced parallel arrangement of lamellae,
regardless of their apparent spacing (visible interlamellar
spacing). The obtained data were subsequently processed
taking into account the asymmetry coefficient, followed
by calculation of the average value of the true interla-
mellar spacing. Lamellar spacings showing evident signs
of deformation (fractured, broken, or strongly curved
lamellae) were excluded from the analysis.

Grain diameter in the rail steel of the investigated
compositions was determined near the fillet surface using
the ferrite/cementite network method in accordance with
GOST 5639 — 82 “Steels and alloys. Methods for revea-
ling and determining grain size”.

- RESULTS

The chemical composition of the investigated rail
steels, conventionally designated as compositions / — 3,
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Table 1. Chemical composition of the studied rails metal

Tabauya 1. XuMHYeCKHii COCTAB MeTaJLJIa HCCJIEyeMbIX PeJIbCOB

. Element content, wt. %
Composition (C+Cr), %
C Cr Vv Mo
1 0.87 0.30 0.08 0.006 1.17
2 0.94 0.27 0.09 0.006 1.22
3 0.91 0.34 0.09 0.006 1.24
4 0.93 0.34 0.10 0.018 1.27
5 091 0.34 0.04 0.010 1.25
Req‘”remeﬁ: ggg}?:g Si:11685_2022 0.85-0.94 | 0.20-0.60 | 0.03-0.15 - -

is presented in Table 1. Heating, rolling, and heat treat-
ment of the rails were carried out under identical tem-
perature — time processing conditions. For each nominal
composition, several heats were selected and grouped,
differing primarily in carbon, chromium, vanadium, and
molybdenum contents. The contents of the remaining
elements do not differ significantly between the heats,
meet the requirements of GOST R 51685 — 2022, and are
therefore not reported here.

The data show that all compositions meet the require-
ments of GOST R 51685 — 2022 with respect to carbon,
chromium, and vanadium. Additional microalloying
with molybdenum is permitted and is not regulated by
the standard. A comparison of the chemical composi-
tions indicates that composition / has the lowest carbon
content, whereas composition 2 has the highest; com-
positions 3 — 5 fall in between. Vanadium contents are
generally comparable, except for composition 5, where
vanadium is lower by 0.04 —0.06 % than in the other
steels. The rail steels of compositions 4 and 5 contain
more molybdenum, by approximately 0.012 and 0.004 %,
respectively. Chromium is lowest in compositions /
and 2; compositions 3 — 5 show slightly higher chro-
mium levels, exceeding those of compositions / and 2
by 0.04 — 0.07 % on average.

It is well known [15; 16], that carbide-forming ele-
ments strongly affect the kinetics of austenite decomposi-
tion and, consequently, the shape of the isothermal trans-
formation diagram. Specifically, the pearlitic and bainitic
transformations become clearly separated, and an inter-
mediate region with increased austenite stability appears.
Studies [17 — 19] have shown that chromium alloying
of pearlitic steels results in solid-solution strengthen-
ing of ferrite, chromium enrichment of cementite with
formation of (Fe, Cr),C, and possibly the formation
of chromium carbides. In [20], the conditions for forming
a pearlitic structure during rail heat strengthening were
analyzed, and relationships were established between
the total carbon and chromium content ((C + Cr), %),
the pearlitic transformation temperature, and the inter-
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lamellar spacing of pearlite in the steels under conside-
ration (Table 1). In addition, dependencies of strength
and ductility on carbon and chromium contents were
identified; the combined (C + Cr) content should exceed
1.2 %, which promotes a finer pearlitic structure and pro-
vides an optimal balance between strength and ductility.
In the present steels, the combined carbon and chromium
content is broadly similar and exceeds 1.2 %, except for
composition / (1.17 %). This is consistent with the rela-
tively high strength values obtained while retaining high
ductility (Table 2).

Mechanical testing showed that, in terms of tensile
properties, impact toughness, and hardness measured
on the running surface of the rail head, all investigated
steels substantially exceed the standard requirements for
hypereutectoid rails intended for DT370IK and DT400IK
categories. Composition 3, in which carbon, chromium,
and vanadium are increased simultancously, exhibits
the most favorable combination of strength, ductility, and
impact toughness. At the same time, the running-surface
hardness of the rail head in composition 3 is only slightly
higher than that of composition /, which contains the low-
est levels of carbon and the above alloying elements.
A threefold increase in molybdenum content in compo-
sition 4 is accompanied by a marked increase in impact
toughness and by higher strength and ductility compared
with the other steels. A reduction in the vanadium and
molybdenum contents in experimental alloy 5 results in
a pronounced decrease in impact toughness and ductility,
while strength characteristics and hardness at the running
surface of the finished rail head remain unchanged.

After rolling and differential heat treatment, the inves-
tigated rail steel exhibits a pearlitic microstructure, pre-
dominantly composed of pearlite lamellae with a regular
morphology (Fig. 1).

At the same time, a considerable number of deformed
pearlite colonies with broken and “wavy” lamellae are
observed, as well as regions characterized by interwoven
pearlite colonies (Fig. 2).
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Table 2. Mechanical properties and hardness

Tabauya 2. MexaHn4ecKue CBOCTBA U TBEPAOCTH

N Tensile properties Kcu Hardness
Composition (+20 °C), at the running surface
o, N/mm? | 6, N'mm?* | 3, % v, % J/em? of the rail head, HB
1 920 1370 10.5 27 26.5 393
2 980 1430 10.5 31 26.0 412
3 1030 1450 10.5 29 25.0 409
4 1028 1480 11.0 24 30.0 424
5 1049 1447 9.0 22 21.5 420
; no less
Requirements DT370IK 370 - 415
of GOST R 51685-2022 £70 1280 8.0 14.0 s
for rail category DT400IK 1300 ' ' 400 — 455

As part of the quantitative analysis, key microstruc-
tural parameters — namely, the interlamellar spacing
(pearlite dispersion) and grain diameter — were evaluated.

The results of the microstructural measurements, pre-
sented in Table 3, are given as arithmetic mean values
with the corresponding standard deviations.

The data indicate that the average interlamellar spa-
cing of pearlite and grain size measured in the rail steels
of the investigated compositions are generally compara-
ble. An exception is observed for compositions / and 2,
in which the interlamellar spacing amounts to 0.116 and
0.112 pm, respectively, indicating comparatively lower

Fig. 1. Microstructure of the studied rails metal of compositions / — 5 (a —e)

Puc. 1. MUKpPOCTPYKTypa METaJlIa HCCIEAYEMbIX PEIbCOB COCTAaBOB [ — 5 (a — e)
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Fig. 2. Microstructure of the studied rails metal of compositions / — 5 with deformable plates (a — e)

Puc. 2. MUKpOCTpPYKTypa MeTaJlIa HCCIETYyeMBIX PEILCOB COCTaBOB / — 5 ¢ ehopMUpyEeMbIMHE IIaCTHHAME (a — e)

strength levels. In contrast, the rail steel of composition 4
exhibits a significantly smaller average grain size — by
approximately 3 —5 pm — than the steels of the other
investigated compositions (Table 3). The increased vana-
dium and molybdenum contents in composition 4 likely
contributed to the enhancement of impact toughness as
well as strength and ductility characteristics, which can
generally be attributed to the grain growth — retarding
effect of these elements during rail heat treatment [21].

Table 3. Microstructure parameters

Tabauya 3. [lapaMeTpbl MUKPOCTPYKTYPHI

Composition Islll;:gize:lﬁ Grain diameter, pm
1 0.116 +(0.019) 18.36 + (4.04)
2 0.112 +(0.020) 19.30 + (4.80)
3 0.100 + (0.013) 20.23 +£(2.82)
4 0.110 +(0.011) 15.14 £ (2.83)
5 0.109 + (0.011) 20.60 + (3.90)
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- CONCLUSIONS

A comparative analysis was carried out covering
the chemical composition, strength and ductility cha-
racteristics, and quantitative microstructural parameters
of railway rails produced from hypereutectoid 90KhAF
steel for the five investigated compositions.

The most favorable combination of strength and duc-
tility characteristics — based on tensile testing, impact
bending tests, and hardness measured on the running sur-
face of the rail head — was obtained for rails produced
from experimental composition 4, which is characterized
by slightly increased contents of the microalloying ele-
ments vanadium and molybdenum, by approximately
0.01 — 0.06 and 0.008 — 0.012 wt. %, respectively.

Quantitative evaluation of the microstructural para-
meters showed that the average interlamellar spacing
of pearlite in the investigated samples remains at a com-
parable level. At the same time, the rail steel of composi-
tion 4 exhibits a finer-grained structure, with the grain
diameter reduced by 3 — 5 um. This finer grain structure,
in combination with a dispersed pearlitic microstructure,
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contributed to achieving an optimal balance between
strength and ductility in the investigated rails.

In service, a rail’s resistance to contact fatigue defects

and other damage mechanisms is influenced by many fac-
tors. Understanding how the microstructure forms and
how it should be matched to the required mechanical
properties enables the design of rails tailored to specific
track sections, improving in-service performance and
extending service life.
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STRENGTH CHARACTERISTICS OF INVESTMENT PATTERNS
OBTAINED BY COMPACTION OF WAXY MATERIAL POWDERS
IN THE FIELD OF CENTRIFUGAL FORCES

N. A. Bogdanova®, S. G. Zhilin, V. V. Predein

Institute of Machinery and Metallurgy of the Khabarovsk Federal Research Center of the Far-Eastern Branch
of the Russian Academy of Sciences (1 Metallurgov Str., Komsomolsk-on-Amur, Khabarovsk Territory 681005, Russian
Federation)
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Abstract. The use of investment casting process is aimed at producing castings of complex configuration with increased dimensional and geometric accu-
racy from a wide range of casting steels and non-ferrous alloys. A number of operations during the implementation of such a process are accompanied
by the appearance of defects of a thermophysical nature (shrinkage of the pattern material and its thermal expansion during melting, leading to a
violation of the ceramic mold integrity), which, to a certain extent, prevents the expansion of the casting nomenclature. The formation of experimental
porous investment patterns by compaction of powders of waxy materials is aimed at eliminating such defects, but, due to the lack of information on the
processes accompanying the compaction of waxy powders (in some cases manifested in the elastic response of the material or a change in the strength
characteristics of the compacts), requires separate study. It was previously established that the distribution of density values in a paraffin powder
compact is provided by directional loading of the compacted material, including in the field of centrifugal forces, which allows obtaining the surface
configuration of a body of revolution with a predictable distribution of properties in each of its sections. In this paper, using the example of forming a
section of a body of revolution, a comparison is given of the calculated and experimental dependencies of the relative density of compacts (obtained
from different fractions of the PS50/50 material) on the stresses arising during their compaction in the field of centrifugal forces, as well as the average
values of the density of compacts on the molds rotation speed. Pictures of the stress-strain state of compacts are presented when determining the values
of their compressive strength characteristic of various waxy materials. The results of the experiment are aimed at solving the problems of increasing
the efficiency of processes for obtaining investment patterns, the configuration of which is a body of revolution, formed by compaction of powdered
waxy materials in the field of centrifugal forces.

Keywords: investment casting, ferrous and non-ferrous alloys, experimental modeling, mechanical engineering processes, field of centrifugal forces,
stress-strain state, compact, porosity, elastic response, strength
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MPOYHOCTHbIE XAPAKTEPUCTUKU BbINNABNAEMbIX MOAENEMN,
NONYYAEMbIX YNZTIOTHEHUEM MNMOPOLUKOB
BOCKOOBPA3HbIX MATEPUANIOB B NOJNE AEUCTBUA
LEHTPOBEXHbIX CUN

H. A. Borganosa®, C. I. JKusmH, B. B. [Ipeaeun

HHCTATYT MAaNIMHOBEAEHHS H METALTYPrun XadapoBckoro ®eaepajbHOro HCCIeI0BaTeIbLCKOro eHTpa JaapHeBoCcTOYHOTO
oraesenust PAH (Poccus, 681005, Xabaposckuii kpaii, Komcomonbck-Ha-Amype, yi. Meramtypros, 1)

&) joyful289@inbox.ru

AHHomauw!. Hcnonb3oBanue Tpouecca JMTbA IO BBIIUIABIACMBIM MOJCIISIM HaAIlPaBJICHO HA ITOJYYCHUE OTIIMBOK CIIOKHOM KOH(i)I/IpraLU/IPI C ITOBBI-

MICHHOU Pa3MepHOIl U FeOMETPUYECKON TOYHOCTHIO M3 MIMPOKOTO INANa30Ha TUTEHHBIX cTajel M IBETHBIX CIUIABOB. Psr onepanuii mpu ocymect-
BJICHHHU TaKOI'O IPOLECCa CONPOBOKAACTCS MOsBICHUEM Je(heKTOB Temnodu3nueckoit mpupossl (ycaaka MOJEILHOIO MaTepyaa i ero TeMiepa-
TypHOE pacIIIpEHHE TP BBIILIABICHHUN, IPHBOAAIICE K HAPYIICHHIO IIEIOCTHOCTH KepaMUIeCcKol (JOpMBI), UTO, B U3BECTHOM Mepe, IPETIATCTBYET
PACIIMPEHHIO HOMEHKJIATYPBI JINThsI. DOPMHUPOBaHUE HKCIIEPUMEHTANIBHBIX TOPHCTHIX BBIIUIABIIAEMBIX MOJEIEH PEeCCOBAHUEM MTOPOLIKOB BOCKO-
00pa3HbIX MaTepUaIoB HAIIPABICHO HAa yCTPAHEHHE JaHHBIX Je()eKTOB, HO, B CHIIy HEJOCTATKa CBEIEHUI O IIPOLEeccax, CONMPOBOKAAIOIINX YIIOT-
HEHHE BOCKOOOPA3HbIX MOPOLIKOB (B PsiJIE CIy4yaeB, MPOSBISIOINXCS B YIIPYTOM OTKIIMKE MaTepyalla MId U3MEHEHHH IIPOYHOCTHBIX XapaKTePUCTHK
IPECCOBOK), TpeOyeT OTAEIBHOTO n3ydeHus. PaHee OBLIO yCTaHOBIICHO, YTO pacHpeielicHHe 3HAYCHUIT INIOTHOCTHU B IIPECCOBKE, BEIIOTHCHHON U3
nopouka napapuna, odecrneynBaeTcs HalpaBICHHbIM Harpy>kKeHUEM YIUIOTHAEMOrO MaTepuaia, B TOM YUCie B I0JIe JICHCTBUS LIEHTPOOESHKHBIX
CHUL, 94TO HO3BOJISACT IIOTy4YaTh KOH(PUTYPAIHIO IIOBEPXHOCTH Tella BPALICHHUS C IIPOTHO3UPYEMBIM PACIIPEIEICHIEM CBOUCTB B KaJKJIOM €TO yJacTKe.
B Hacroseit pabore, Ha ipuMepe GOPMHUPOBAHUS yYacTKa Tejla BPAILCHHs, IPUBEICHO CPAaBHEHHUE PACUETHBIX U DKCIIEPUMEHTAIbHBIX 3aBUCH-
MOCTEil OTHOCHUTENBHOM TFIOTHOCTH MPECCOBOK (TONTYHYEHHBIX U3 pa3HbIX (pakimii marepuana [1C 50/50) ot HanpshkeHH, BOZHUKAIOMINX TTPU UX
YIUIOTHEHHH B I10JI€ IeHCTBUS LIEHTPOOSKHBIX CHJI, @ TAKKE CPEHUX 3HAYEHHUIT IIIOTHOCTE TPECCOBOK OT CKOpocTH BpareHus ¢popm. [Ipencras-
JIeHbI KAPTHHBI HATIPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHUS IIPECCOBOK IIPH ONPENENICHHH 3HAYCHUH NX IPOYHOCTH Ha CXKATHE, XapaKTePHBIC [
Pa3IMYHBIX BOCKOOOPA3HBIX MaTepHasoB. Pe3ynbraTsl SKCHIepUMEHTa HaNpaBlIeHbl Ha PEIICHUE 3aJ1a4 TOBbIIICHUS d(P()EKTUBHOCTH TPOLECCOB
HOJy4YCHHS BBIILIABILIEMBIX MOJeNeH, KOHHUTypalus KOTOPBIX IPeICTaBIsLeT co00i TeIo BpalleHnst, 00pa30BaHHOE YILIOTHEHHEM MOPOIIKOBBIX

BOCKOOOPA3HBIX MaTepHasioB B IOJIC ACHCTBHUS LIEHTPOOCKHBIX CHII.

Knwueswle ca108a: nuthe 10 BHIIIIABISIEMbIM MOICJIAM, YEPHBIC W IBETHBIC CIUIABbI, SKCIICPUMEHTAJIBHOC MOACIMPOBAHUE, MAIlIMHOCTPOUTCIIBHBIC
TIpOLECChI, 110JIC HCﬁCTBI/I}I I_ICHTpO6e>KHLIX CHl1, HaHpﬂ)I(eHHO—I[e(bOpMI/IpOBaHHOC COCTOSIHUE, ITIPECCOBKA, ITOPUCTOCTD, pryI‘I/Iﬁ OTKJIMK, IPOYHOCTH

Bbaazodaprocmu: PaboTa BBINOIHEHA B paMKaxX roCyIapCTBEHHOTO 3a1aHust VIHCTUTYTa MalIMHOBEICHUS U MeTaILTypruu XabapoBckoro deepaibHOTO
uccrenoBarelbekoro neHrpa JlansaeBocrounoro otaenerus PAH. B pabote ucnonb3oBanst hoto Gupcosa C.B.

Jna yumupoeaHnus: borganosa H.A., XKunun C.I, [lpexenn B.B. [IpouHocTHBIE XapaKTEPUCTHKH BHITUIABISIEMBIX MOJIENICH, OTYYaeMbIX YILUIOTHE-
HHUEM ITOPOIIKOB BOCKOOOPa3HBIX MaTepHalioB B IOJIC ICUCTBUS ICHTPOOCKHBIX CHIL. M38ecmus 6y308. Yepnas memannypeus. 2025;68(6):563-571.
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- INTRODUCTION

Improving the efficiency of producing accurate bil-
lets from a wide range of ferrous and non-ferrous alloys
by investment casting requires the development and
modernization of technological processes that eliminate
machining operations and expand the range of cast pro-
ducts for the aircraft, shipbuilding, and mechanical engi-
neering industries. The manufacture of castings of comp-
lex spatial configuration [2; 3], characterized by high
dimensional and geometric accuracy and low surface
roughness, is predominantly carried out by investment
casting [4 — 6].

The general sequence of traditional operations in
the investment casting process involves the forma-
tion of investment patterns, their assembly into pattern
clusters, sequential coating and drying of ceramic shell
layers, melting out the pattern material from the ceramic
mold, firing of the shell in a supporting filler, and pouring

564

the shell mold with liquid metal followed by machining
of the cast billets [7 — 9].

Throughout the investment casting process, the tech-
nological stages mentioned above are accompanied
by thermophysical phenomena that can lead to geomet-
ric distortion of the investment pattern due to shrin-
kage [10 — 13], deformation, and fracture of ceramic shell
mold sections caused by thermal expansion of pattern
materials both during dewaxing and at the stages of firing
and metal pouring [14 — 17].

The traditional approach to improving the thermo-
stability of investment patterns has been to select pattern
material components with low thermal expansion [18],
while increasing the crack resistance of ceramic molds
is mainly achieved by using reinforcing elements or new
binding agents [19; 20].

A promising way to address the complex of thermo-
physical problems is the use of porous investment pat-
terns formed by compaction of fractions of waxy mate-
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rials. Such investment patterns do not have shrinkage
defects and do not exert expanding effects on ceramic
molds [21]. A series of experiments has provided practi-
cal data on the stress—strain behavior of waxy materials,
aimed at eliminating the elastic relaxation of compacts
(whose magnitude is an order of magnitude smaller than
the shrinkage value and amounts to about 1 % of the com-
pact volume) formed during their compaction [22].

Greater control over the porosity of investment pat-
terns can be achieved by compaction of powders of waxy
materials in the field of centrifugal forces, which pro-
vides directional loading of the powder compact during
compaction [23]. Compaction of powders of waxy
materials makes it possible to obtain an investment pat-
tern in the form of bodies of revolution, the configura-
tion of the external surface of which is determined by
the rotating mold. However, achieving a uniform distri-
bution of properties within such compacts requires a sub-
stantially more complex mold design, whereas produc-
ing a body-of-revolution investment pattern by pressing
a pasty pattern compound may lead to shrinkage defects
upon cooling. Research in this area is motivated by
the need to identify an energy-efficient compaction mode
for forming compacts in the shape of bodies of revolution
in the field of centrifugal forces, allowing the mold rota-
tion speed to be reduced while maintaining acceptable
strength of compacts made of various waxy materials.

Therefore, the purpose of this study is to determine
the force parameters of the process of compaction in
the field of centrifugal forces for fractions of pow-
dered waxy pattern material PS 50/50 and to analyze
the strength characteristics of such compacts in compari-
son with those obtained by compaction in a closed mold,
including those produced from paraffin grade T1.

To achieve these objectives, the following tasks were
se the study addressed the following tasks:

—selecting a computational method to obtain
the stress dependencies (derived using the formulas
of M. Yu. Balshin and G. N. Zhdanovich) arising during
vertical uniaxial compaction of PS 50/50 powder com-
pacts with particle sizes of 2.5 and 0.63 mm in the relative
density range 0.8 — 1.0, best corresponding to the experi-
mental data, and comparing the adapted calculated data
with experimental results;

— comparing the calculated and experimental mold
rotation speeds required to achieve average compact
densities in the range 842 — 935 kg/m? (corresponding
to load-bearing capacity) for PS 50/50 fractions 2.5 and
0.63 mm;

— comparing the strength characteristics of compacts
made of waxy powdered materials grades T1 and PS
50/50 obtained by uniaxial vertical compaction and com-
paction in the field of centrifugal forces.

- METHODS

The waxy powder selected for this study was PS 50/50,
the most widely used pattern material in investment cast-
ing. Particle size fractions of 0.63 and 2.5 mm were
used, as these sizes are technologically convenient and
ensure homogeneous compacts [24]. The fractions were
obtained by sieving on model 026 sieves manufactured
in accordance with GOST 29234.3-91 “Foundry sands.
Method for determination of mean grain size and unifor-
mity coefficient”. PS 50/50 is an alloy of equal mass frac-
tions of paraffin and stearin and belongs to the first clas-
sification group of pattern materials [25]. As a reference
material, paraffin grade T1 was used; its properties are
regulated by GOST 23683-89 “Petroleum solid paraffins.
Specifications”. The strength characteristics of com-
pacts obtained from PS 50/50 were compared with those
of compacts made from T1. Data on the average densities
of compacts formed in the field of centrifugal forces at dif-
ferent mold rotation speeds were taken from the authors’
previous work [23]. The densities p of the materials in
the experiment, corresponding to their cast state, were:
PS 50/50 — p =935 kg/m3, T1 — p = 860 kg/m>.

Earlier experiments refined the permissible poro-
sity (P) range of 0% <P <10 %, within which waxy
compacts produced by uniaxial compaction of materials
T1 and PS 50/50 retain their service strength [21]. Poro-
sity was calculated as

P:(l—@]-mo %, (1)
pcast

where Peomp is the density of the compacted sample,
kg/m?; p_  is the density of the cast material, kg/m’.

Thus, the density ranges ensuring satisfactory perfor-
mance were 774 — 860 kg/m? for T1 and 842 — 935 kg/m?
for PS 50/50.

Before placing a measured portion of the pow-
dered pattern material into the mold, the inner surface
of the mold was treated with kerosene to reduce friction
between the compacted material and the wall. Uniform
distribution of the powder within the mold prior to com-
paction was achieved by vibrating the mold on a vibrating
table at 3.5 Hz for 5 min.

The compaction of waxy material powders in the field
of centrifugal forces makes it possible to obtain invest-
ment patterns in the form of bodies of revolution, with
the outer surface geometry defined by the shaping surface
of the rotating mold. In this case, centrifugal forces gene-
rate an almost uniform pressure distribution throughout
the compact from the center of rotation to the periphery,
which results in a nearly uniform distribution of pro-
perties; in particular, the density is essentially the same
at equal radial distances from the rotation axis.
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Producing a compact in the form of a body of revolu-
tion imposes specific requirements on the equipment due
to the high mold rotation speeds traditionally required
(6,000 — 15,000 rpm), which is energy-inefficient [26].

Preliminary studies showed that the use of an attached
mass acting as a punch is a feasible way to form compacts
in the shape of bodies of revolution in the field of cent-
rifugal forces. In this scheme, the compaction process
includes the following steps:

— a measured portion of the powdered pattern material
is placed into a mold mounted on the centrifuge shaft.
The mold defines the geometry of the compact and is
rotated at a speed sufficient to form a cavity at the center
of the compact;

— a flat spiral spring containing the attached mass (for
example, steel balls) is inserted into this cavity. The mold
is then spun again, and the elements of the attached mass
self-distribute along the inner surface of the steel spring.

Experiments showed that, for PS 50/50, this compac-
tion scheme requires a mold rotation speed in the range
of 3500 — 4000 rpm.

This design provides the necessary pressure directed
from the centrifuge rotor axis toward the periphery
at acceptable rotation speeds [23]. In the experiments,
the attached mass was a washer made of steel 45 with
a mass of 0.125 kg, radius R=0.023 m, and height
[=0.1 m (Fig. 1).

To simplify the calculation of the parameters
of the body-of-revolution forming process, the scheme
shown in Fig. 1 was used. In Fig. 1, a, the schematic
diagram shows compaction of powdered waxy pat-
tern material in a mold (/) shaped as a cup of radius R,
fixed to the centrifuge rotor holder (2) and at rest. In
Fig. 1, b, the compaction stage corresponds to rotation
of the centrifuge rotor at @ =3500—4000 rpm, when
the z axis of the holder coincides with the mold axis.
The coordinate z varies from z, to z;, and characterizes
the movement of the powder surface during compaction,
while Z is the distance from the rotor axis to the bottom
of the cylindrical mold (Z = 0.015 m). To relieve stresses
in the compacted powder and reduce the elastic response
of the compact, the mold was rotated at angular velocity
o for 7 min.

During centrifugal compaction, the centrifuge rotor
speed was continuously recorded. After compaction,
the compacts were removed from the molds and their
densities measured. The specimens were then subjected
to compressive loading until fracture at a crosshead speed
of 22 mm/min, which complies with GOST 4651-2014
“Plastics. Compression test method”. Experimental frac-
ture data for compacts from PS 50/50 were compared
with those obtained for compacts from T1. The stresses
arising during loading were recorded using a Shimadzu
AG-X plus testing machine.
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Based on the computational and experimental results,
the following relationships were obtained:

— comparison of calculated (according to the equa-
tions of M.Yu. Balshin and G.N. Zhdanovich) and experi-
mental dependences of load on relative density for samp-
les formed from 0.63 and 2.5 mm fractions;

— comparison of calculated and experimental average
densities of compacts obtained from 0.63 and 2.5 mm
fractions as a function of mold rotation speed;

— stress—strain relationships recorded during compres-
sive loading of samples made of PS 50/50 and T1 mate-
rials produced by uniaxial pressing and by compaction in
the field of centrifugal forces.

[l RESULTS AND DISCUSSION

The schematic diagram in Fig. 1, similar to that
proposed in [27], is presented in Cartesian coordinates
X, y, and z to enable numerical analysis of the compact
formation process in a rotating cylindrical mold and
to predict the property distribution within the compact.
In this scheme, the z axis coincides with the cylinder
axis, and the coordinate origin is located on the centri-
fuge rotor axis y.

The centrifugal force compacting the material is
expressed as

2 !
1/ |
|
z2 '
Q
N
Attached mass -]

Pattern material

a
%
[ \!_/
2 1
i
——e === < x
, BN
i !
Z |
i
b

Fig. 1. Scheme of forming a compact from powder material
in the field of centrifugal forces

Puc. 1. Cxema npornecca GopMUPOBaHHUs TIPECCOBKH U3 TIOPOIIKOBOTO
MaTepHaa B HoJe JeHCTBUA HEHTPOOSKHBIX CHII



I1ZVESTIYA. FERROUS METALLURGY. 2025;68(6):563-571.
Bogdanova N.A., Zhilin S.G., Predein V.V. Strength characteristics of investment patterns obtained by compaction of waxy material powders ...

F=mo(Fo). 2)
The force vector has two nonzero components
F. =mro’, F, =mr.o’. 3)

Under the action of the force F, the F_ component
causes the compacted powder material to move toward
the bottom of the cylindrical mold, whereas the F_com-
ponent promotes material spreading from the mold center
toward the walls along the x axis. The effect of F_is small,
and together with the friction force it can be neglected
by setting both to zero, which simplifies the calculations.
In this formulation, the centrifugal force depends only
on the z coordinate, and the compaction process can be
treated as layer-by-layer densification of a powder com-
pact represented by n layers, each of height 4/ (where
i=1, ..., nis the layer number, and j is the iteration num-
ber in the calculation process). The calculation starts from
the upper layer (z=z;) and proceed down to the layer
adjacent to the mold bottom (z = Z). At the initial itera-
tion (j = 0), all layer heights are equal

p-fn H 4)

n n

The mass m can be expressed in terms of density as
m=pV=pHS, where V is the compact volume, H is
the compact height, and S is the cross-sectional area
of the mold. Dividing the centrifugal force component
F_, which generates pressure, by the cross-sectional area
S =nR? gives the stress in the i-th layer of the powder
compact:

i i+l
pihizjo’, z/ =Z - h. (5)
=1 I=n

J
G;

Since the density p/ depends on the stress o/,
the calculation is carried out in two stages. First, the stress
at the current iteration j is determined from the densities
obtained at the previous iteration (j = 1). Then, the den-
sities of each layer are recalculated until the difference
between successive iterations becomes negligibly small.
For this, a known functional dependence between the den-
sity of the material and the pressing stress p = p(o), is
required. Fig. 2 presents the results of a series of pre-
liminary experiments to determine the stresses arising
during uniaxial vertical compaction of PS 50/50 powder
fractions of 2.5 mm (Fig. 2, @) and 0.63 mm (Fig. 2, b)
to relative densities within the range 0.8 — 1.0. Curves /
and 2 in Fig. 2 show the calculated results based on
the equations proposed by M.Yu. Balshin (Eq. (6)) and
G.N. Zhdanovich (Eq. (7)) for describing the compaction
behavior of powdered bodies [28; 29]:

6=0,,0", m=2+ ; (6)
6-96,

o= 2% .2 7)
1—or

where o is the stress at which the density p reaches
the cast density p_; 0 =p/p . is the relative density;
0, = Po/Pa, 18 the initial relative bulk density, and p,, is
bulk density of the loose powder.

As can be seen from Fig. 2, the stresses during com-
paction of the powder compact made from the 0.63 mm
fraction are slightly lower than those for the 2.5 mm frac-
tion.

Since the curve 2 obtained according to the Zhdano-
vich equation lies closer to the experimental exponential
trend (curve 4), the original data were approximated by
adjusting the exponent m for the best fit. The exponents m
for the PS 50/50 material fractions were found to be 7.55
and 8.78, respectively.

The inverse dependence of relative density on stress,
corresponding to Eq. (7), can be written as:

P = Prnax® = Prnan Li(l —-07)+0; }m : ®)

max

Using Eqgs. (5) and (8), the density distribution in
the powder compact along the height of the cylindrical
mold can be determined for a given angular velocity .
To reduce the angular velocity ® from 6,000 — 15,000 rpm
to acceptable levels, an attached mass is placed on the sur-
face of the compacted material. Its presence increases
the uniformity of density distribution within the compact
by exerting additional pressure on it.

For this purpose, by integrating the F_ component in
Eq. (3) for a material with a uniform density distribution
throughout its volume, the stress provided by the attached
mass can be obtained. Dividing ¢ by the mold cross-
sectional area S yields the value of the stress acting on
the surface of the compacted material (z = z,) as a result
of the influence of the attached mass:

1
Oadd = mgjd (Zo _51)(02, )

where m_,, is the attached mass, / is the thickness
of the attached mass made in the form of a washer.
As compaction proceeds, the interface between the pow-
der surface and the attached mass shifts from the mold
center toward the periphery (z = Z).

Accordingly, for a given angular velocity, the stresses
in the compact can be calculated from Egs. (5) and (9),
and the corresponding average compact densities can
then be obtained using the adapted Zhdanovich equation.

For the PS 50/50 material, the angular velocity
of the mold at which the average density of compacts
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Fig. 2. Calculated and experimental dependences
of stresses arising during uniaxial vertical compaction
of PS50/50 material on the values of relative density of compacts:
a — fraction 2.5 mm; b — fraction 0.63 mm

Puc. 2. PacueTHbIC U 3KCIIEPUMCHTAIbHBIC 3aBUCHMOCTH
HanpsHKEeHUH, BO3HUKAIOIIUX IPH OJHOOCHOM BEPTHKAJIbHOM
ymnorHeHnu Marepraina I1C50/50, ot 3HageHuit
OTHOCHTEJILHOM IIIOTHOCTH NIPECCOBOK:

a — ppaxuus 2,5 mm; b — dpakius 0,63 mm

corresponds to the required range of 842 — 935 kg/m?
was determined. Fig. 3 shows the graphical dependences
of the average density of compacts formed from PS 50/50
with particle sizes of 2.5 mm (Fig. 3, @) and 0.63 mm
(Fig. 3, b) on the mold rotation speed. The calculated
curves (1) lie slightly below the experimental exponen-
tial curves (2) in both cases. The experiment showed that
a density of 935 kg/m3, corresponding to the cast state
of the compact formed from the 0.63 mm fraction, is
achieved at an angular velocity of 4050 rpm. For com-
pacts produced from the 2.5 mm fraction, achieving
the same density required a slightly higher velocity —
approximately 4200 rpm. Overall, the use of an attached
mass significantly reduced the necessary mold rotation
speed to a range of 3500 — 4200 rpm.

If the density distribution in compacts produced by
direct uniaxial vertical compaction and by compaction in
the field of centrifugal forces differ, corresponding diffe-
rences will also be expected in their behavior under uni-
axial compression to failure. It is evident that the intrinsic
properties of the materials (T1 and PS 50/50) will partly
account for the observed differences in the compressive
strength of the compacts.

Fig. 4 compares the stress—strain relationships for
cylindrical compacts with porosity P =0 % obtained
by direct pressing in a closed die (at a punch travel rate
of 0.5 mm/s) and by compaction in the field of centrifugal
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forces. Black curves represent samples produced by direct
pressing of waxy powders in a closed cylindrical mold;
red curves correspond to samples obtained by centrifu-
gal compaction. Solid lines denote compacts made from
2.5 mm fractions; dashed lines correspond to 0.63 mm
fractions.

Visual analysis of the “stress—strain” curves for
samples made of T1 (Fig. 4, a) and PS 50/50 (Fig. 4, b)
reveals notable differences in their deformation behavior
under compressive loading. The photographs included in
Fig. 4 show that T1 material (melting point = 60 °C [21])
deforms in a brittle manner, whereas PS 50/50 mate-
rial (melting point = 52 °C) exhibits greater plasticity.
Overall, the resistance to compressive loading of com-
pacts formed from T1 powder is slightly higher than
that of compacts produced from PS 50/50, which, in all
likelihood, can also be explained by the greater plasti-
city of the latter. It should be noted that a common fea-
ture characterizing all variants of experimental compacts
is the dominance of the peak compressive stress values
obtained during strength testing of samples made from
the 2.5 mm fraction over the strength values of samples
made from the smaller fraction — on average by 7 % for
the case of single-action uniaxial compaction and by
12 % for compaction in the field of centrifugal forces.

Analysis of the relationships presented in Fig. 4 also
showed that the compressive strength of samples formed
in the field of centrifugal forces is, on average, 15 %
lower than that of compacts obtained by single-action
compaction, which, however, is sufficient to ensure their
further technological applicability.
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Fig. 3. Dependences of the average density of compacts made of
PS50/50 material on angular velocity of the mold rotation:
a — fraction 2.5 mm; b — fraction 0.63 mm

Puc. 3. 3aBUCUMOCTH CpeiHEH IUIOTHOCTH IPECCOBOK
n3 marepuaina [1C50/50 ot yrioBoit ckopocTu BparieHust GopMbl:
a — ¢paxuus 2,5 mm; b — ppakius 0,63 Mm
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Fig. 4. Dependence of stress on deformation under
vertical uniaxial compressive loading of the samples made
of materials of the following grades:
a—T1; b—PS50/50

Puc. 4. 3aBUCHMOCTb HANPsHKEHUS OT JIepopMannm
IIPU BEPTUKAJIBHOM OZIHOOCHOM CXKMMAIOILEM Harpy)keHuH 00pasioB,
BBINOJTHEHHBIX M3 MaTepHajioB MapoK:
a—T1; b—-TIC50/50

[ ConcLusiOoNs

As a result of a series of computational and experi-
mental studies, the force parameters of the compaction
process under centrifugal forces were determined for
powdered bodies made from fractions of the waxy pat-
tern material PS 50/50. A comparative analysis was per-
formed of the compressive strength values of cylindrical
compacts and those of samples obtained by compaction
of paraffin grade T1 in a closed mold.

The calculation method proposed by G.N. Zhdano-
vich, adapted to determine the stress relationships arising
during vertical uniaxial compaction of PS 50/50 powder
compacts in the technologically acceptable range of rela-
tive densities (0.8 — 1.0), was found to be the most sui-
table.

The experimental results showed that density values cor-
responding to compacts with porosity of 0 % < P <10 %,
formed from PS 50/50 fractions using an attached mass,
are achieved at mold rotation speeds ranging from 3500
to 4200 rpm. The points on the calculated dependences
of the average density of PS 50/50 compacts on the mold
rotation speed were found to be, on average, 5 % lower
than the experimental data, which may be attributed
to the neglect of frictional forces between the compacted
material and the mold walls in the calculations.

Analysis of the experimental data also established
that the compressive strength of samples formed under
centrifugal forces is, on average, 15 % lower than that

of compacts obtained by single-action compaction,
which, however, remains sufficient to ensure their further
technological use.
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HARDENING OF SURFACE LAYERS OF LONG RAIL HEAD
DURING LONG-TERM OPERATION

N. A. Popova® 2, V. E. Gromov!, A. B. Yur'ev’,

E. L. Nikonenko?, M. A. Porfir'ev!

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2Tomsk State University of Architecture and Building (2 Solyanaya Sqr., Tomsk 634003, Russian Federation)

B3 gromov@physics.sibsiu.ru

Abstract. Starting in 2018, JSC EVRAZ United West Siberian Metallurgical Plant (EVRAZ ZSMK) produced rails of the DT400IK category with
increased wear resistance and cyclic crack resistance for heavy traffic and difficult sections of track with steep curves with a radius of less than 650 m.
The method of transmission diffraction electron microscopy was used to study the structural and phase states and defect substructure at different
distances (0, 2, 10 mm) from the “wheel — rail” contact surface along the central axis of symmetry of the rail head (tread surface) and along
the radius of rounding of the rail head (fillet) of differentially hardened long rails of the DT400IK category made of hypereutectoid steel after long-
term operation on the experimental ring of Russian Railways (passed tonnage of 187 million tons). Based on the obtained structure parameters,
the quantitative estimates were made of the dislocation substructure and main strengthening mechanisms (strengthening of the pearlite component,
incoherent cementite particles, grain boundaries and subboundaries, dislocation substructure and internal stress fields) in various morphological
components and in the material as a whole, forming the additive yield strength in the studied steel. A comparison of the quantitative parameters
of the fine structure and contributions to strengthening on the tread surface and fillet was carried out. It was established that near the “wheel — rail”
contact on the tread surface the prevailing morphological component is the subgrain structure, in the fillet — a ferrite-carbide mixture (completely
destroyed pearlite). Strength of the rail head metal depends on the distance to the “wheel — rail” contact surface. It is shown that the main streng-
thening mechanisms on the tread surface are strengthening by internal stress fields, in the fillet — strengthening by incoherent particles.

Keywords: rails, fillet, tread surface, electron microscopy, hypereutectoid steel, phase composition, fine structure parameters, strengthening mechanisms
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YNPOYHEHUE NOBEPXHOCTHbIX C/1I0OEB NO/1IOBKU
ANVNHHOMEPHbIX PENIbCOB NPU ANIMTENBHOMN 3KCNNYATALIUM
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2 TomcKHii rocy1apCTBEHHbIN APXUTEKTYPHO-CTPOUTENbHBI yHuBepeutet (Poccus, 634003, Tomck, m. Consnas, 2)
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AnHomayus. Haunnas ¢ 2018 rona nHa AO «EBPA3 O6benunenHblil 3anaaHo-CHOUPCKUil METaUTypruuecKiii KOMOMHAT» TPOM3BOMSATCS PEIbCHI
xateropun JIT400MK moBeieHHOI H3HOCOCTONKOCTH U MUKIMYECKOH TPEIMHOCTONKOCTHU IS TSKEIIOBECHOTO ABMKEHHS U CIOKHBIX YIaCTKOB
ITyTH C KPYTBIMU KPUBBIMH pajinycoM MeHee 650 M. MeTo0M NMpOoCBeYHBaroIIei TUPPaKIIMOHHON IEKTPOHHOH MUKPOCKOIIUY M3Yy4eHBI CTPYK-
TypHO-(pa30BbIe COCTOSIHUS M AedekTHas cyOCcTpykTypa Ha pasHbIX paccTostHusX (0, 2, 10 MM) OT NMOBEpXHOCTH KOHTAKTa «KOJIECO — PEIIbCH»
BJIOJIb LICHTPAJIbHOW OCH CUMMETPHUH TOJOBKH peiibca («IIOBEPXHOCTh KaTaHHs») M IO pajJiyCy CKPYIJICHHUS TOJIOBKH peiibca («BBIKPYIKKa»)
G pepeHInpOBaHHO 3aKaJCHHBIX JUIMHHOMEPHBIX pesibcoB kareropuu JIT400MK u3 3a3BTEKTOMIHOI cTamy 1Mocie JIHTEIbHOM dKCIUTyaTaluu
Ha skcnepuMeHTanbHoM Koubiie PXK/I (mpomymieHHblit ToHHaX 187 MutH T). Ha OCHOBaHMM TOJTyYEHHBIX MapaMETPOB CTPYKTYPHI BBIOIHEHbI
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KOJINYECTBEHHBIC OLCHKU IMCIOKALMOHHON CyOCTPYKTYpBI M OCHOBHBIX MEXaHM3MOB YNPOYHEHUs (yNPOUYHEHHUE NEPJIUTHOI COCTaBIIOIEH,
HEKOTEPEHTHBIMHU JaCTHI[AMH LIEMECHTHTA, TPAHHUIIAMHU 3€PEH U CyOrpaHHIaMU, TUCIOKAMOHHOM CyOCTPyKTypOH M BHYTPEHHHMH MOJLIMH HAIps-
JKEHMH), B pa3iIMYHBIX MOP(OIOrHYECKUX COCTABISIONIMX U B LEJIOM 10 MarepHaity, GOpMHUPYIOMIMX aJIUTHBHBIN Npeaes TeKyu4ecTH B uccie-
nyemoit cranu. I[IpoBeneHo cpaBHEHME KONMUECTBEHHBIX ITapaMETPOB TOHKOH CTPYKTYpBI M BKIIAJOB B YIPOUHEHHE Ha «IIOBEPXHOCTH KaTaHHs»
U «BBIKPY)XKe». BOIN3M KOHTAKTa «KOJIECO — PEJIbC» Ha MOBEPXHOCTU KaTaHHs NpEeBAIUPYIOLIeH MOP(OIOrHIEcKOil cOCTaBISIOMEH SBIsIeTCS
cy03epeHHas CTPYKTYpa, B BBIKPYKKE — (peppHUTO-KapOHUaHAs cMeCh (TIOIHOCTBIO pa3pyLICHHbIH epanT). [IpodHOCTs MeTallIa TOIOBKH PEIbCOB
3aBUCHUT OT PACCTOSTHHUS JI0 MOBEPXHOCTH KOHTAKTA «KOJIECO — Pelibc». OCHOBHBIM MEXaHU3MOM YIPOYHEHHUS Ha TIOBEPXHOCTH KaTaHUs SIBIISIETCS
YIPOYHEHHUE TOISIMU BHYTPEHHUX HANPSKEHUH, B BBIKPYKKE — YIIPOUHEHHE HEKOT€PEHTHBIMH YaCTHLIAMHU.

Kawuessle cao8a: PCIIBChI, BBIKPYKKaA, [TIOBEPXHOCTH KaTaHUS, DJICKTPOHHAST MUKPOCKOIINS, 3a3BTCKTON/IHAs CTaJIb, (ba30131>1171 COCTaB, ImapaMeTpbl TOH-

KO CTPYKTYpbI, MEXaHU3Mbl YIIPOUHEHHS

BaazodapHocmu: Pabora BbINONHEHA B paMKaX rOCYIapCTBEHHOTO 3aaHusi MUHHCTEPCTBA HAyKH U BhIcIIero odpaszoBanusi Poccuiickoit denepannu
(tema Ne FEMN-2023-0003). ABTops! Bepakator OmarogapHocts E.B. IToneBomy 3a npenocrasiennsie o6pasipl 1 WM.FO. JIuToBueHko 3a nomouib

B nposenenun [19M-uccnenoBanuii.

/s yumupoeanus: Ilonosa H.A., I'pomos B.E., IOpser A.B., Hukonenko E.JI., [Topbupses M.A. YrpouHeHHEe MOBEPXHOCTHBIX CJIOEB TOJIOBKH
JUIMHHOMEPHBIX PEJIBCOB TPH JUTUTEIBHOM KCITyaTaunu. M3eecmus 6y306. Yepras memannypeus. 2025;68(6):572-580.
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[ INTRODUCTION

According to data from the Russian Railways (RZhD),
the primary causes of rail failure and subsequent with-
drawal from service are contact fatigue damage and sur-
face wear. These defects markedly reduce rail service
life and directly affect traffic safety [1]. In recent years,
a pronounced increase in axle loads and operating speeds
in railway transport has been observed, which makes
the development of rails with enhanced operational per-
formance particularly relevant [2 —5]. During service,
the surface layers of rails undergo substantial structural
and phase transformations [5 —7]. These changes are
accompanied by high microhardness values, decarburiza-
tion [8 — 10], and the progression of relaxation, recrys-
tallization, and related processes, which ultimately lead
to the degradation of mechanical properties [11 — 13].

Increasing the carbon content in rails beyond 0.8 wt. %
reduces the interlamellar spacing and promotes the for-
mation, in the surface layers, of a subgrain structure with
a high fraction of low-angle boundaries [14 — 17]. This
approach can therefore be regarded as one of the promi-
sing strategies for mitigating contact fatigue [18 — 21].

Since 2018, Russia has been producing long, diffe-
rentially hardened special-purpose rails with enhanced
wear resistance and contact fatigue endurance -—
DT400IK category rails made of hypereutectoid steel —
at EVRAZ ZSMK. These rails are intended for operation
at speeds of up to 200 km/h on both straight and curved
track sections without restrictions on traffic load inten-
sity [22 — 24].

The scientific literature contains very few studies
addressing rails made of hypereutectoid steel; exis-
ting works mainly report qualitative changes [25 — 30].
It is known that for rails with a carbon content below
0.8 wt. %, long-term operation leads to more pronounced
evolution of the proportions of various morphological
structure types, fine structure parameters, and cementite
content at the fillet than at the tread surface [31; 32].

The aim of the present study is to provide a compara-
tive assessment of the quantitative fine structure para-
meters and deformation strengthening mechanisms in
the surface layers of the rail head — specifically, the tread
surface and the fillet — of hypereutectoid steel rails after
long-term operation (passed tonnage: 187 million tons,
gross).

[l MATERIALS AND METHODS

The samples were taken from differentially harde-
ned DT400IK category rails made of E90KhAF
steel manufactured by EVRAZ ZSMK. The rails had
accumulated a passed tonnage of 187 million tons
(gross) in service on the experimental ring of Rus-
sian Railways (RZhD) in Shcherbinka. The internal
structure and phase composition were examined in
these samples. According to GOST 5185-2013 and
TU 24.10.75111-298-057576.2017, the chemical compo-
sition of E9OKhAF rail steel was (wt. %): 0.92 C, 0.4 Si,
1.0 Mn, 0.3 Cr, 0.14 V, balance Fe.

Two sets of the samples, 4 and B, were cut from
the rails (Fig. 1). Set 4 was sampled along the cent-
ral axis of symmetry of the rail head, corresponding
to the tread surface (Fig. 1). Set B was taken along
the radius of rounding of the rail head, i.e., from the fil-
let (Fig. 1). The samples from both sets were produced
by electrical discharge cutting at identical distances
from the wheel —rail contact surface, namely 0 mm
(the uppermost layer of the contact surface), 2 and 10 mm
below the surface. The studies were carried out using
transmission diffraction electron microscopy (TEM) on
thin foils, employing a JEM-2100 transmission electron
microscope (JEOL, Japan) at operating magnifications
ranging from 15,000 to 500,000*.

For each sample, the morphological components
of the microstructure were classified, the phase compo-
sition was established, and the key fine structure para-
meters were quantified, including the volume fractions
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Fig. 1. Scheme of foil preparation during examination
by electron diffraction microscopy at distances of 0, 2, 10 mm
from the surface along the central axis (4) and the radius
of rounding of the fillet (B)

Puc. 1. Cxema noAroToBKU (DOJIBI TIPH HCCIETOBAHUN METOIOM
9JIEKTPOHHON TH(PAKINOHHON MUKPOCKOIIUHU Ha PACCTOSHUAX
0,2 n 10 MM OT TOBEpXHOCTH MO LEHTPAILHON ocH (A)

U PaZinyCy CKPYIJICHUS BBIKPYXKKH (B)

of the identified components. The distribution of the car-
bide phase (cementite) was also mapped, and for each
location the particle shape, particle size, interparticle
spacing, and volume fraction were determined. Disloca-
tion characteristics were quantified as the scalar disloca-
tion density (p) and the excess dislocation density (p,),
together with the amplitudes of internal stresses: (o
the shear (“forest”) stress generated by the dislocation
structure, and o, the long-range (local) stress associated
with regions of excess dislocation density. All quantitative
fine structure parameters were determined both for each
morphological component and for the material as a whole,
followed by statistical processing. The methodology for
determining these quantitative parameters is described
in detail in [33; 34]. On the basis of the obtained data,
and according to the authors of [33; 35; 36], the principal
strengthening mechanisms contributing to the formation
of the yield strength of the investigated steel were eva-
luated for each sample set.

JJll RESULTS AND DISCUSSION

Previous studies [33; 34; 36] showed that, at a depth
of 10 mm from the wheel —rail contact surface along
the central axis of symmetry (the tread surface),
the microstructure of the steel after long-term operation
is dominated by pearlite with different morphologies.
This includes lamellar (ideal) pearlite with nearly paral-
lel a-phase and cementite lamellae, partially destroyed
(defective) pearlite with bent and locally broken cemen-
tite lamellae, and globular pearlite. Together, these pear-
litic constituents account for about 80 % of the struc-
ture. The remaining 20 % is represented by fragmented
lamellar pearlite, in which dislocation walls form trans-
verse to the a-phase lamellae; the average fragment size
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is approximately 90x420 nm. Representative micro-
graphs of these morphological components are given
in [33; 34; 36].

With decreasing distance to the wheel — rail contact
surface, pearlite undergoes progressive degradation,
while the fragmented structure becomes more refined
and its characteristic dimensions decrease. Under these
conditions, a subgrain structure forms and develops
rapidly (Fig. 2, a). At the contact surface, this structure
consists predominantly of dislocation-free subgrains with
an average size of about 80 nm, occupying nearly 90 %
of the material volume.

Service exposure is accompanied by the breakup and
redistribution of cementite particles and by a slightincrease
in both the scalar and excess dislocation densities, fol-
lowed by their decrease as the dislocation-free subgrain
structure begins to develop intensively. The fragmenta-

Fig. 2. TEM images of the subgrain structure (a) and microcracks

in the subgrain structure () on the tread surface and ferrite-carbide

mixture (c) in the fillet in E9OKhAF steel after long-term operation
(wheel — rail contact surface)

Puc. 2. [I9M-u300paxenus cyo3epeHHON CTPYKTYpbI (a)

U MUKPOTPEILUHBI B Cy03epeHHOi cTpykType (D) Ha «IIOBEPXHOCTH
KaTaHus» U GpeppuTo-KapOUIHON cMecH () B «BBIKPYKKE» B CTAIIN
390XAD nocne UIMTENbHON IKCILTyaTalluK (TOBEPXHOCTh KOHTAKTa
«KOJIECO — PEIIBCH)
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tion of lamellar pearlite and the formation of the subgrain
structure lead to elastic distortion of the a-phase crystal
lattice. As a result, the amplitude of the long-range inter-
nal stresses o , associated with regions of excess disloca-
tion density, becomes approximately 4.5 times higher than
that of the internal shear stresses o, generated by the dis-
location structure. At the contact surface, the elastic com-
ponent of these long-range stresses exceeds the plastic
component by more than an order of magnitude, which

1.0

provides the primary driving force for microcrack initia-
tion within the subgrain structure (Fig. 2, b). The evolu-
tion of the average quantitative fine structure parameters
with decreasing distance from the wheel-rail contact sur-
face is summarized in Fig. 3, a — d.

In contrast to the central axis of symmetry (the tread
surface), the steel structure along the radius of roun-
ding of the rail head (the fillet) at the same depth from
the wheel-rail contact surface (10 mm) contains, in addi-
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Fig. 3. Dependences of quantitative parameters of fine structure on the distance to wheel — rail contact surface
on the tread surface (@ — d) and fillet (e — h):
a, e — volume fractions of morphological components P, (1 — pearlite of different morphology; 2 — fragmented lamellar pearlite;
3 — subgrain structure; 4 — ferrite-carbide mixture); b, f— scalar p and excess p, dislocation density;

¢, g — amplitudes of internal stresses (shear 6,and long-range ,); d, h — components of long-range stresses (clastic o and plastic Gpl)

is

Puc. 3. 3aBUCUMOCTH KOJIMYECTBEHHBIX TAPAMETPOB TOHKOIT CTPYKTYPBI OT PACCTOSHHS JI0 TTIOBEPXHOCTU KOHTAKTA «KOJIECO — PEIIbCH
HA «IIOBEPXHOCTH KaTaHUs» (a — d) U «BBIKpYKKe» (e — h):
a, e — 00bEMHBIE 10711 MOP(OTIOTHYECKUX COCTaBIISIOMMUX P, (1 — nepaut pasHoit MopQonoruu; 2 — pparMeHTHPOBaHHbIH MIACTUHYATBIH NEPIIUT;
3 — cyb3epeHHas CTpyKTypa; 4 — GpeppuTo-KapOuHas cMech); b, f— ckaspHas p U U30bITOYHAsS P, TIOTHOCTb JUCIOKALIUIA;
¢, g — aMIUIUTY/Ibl BHYTPEHHUX HANPSKEHUH (CABUTA G, M NATbHONECHCTBYIOIUX G, );

/

o o v 1 v
d, h — cocTaBnsOIIKE AATBHOIEHCTBYFOIMX HANPSKEHHUH (YIIPYroi G}, U IIacTHYECKOH 62)

575



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(6):572-580.
[lonosa H.A., I'pomog B.E. u dp. YipouHeHHe IOBEPXHOCTHBIX C/I0€B I'0JIOBKH JIIMHHOMEPHBIX PeJIbCOB DU JJIUTEIbHOH 3KCIIyaTaluu

tion to pearlite of various morphologies and fragmented
lamellar pearlite, an additional morphological component.
The volume fractions of pearlite and fragmented lamellar
pearlite at this depth are close to those observed at the tread
surface (78 and 20 %, respectively). The additional com-
ponent, present in a small amount (approximately 2 %), is
a ferrite—carbide mixture, representing regions with com-
pletely destroyed pearlite colonies (Fig. 2, ¢). According
to diffraction analysis data [33], these regions contain
fine needle-shaped cementite particles with an average
size of 10%25 nm and exhibit a high scalar dislocation
density. With decreasing distance to the wheel — rail con-
tact surface, microstructural evolution at the fillet fol-
lows trends similar to those observed at the tread surface.
Pearlite undergoes intensive destruction, the fragmented
structure becomes increasingly refined with a reduction in
fragment size, and the ferrite — carbide mixture progres-
sively expands. At the contact surface, this component
accounts for approximately 60 % of the material volume.
Pearlite (lamellar, destroyed, and globular) remains pre-
sent, while a subgrain structure appears in a small frac-
tion (approximately 2 %). The evolution of the volume
fractions of the morphological components in the fillet
region as the contact surface is approached is shown in
Fig. 3, d.

As at the tread surface, the dislocation structure within
all morphological components consists of either ran-
domly distributed dislocations or dislocation networks.
The scalar dislocation density (p) increases in all com-
ponents as the wheel — rail contact surface is approached.
The highest values of p are observed in the ferrite — car-
bide mixture (the completely destroyed structure), whereas
the lowest values correspond to the subgrain structure.
Because, at the contact surface, the ferrite — carbide mix-
ture occupies 60 % of the material volume and the sub-
grain structure only 2 %, the average scalar dislocation
density of the material is governed primarily by the fer-
rite — carbide mixture. As a result, unlike the tread sur-
face, the average value of p increases toward the contact
surface (Fig. 3, f). The curvature — torsion of the a-phase
crystal lattice also increases toward the contact sur-
face. Accordingly, the excess dislocation density rises
at an even higher rate and rapidly approaches the value
of p (Fig. 3, f). This behavior is attributed to the appea-
rance of an elastic component in lattice bending — torsion
within the ferrite — carbide mixture, fragmented lamel-
lar pearlite, and subgrain structure. As a consequence,
the amplitude of the long-range internal stresses o,
exceeds the shear stress o, (Fig. 3, /), with the elastic
component of gis dominating over the plastic component,
as also observed at the tread surface.

Using the obtained quantitative fine structure para-
meters, the principal strengthening mechanisms of hyper-
eutectoid rail steel were analyzed and compared at diffe-
rent distances from the contact surface after long-term
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operation, both along the central axis of symmetry
of the rail head (the tread surface) and along the radius
of rounding of the rail head (the fillet). The follow-
ing contributions were considered: strengthening due
to pearlite Ac ., (barrier braking within pearlite colo-
nies); strengthening by incoherent cementite partic-
les Ao, (Orowan bypass mechanism); strengthening
by grain boundaries and subboundaries Ac_, (substruc-
tural strengthening associated with intraphase bounda-
ries); strengthening by the dislocation substructure Ao,
(forest dislocation strengthening, i.e., internal shear
stress); and strengthening by internal stress fields Ao,
(long-range stress-field strengthening). Quantitative
evaluation of these contributions was performed using
the relationships given in [33 — 36]. The results are sum-
marized in Fig. 4.

The analysis shows that, irrespective of the samp-
ling direction, the strength of the rail metal is governed
by the distance from the wheel —rail contact surface
(Fig. 3). As the contact surface is approached, all major
strength characteristics increase, with the most pro-
nounced strengthening confined to a near-surface layer
no thicker than 2 mm. At greater depths, the strength pro-
perties of the steel remain close to those of the initial-state
steel. Along the tread surface, strengthening is dominated
by internal long-range (local) stresses, primarily of an elas-
tic nature, together with substructural strengthening and
strengthening by incoherent particles. This reflects the fact
that, at the contact surface, the subgrain structure occupies
nearly the entire material volume (90 %). The nanometer-
scale size of the subgrains (approximately 80 nm) results
in a high density of subboundaries and junctions, predo-
minantly triple junctions, which act as sources of bending
extinction contours. These are mainly elastic in nature
and give rise to high long-range internal stresses, whose
elastic component exceeds the plastic component by more
than an order of magnitude.

At the contact surface of the fillet, strengthening is
governed primarily by incoherent particles, together with
contributions from internal long-range (local) stresses and
internal shear stresses associated with forest dislocations.
This behavior arises because the main morphological
components controlling strengthening are the ferrite—car-
bide mixture, which occupies 60 % of the material volume
and has a low boundary density, and fragmented lamel-
lar pearlite, accounting for 20 %. Although the subgrain
structure formed at the contact surface increases the num-
ber of grain junctions and, consequently, the contribution
of Ao, , its overall effect on strengthening remains limited
because of its small volume fraction (2 %).

[ ConcLusions

A quantitative assessment of the fine structure and
strengthening mechanisms of hypereutectoid rail steel
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Fig. 4. Contributions of the main strengthening mechanisms Ag, to yield strength of EQOKhAF steel at different distances from the wheel — rail
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Puc. 4. Bxnia/ibl OCHOBHBIX MEXaHM3MOB YNIpOuHEHHUsE AG, B Ipezien TeKydecTn ctam D90XAD Ha pasnuvHbIX PaCCTOSHUAX
OT IIOBEPXHOCTH KOHTAKTa KKOJIECO — PEIIbC» HA ITOBEPXHOCTH KATAHUsD) (¢) M «BBIKPYIKKE) (C) M BKIIA/IbI INIACTHYECKOM AG ), 1 ynpyroi Ac,, co-
CTaBJISIOIMX BHYTPEHHUX JAbHOICHCTBYIOIMX HANIPSKEHUH AG; Ha «IOBEPXHOCTHU KaTaHus» (b) u «BbIKpYx)Ke» (d)

was performed for individual morphological compo-
nents and for the material overall at various distances
from the wheel — rail contact surface, considering both
the tread surface (along the central axis of symmetry
of the rail head) and the fillet (along the radius of roun-
ding of the rail head), after a passed tonnage of 187 mil-
lion tons (gross).

A clear microstructural contrast was observed depen-
ding on where the gradient-affected layers develop within
the rail head — at the tread surface versus the fillet. Near
the wheel —rail contact surface, the tread surface is
dominated by a subgrain structure, whereas the fillet is
characterized primarily by a ferrite — carbide mixture.
This difference leads to distinct prevailing strengthening
mechanisms: at the tread surface, strengthening is gover-
ned mainly by internal stress fields, while at the fillet it is
driven predominantly by incoherent particles.

Regardless of the sampling direction, the strength
of the rail metal varies systematically with distance from
the wheel — rail contact surface. The strongest strengthe-
ning response is confined to the near-surface layer no

thicker than 2 mm. Deeper into the rail head, the steel
largely retains strength levels comparable to those
of the initial state steel.
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PRODUCTION OF CARBIDE STEELS BASED ON HIGH-SPEED STEEL
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Abstract. The work is devoted to the study of the possibility of obtaining carbide steel based on powdered high-speed steel 10R6MS5 with additives
of tungsten (WC) and titanium (TiC) carbides by induction surfacing. The selected compositions of the deposited charge and the proposed composition
of the flux based on fused borax with additives of boric acid and a number of oxides satisfy the technology. The developed technology includes a flux,
a method of briquetting charge using a piston device that minimizes the movement of ferromagnetic components of the charge under the influence
of inductor electromagnetic field during surfacing. Deposited layers of carbide steel based on high-speed steel reinforced with tungsten and titanium
carbides were produced and studied. The obtained layers were analyzed using optical and electron microscopy (using a microanalyzer), phase compo-
sition of the deposited layers was controlled by the X-ray phase method, and hardness of the layers was measured by the Rockwell method. Addition
of tungsten carbide to powdered high-speed steel leads to the formation of ledeburite structure during surfacing, which is characteristic of high-tung-
sten high-speed steels. An increase in the amount of tungsten carbide in the carbide steel leads only to its partial melting in liquid steel, which helps
to preserve the particles of introduced carbides in the microstructure. Titanium carbide added to the carbide steel composition significantly changes
the morphology of ledeburite precipitates. According to X-ray phase analysis data, a number of carbides of Me ,C, Me,C, Me,C and MeC types were
observed in the composition of carbide steels, which are characteristic of carbide steels obtained by various methods (plasma surfacing, sintering,
impregnation of a carbide frame, etc.). It is shown that hardness of the samples of carbide steels with additives of tungsten and titanium carbides varies
from 59 to 63 HRC, depending on the composition and technological modes of surfacing.

Keywords: carbide steel, induction surfacing, structure, high-speed steel, tungsten carbide, titanium carbide
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MONYYEHUE KAPEUAOCTANEA HA OCHOBE BbICTPOPE)KVLI.I,Eﬁ CTANU
METOAOM MHAVKL{MOHHO“ HANNABKU

C. A. Kimmmos, ®. M. HockoB €, A. M. TokmuH, 0. A. MacaHCKuUit
| Cubupckuii dpegepansnbiii yausepeutet (Poccus, 660041, Kpacnosipek, np. CBoboauslid, 79)

&) fnoskov@sfu-kras.ru

AHHomayus. Pabota nocesiieHa NCCIeJOBAaHUIO BO3MOKHOCTH TOyYeHHUs] KapOHM/J0CTAI HAa OCHOBE IMOPOIIKOBO# ObicTpopeskyiei ctanu 10P6MS
¢ nodaskamu kapounoB Bonbppama (WC) u turana (TiC) MeTonoM MHAYKIHOHHOH HamaBku. [1oqo0OpaHHBIE COCTAaBbl HAIUIABISIEMOIl MIUXTHI
1 IIPEeUIOKESHHBIN cocTaB (uiroca Ha OCHOBE IUIABICHOM OypbI ¢ J0OaBKaMu OOPHOIT KHCIIOTHI U psijia OKCHIOB YIOBICTBOPSIOT TEXHONOIHHU. Pa3pa-
0OoTaHHAas TEXHOJIOTHs BKIIOYAeT B ceOst (urroc, crnocod OpMKETHPOBAHMS HIMXTHI C TOMOIIBIO ITOPIIHEBOTO YCTPOIMCTBA, MUHHUMHU3UPYIOIIETO
nepeMerieHre GpeppoMarHUTHBIX KOMIIOHEHTOB HIMXTHI MO BIMSIHUEM 3JIEKTPOMArHUTHOTO TOJISE MHIYKTOpa B Ipoliecce HarulaBku. [lomyyeHsr
Y MCCIIC/IOBaHbI HAIUIABICHHBIE CJIOM KapOMUIOCTAIN Ha OCHOBE OBICTPOPEXYIIEH CTalU C YIPOYHEeHHEeM KapOuaamu Bojib(pama u turaHa. Mccre-
JIOBaHKE TOIYYCHHBIX CIIOEB MTPOBOIUIOCH METOAAMH ONTHYECKOHN U JIEKTPOHHOW MHUKPOCKOITHH (C MPUMEHEHHEM MHUKpOAHAaJIM3aTopa), peHTre-
HO(DA30BBIM METOJIOM KOHTPOJIHMPOBAICS (Pa30BBIil COCTAB HAIUIABICHHBIX CJIOEB, TBEPJAOCTh CIOEB H3Mepsiiach MetonoM Poksera. Jlo6aBnenue
KapOua BoJib(hpama B MOPOLIKOBYIO OBICTPOPEIKYILYIO CTANIb IIPUBOAUT IIPH HAILIABKE K JOPMUPOBAHUIO JI€AOYPUTHOI CTPYKTYPBI, XapaKTepHO
JUISL BBICOKOBOJIB()PAMHCTBIX ObICTpOpeKyInx crajieil. [loBeiienne konuuecTa kapOuia Bojb(ppama B COCTaBe KapOUIOCTAIHN IPUBOIUT TOIBKO
K YaCTUYHOMY €r0 PacIUIaBICHHIO B )KUAKOW CTallH, YTO CHOCOOCTBYET COXPAHEHHIO B MHKPOCTPYKTYPE YacTHIl BHECEHHBIX KapounoB. Kapoux
TUTaHa, J00aBJICHHBIN B COCTaB KapOMOCTAIH, CYIIECTBEHHO MEHsIeT MOP(OJIOrUIo JieneOypUTHBIX BbiaeneHHd. [1o JaHHBIM peHTreHO(ha30BOro
aHasM3a B COCTaBe KapOupocTasel HabarmaaeTes psij KapOuIoB THIA Me,,C, MeGC, Me,C u MeC, CBOWCTBEHHBIX KapOHI0CTAIISIM, [TOTyYCHHBIM
Pa3IMYHBIMUA MeToziaMH (TUTa3MEHHON HAIUIaBKOM, CIIEKaHHWEeM, MPOMMTKONW KapOWIHOro kapkaca u ap.). IlokazaHo, 4To TBEpAOCTH 00OpasioB
KapOugocraneil ¢ qob6aBkamu kapOuI0B Boib(hpaMa U THTaHa Bapbupyercst ot 59 no 63 HRC, B 3aBUCHMOCTH OT COCTaBa M TEXHOJIOTHYECKHUX
PES)KUMOB HAILIABKH.
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[ INTRODUCTION

The development of new structural and tool mate-
rials with improved physicomechanical and operational
properties has become increasingly important. This
need arises from the limited potential to further enhance
the characteristics of well-known materials such as wear-
resistant [1 — 3] and tool steels (including high-speed
steels), as well as hard alloys [4 — 6].

Carbide steels, consisting of refractory carbides (most
often tungsten and titanium carbides) and steels, repre-
sent a new class of promising materials. They occupy
an intermediate position between hard alloys and steels,
combining the properties of both the carbide reinforcing
phase and the steel matrix [7 — 9].

Carbide steels are most commonly produced by pow-
der metallurgy methods, including sintering of compacted
powders, impregnation of a carbide frame with steel, hot
pressing, or hot extrusion [7]. However, these processes
involve numerous complex technological operations,
which limit their practical use. Alternative approaches
such as plasma [10—13] or laser [14; 15] have also
been investigated, but these methods are constrained
by the high cost of laser systems, loss of powder due
to plasma jet scattering, and consumption of expensive
gases. The key factor limiting the widespread application
of carbide steels remains the complexity of conventional
production technologies, which require sophisticated
equipment and long process cycles.

Induction surfacing of metallic layers [16 — 20], based
on high-frequency current heating, has recently become
a promising alternative. Under the multifactor influence
of the inductor electromagnetic field on the metal sub-
strate, flux, and initial charge, a a multilayer composite
is formed, in which a surface layer may be formed that
exhibits a set of improved properties, including wear
resistance, acid resistance, heat resistance, and so on.
This method is characterized by relatively low equipment
costs, simplicity of implementation, and short processing
times.

Moreover, the surfacing process can be partially com-
bined with heat treatment of the deposited layer if neces-
sary. The present study aimed to investigate the possib-
ility of producing carbide steel by induction surfacing.

The main objectives were to:

— select suitable compositions of the deposited charge
based on high-speed steel with tungsten and titanium car-
bide additives for induction surfacing;
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—develop a flux composition for induction surfacing
of carbide steel;

—produce deposited layers of carbide steel based on
high-speed steel reinforced with tungsten and titanium
carbides on steel substratex;

— analyze the microstructure and properties of the
obtained samples.

[l MATERIALS AND METHODS

Powdered high-speed steel 10R6MS5S was used as
the main component of the charge for producing the depo-
sited layers. To obtain carbide steel, the powdered steel
was mixed on an organic binder with tungsten carbide
(WC) and titanium carbide (TiC) powders in various
proportions (5 — 20 wt. % relative to steel). The upper
limit was deliberately set below the conventional range
(20 — 70 wt. %) [7], because induction surfacing is cha-
racterized by considerably shorter heating times com-
pared with traditional processes, and, consequently,
the available time for interaction between the matrix
and the reinforcing phase is also reduced. Consequently,
excessive amounts of reinforcing carbides were avoided
to ensure effective component interaction and a defect-
free structure.

Flux plays an essential role in induction surfa-
cing, protecting both the molten metal and the surface
of the steel substrate from oxidation by atmospheric oxy-
gen [9]. The flux mixture consisted of powdered fused
borax, boric acid, and oxide additives of silicon, magne-
sium, calcium, and sodium.

During flux selection, the influence of the magnetic
field generated in the surfacing zone on the charge was
taken into account. One of the challenges in produc-
ing carbide steel based on high-speed steel is the ferro-
magnetism of powdered steel, which interacts strongly
with the electromagnetic field at the initial heating stage
(before the transition to a paramagnetic state). To prevent
displacement of the powder charge under these condi-
tions, the mixture was compacted into briquettes. The flux
also acts as a kind of binder, holding the charge particles
together within the temperature range in which the flux
was already molten while the metallic part of the charge
had not yet fused.

A piston-type compaction system proved most effec-
tive for briquetting. The mixed charge components were
placed into a container pre-lubricated with a plasticizer
based on an organic compound, which reduced adhesion
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Fig. 1. Scheme of induction surfacing:
1 — ferrite core; 2 — coil inductor; 3 — asbestos gasket;
4 — deposited briquette; 5 — metal substrate in the form of a plate

Puc. 1. Cxema HHAYKLIMOHHOW HAIJIaBKU:
1 — eppUTHBIIA CEpACUHHK; 2 — BUTKOBBIH HHIYKTOP;
3 — acOecToBasi MPOKJIA/IKa; 4 — HAILIABIISIEMbIil OPHKET;
5 — MeTaJIIM4ecKas MOAJI0KKa B (hOpME TIIACTHHBI

of the components to the container walls and the piston.
Compaction was performed by applying pressure with
the piston, during which excess binder and plasticizer
could be released. The briquettes were then dried for
at least 2 h at 80 °C.

Plates of medium-carbon structural steel 45 were used
as substrates.

Surfacing of the plates (Fig. 1) was carried out using
a high-frequency induction unit of the UVG 2-25 type
equipped with a GNOM-25M1 generator, with a power
output of up to 20 kW and an operating frequency of 44
to 66 kHz. A coil inductor with a water-cooled ferrite
core was used. To fix the briquettes at the initial stage
of surfacing and protect the inductor, an asbestos gas-
ket was placed between the briquette and the substrate
(Fig. 1).

Microstructural studies were conducted using a Carl
Zeiss Axio Observer.D1 optical microscope and a Hita-
chi TM4000 scanning electron microscope with a micro-
analyzer. The phase composition was examined by X-ray
phase analysis using a Bruker diffractometer with copper
radiation. The hardness of the deposited layers was mea-
sured by the Rockwell method.

[ RESULTS AND DISCUSSION

Microstructural analysis of the deposited layers
revealed that the overall structure corresponds to the cha-
racteristic features of cast high-speed steel. All samples
contained ledeburite eutectic of varying morphology
depending on the composition and carbide content in
the charge. A solid solution based on austenite was also
present, its composition varying widely depending on
the alloy composition.

When powdered high-speed steel I0R6MS was sur-
faced without additives (Fig. 2, a), a typical cellular
structure was observed, with small inclusions of lede-
burite eutectic of feather-like morphology. The addition
of a small amount of tungsten carbide led to its almost
complete dissolution in the melt; the resulting solidified
structure resembled that of high-speed steel without addi-
tives (Fig. 2, b), but with a higher amount of feather-like
ledeburite eutectic.

A further increase in the amount of added carbides
leads to the formation of ledeburite eutectic with the so-
called skeletal morphology, characteristic of high-tung-
sten high-speed steel of the R18 type (Fig. 2, ¢). This
is explained by the dissolution of the added carbides
in the liquid steel during surfacing. However, because
of the short duration of the process, the solubility limit
is apparently governed not so much by the constraints
of the phase diagram as by the insufficient time for comp-
lete interaction. As a result, a structure may be identi-
fied in which, along with the skeletal eutectic, clusters
of undissolved tungsten carbide particles with a charac-
teristic angular shape are observed (Fig. 2, d).

According to X-ray phase analysis, the structure con-
tained austenite, martensite, cementite, and ledeburite
with carbides of the Fe, W .C and Fe,W.C types. In addi-
tion, X-ray phase analysis revealed carbide inclusions
of the W,C and WC types, the latter representing partially
partially undissolved particles of the introduced carbide
phase remaining in the solid solution in samples with
a relatively high content of added carbides.

Hardness tests showed that deposited 10R6MS5
layers without reinforcement exhibited 60 — 61 HRC,
while those with tungsten carbide additions reached
61 — 63 HRC.

Producing carbide steel based on high-speed steel
reinforced with titanium carbide (TiC) proved more dif-
ficult. This was due to the specific nature of the wetting
of titanium carbide by molten steel, as well as mutual dis-
solution between the matrix and the reinforcing phase,
among other factors [7]. Nevertheless, deposited layers
of carbide steel with TiC were successfully obtained.
Their microstructures (Fig. 3) varied depending on TiC
content.

At low TiC concentrations (Fig. 3, a), the structure
consisted of austenitic cells with a carbide network and
visible martensite. No skeletal ledeburite was observed.
As the TiC content increased, the deposition quality
decreased and the tendency to pore formation became
more pronounced; inclusions of ledeburite appeared
with an intricate “Arabic script” morphology (Fig. 3, b).
These features are apparently due to the ability of molten
steel to dissolve only a limited amount of the introduced
carbides and from the specific solidification behavior
of the melt.

583



U3BECTUSA BY30B. YEPHASI METAJLIJIYPTUA. 2025;68(6):581-586.

Kaumos C.A.,, Hockos .M. u dp. [lonydeHne kapbugocTaseld Ha OCHOBE ObICTPOPEXYIILEN CTaIl METOAOM HHAYKIIMOHHON HAIJIAaBKU

n

Fig. 2. Microstructure of deposited layers:
a — high-speed steel 10R6MS without additives; b — d — carbide steel with 5, 10, 20 wt. % WC

Puc. 2. MukpocTpyKTypa HaIlJIaBI€HHBIX CIIOEB:

a — owicTpopesxyas cranb 10P6MS 6e3 nobasok; b — d — kapounocrans ¢ 5, 10 u 20 mac. % WC

X-ray phase analysis of TiC-containing samples [ CONCLUSIONS
revealed austenite, martensite, cementite, and ledeburite
with carbides of Fe,W.C and Fe,W,C types. Alongside Compositions of the deposited charge suitable for
titanium carbide TiC, carbide inclusions of W,C were induction surfacing based on high-speed steel 10R6MS5

also identified.

with up to 20 wt. % tungsten carbide (WC) and tita-

The hardness of these samples ranged from 59 nium carbide (TIC) were selected. A flux composition

to 63 HRC.
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for induction surfacing of carbide steel was developed,

S . e

N

Fig. 3. Structure of carbide steel 10R6MS5 — TiC:

a—10 wt. % TiC (optical microscope); b — 20 wt. % TiC (electron microscope)

Puc. 3. Ctpykrypa kapounocranu: crans 10P6MS — TiC:

a — 10 mac. % TiC (ontudeckuii Mukpockor); b — 20 mac. % TiC (3neKTpOHHBIH MUKPOCKOIT)
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comprising borax and boric acid as the base components,
with oxide additives of silicon, magnesium, calcium, and
sodium. A complete induction surfacing technology was
designed and successfully applied to produce deposited
layers of carbide steel based on high-speed steel rein-
forced with tungsten and titanium carbides on steel 45
substrates. The microstructure of the obtained samples
contained austenite, martensite, cementite, and a number
of special carbides, including those of the Me,C, Me,C,
and MeC types. The hardness of the deposited carbide
steel layers varied from 59 to 63 HRC, depending on
the composition of the initial charge.

Thus, the feasibility of producing carbide steel based
on powdered high-speed steel 10R6MS with tungsten
and titanium carbide additives by induction surfacing has
been demonstrated.
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CONTACT CHARACTERISTICS OF C235 STEEL IN DRY SLIDING
AGAINST C45 STEEL UNDER HIGH-DENSITY ALTERNATING CURRENT
AT DIFFERENT TRANSFORMATION COEFFICIENTS OF SUPPLY TRANSFORMER

M. L. Aleutdinova®, V. V. Fadin

Institute of Strength Physics and Materials Science of the Siberian Branch of the Russian Academy of Sciences (2/4 Akademi-
cheskii Ave., Tomsk 634055, Russian Federation)
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Abstract. The authors studied the tribotechnical behavior of C235 steel under conditions of dry sliding electrical contact with a current density of more
than 100 A/cm? at different transformation coefficients of the supply transformer. A decrease in the transformation coefficient leads to a decrease
in the wear resistance and electrical conductivity of the contact. Metallographic methods revealed the formation of transfer layers on the contact
surfaces. Thickness of the transfer layers does not exceed 20 um. Morphological patterns of worn contact surfaces on the scale of the nominal
(geometric) contact area consist of two sectors, where one sector has signs of melting. X-ray phase analysis has shown that the transfer layers
contain more than 70 vol. % FeO. That is why the transfer layers could be represented as a quasi-dielectric medium, where FeO acts as a dielectric.
The authors assume that strong self-induction pulses occur in the contact zone, which cause high-density displacement currents. These currents
act directly on FeO ions and convert them into a melt. These concepts allow us to assert that the melt consists of atoms or ions of iron and oxygen.
A decrease in the transformation coefficient (that is, an increase in the inductance of the secondary winding of the supply transformer) causes
an increase in self-induction pulses and displacement currents, which leads to an increase in the amount of FeO melt, its easy removal from
the contact area, and a corresponding decrease in the wear resistance and electrical conductivity of the contact. The data obtained can serve as
guidelines when choosing wear-resistant materials for high-current sliding contact and, in particular, when defining its design.

Keywords: sliding electrical contact, contact electrical conductivity, wear intensity, adhesion, oxidation of friction zone, friction coefficient, melt on
sliding surface, displacement current
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XAPAKTEPUCTUKU KOHTAKTA CTANU CT3 NPU CYXOM CKO/IbXXEHUU
Nno CTANU 45 nog NEPEMEHHbIM 3/IEKTPUYECKMM TOKOM
BbICOKOI NNOTHOCTU NPU PA3HbIX KO3®DOULUUEHTAX
TPAHC®OPMALUUN MUTAIOLLEITO TPAHCO®OPMATOPA

M. U. AneytauHoBa “, B. B. ®aaux

HHeTuTyT GU3MKU NPOYHOCTH M MaTepuaJioBeaeHus Cudupckoro oraenenust PAH (Poccus, 634055, Tomck, np. Akagemudec-
Kuii, 2/4)

&) aleut@ispms.ru

AHHomayus. ABTopsl H3y4miIn TpuOOTEeXHUUYECKOe moBeaeHne ctanu CT3 B yCIOBHUSIX CYXOTrO CKOJB3SIILErO JIEKTPUUSCKOr0 KOHTAKTa C IJIOTHO-
cThio Toka Gonee 100 A/cm? npu pasHbIX Koa(duumenTax TpaHcopMaluu nuTaroiero tpancdopmaropa. Cumkenne koddpduuuenra Tpancdop-
MaIMH TIPUBOIUT K CHIDKCHHUIO N3HOCOCTONKOCTH H 3JIEKTPOIPOBOAHOCTH KOHTakTa. Metomamu Metamnorpadun 6bUt0 06GHAPYKEHO 00pa3oBaHHe
CJIOEB NE€PEHOCA Ha KOHTAKTHBIX MOBEPXHOCTSX. TONMHEI ClI0€B MepeHoca He npepbimaroT 20 MkM. Mophosiornyeckue KapTHHbI M3HOIICHHBIX
KOHTAaKTHBIX TOBEPXHOCTEH B MaciTabe HOMHHAIBHOM (TEOMETPUYESCKOIA) IO KOHTAKTa COCTOST U3 JIBYX CEKTOPOB, [JIE OIMH CEKTOP MMEET
NPHU3HAKY paciuiaBa. PeHTreHoBcKkuit (ha30BbIl aHAN3 [TOKA3all, YTO CJIOU repeHoca coaepikar oonee 70 00. % FeO. MimenHo noatomy ciou nepe-
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Aneymounosa M.H., ®adun B.B. XapakTepuCTHKM KOHTAKTA cTanu CT3 MPU CYXOM CKOJIbXKEHHUH 110 CTaIH 45 1oy nepeMeHHBbIM ...

HOCA MOXKHO IPEJICTaBUTh KaK KBa3H-AUINIEKTPUUECKYIO cpeny, rie FeO BrIcTynaeT Kak JUAIEKTPUK. ABTOPBI JEIAI0T MPEIIOI0KEHHE, YTO B 30HE
KOHTaKTa BO3HHUKAIOT CUJIbHBIE UMITYJIbChl CAMOMHYKIIMH, KOTOPBIE BBI3BIBAIOT TOKU CMEILEHHUS BHICOKOM INIOTHOCTH. DTH TOKH BO3EHCTBYIOT
HENoCcpe/ICTBeHHO Ha noHbl FeO M nepeBoasT UX B paciuiaB. JlaHHbIe pecTaBiIeH s MO3BOJISIOT YTBEPXKIaTh, YTO PaciulaB COCTOMT U3 aTOMOB
WIIH HOHOB JKene3a H Kucaopona. CHikeHne kod(duirenTa tpancGopManus (To €CTh yBeIMIeHUEe HHIYKTHBHOCTH BTOPUYHON OOMOTKH IMHUTAI0-
1iero Tpanc(h)opMaTopa) BeI3bIBACT YCHICHHE UMITYJILCOB CAMOMHIYKIUH M TOKOB CMEIIEHHUS, YTO IPUBOAUT K YBEIMUCHHUIO KOJIMYECTBA pacIiaBa
FeO, ero nerkomy ynajaeHHIO U3 30HBI KOHTAKTa U K COOTBETCTBYIOIIEMY YMEHBIIEHUIO M3HOCOCTOMKOCTH M JJIEKTPONPOBOAHOCTU KOHTAKTA.
[Mosy4eHHble JaHHBIE MOTYT CIYXKHUTh OPUEHTHPAMHU TIPHU BBIOOPE M3HOCOCTOMKUX MATEpHAalOB ISl CHIBHOTOYHOTO CKOJB3SIIETO KOHTAKTA H,

B 4YaCTHOCTH, ITPHU 3aJaHUU €TI0 KOHCTPYKIIHH.

Karoueswle c108a: CKONB3AININA SEKTPUUECKHI KOHTAKT, SJIEKTPHYECKasi IPOBOIMMOCTh KOHTAKTa, HHTCHCUBHOCTD M3HAIIIMBAHUS, aAT€3Us, OKHCICHNE
30HBI TPEHUS, KOIPOHUIMEHT TPEHHSI, PACIUIAB HA TIOBEPXHOCTH CKOJIBKEHUS, TOK CMEILIECHUS

Bbaazodaprocmu: Pabota BbINONHEHA B paMKaxX roCyJapCTBEHHOro 3a1anus VHCTUTYTa GU3MKK TPOYHOCTH M MatepuranoBeneHnss Cuoupckoro ote-
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[ INTRODUCTION

One of the primary objectives of tribology is to ensure
satisfactory wear resistance of friction pairs under severe
operating conditions. This can be achieved through
the appropriate design of the friction unit, the desired
environmental conditions, or the selection of appropriate
friction pair materials. Dry sliding under high-density
electric current is one of the extreme types of external
influences on contact zone materials. Known current
collector materials are typically operated under current
densities of 15 —40 A/ecm? during dry sliding against
a copper counterbody. Generally, known current collector
materials are not used for dry sliding at current densi-
ties exceeding 60 A/cm? [1], as such sliding leads to rapid
deterioration of the friction pair contact layers.

Material sliding under high-density currents (higher
than 100 A/cm?) is of scientific and practical interest.
A tribosystem with current collection must have contact
layers whose condition ensures high wear resistance and
high electrical conductivity of the contact. It is known [2]
that high electrical conductivity of a metal/steel sli-
ding contact typically corresponds to high wear resis-
tance under high current density. Therefore, increasing
the electrical conductivity of a sliding electrical contact
can simultaneously increase its wear resistance. Chan-
ging the design parameters of the current collector unit
can lead to improved contact characteristics.

A sliding electrical contact can be implemented by
incorporating a friction unit into the secondary power
winding circuit of a transformer. One of the fundamental
equations of an ideal transformer can be written as

i

Lo T TN,

or

iy = (i — i)y = (i —i)k,
n,

588

where n, and n, are the number of turns in the primary
and secondary windings, respectively; i, is the cur-
rent in the primary winding when the transformer is no-
load (i, = 0); i, and i, are the currents in the primary and
secondary coils when the secondary winding is loaded

(i, > 0); k = n,/n, is the turn ratio.

Itis clear from this that the value of i, = (i, _ —i)can
formally be increased by increasing & under certain con-
ditions. The current i, is the contact current (i, =i ) and
its increase at a low contact voltage drop will correspond
to an increase in the contact conductivity. Therefore,
the assumption that the contact current i, = i_ increases
with increasing k = n /n, should be verified experimen-
tally. Some metals (tungsten, molybdenum, etc.) are not
capable of sliding against steel with high contact conduc-
tivity, so they cannot serve as model materials for these
experiments. C235 steel is the most convenient model
material.

The aim of this study is to determine the regularities
of change in the electrical conductivity of a dry sliding
steel/steel electrical contact and its wear resistance at dif-
ferent turn ratios of the power transformer.

[ EXPERIMENTAL MATERIALS AND METHODS

Low-carbon steel C235 (0.2 % C) served as the mate-
rial for the cold-worked samples with a diameter
of 3.5 mm and a height of 8 mm. The sliding surfaces
were examined using an optical microscope (OM, Axio-
vert 200 M). The hardness of the samples (Hu =2.1 GPa)
was determined using a Micro-Vickers TVM-5215-A
micro-hardness tester under a load of 1 N. X-ray phase
analysis of the sample contact layers was performed using
a DRON-7 diffractometer in CoK  radiation. The volume
content of phases in the contact layer was determined
according to a known method [3; 4], where the intensity
of the X-ray wave /,,, L scattered from the reflecting
plane (HKL) of a certain crystalline j-th phase, was writ-
ten as


https://fermet.misis.ru/index.php/jour/search/?subject=скользящий электрический контакт
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https://fermet.misis.ru/index.php/jour/search/?subject=коэффициент трения
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IHKL—j:IOkOKHKL—ij—j’ (1
where /; is the intensity of the X-ray wave incident on
the multiphase surface; k is a coefficient that takes into
account the geometric parameters of the X-ray apparatus;
Kok is a complex proportionality coefficient for the j-th
phase; ¢, is the volume concentration of the given j-th

phase in the multiphase medium.

The qualitative phase composition and the integrated
intensities of the Kir peaks should be found from
the X-ray diffraction patterns (Fig. 1, b), the necessary
reference data can be found in [4]. Taking into account
that chfi =1, the volume concentrations of the phases
can be found.

Sample
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Fig. 1. Scheme of sliding electrical contact of pin-on-ring
configuration (a) (AT — autotransformer; 7, and n, — number of turns
in the primary and secondary windings) and X-ray diffraction patterns

of contact layers of C235 steel samples under friction with k= 67

and k=18 (b)

Puc. 1. Cxema CKOJB3SIIETO AIEKTPOKOHTAKTA TUIIA pin-on-ring (a)
(AT — aBToTpanc(opmarop; 1, u 1, — KOJIMYECTBO BUTKOB
B IIEPBUYHOI ¥ BTOPUYHON OOMOTKAX) M PEHTTEHOTPaMMBbI
KOHTaKTHBIX €J10€B 00pa3nos ctanu Ct3 npu TpeHun
npu k=67 u k=18 (b)

The materials were loaded by dry friction under
alternating current (50 Hz) at a contact pressure
of p = 0.13 MPa and a sliding velocity of v =5 m/s using
the well known pin-on-ring configuration (Fig. 1, a).
Chromel-Copel thermocouples 7, T,, T, were fixed
to the sample holder with screws. The linear wear inten-
sity was defined as [, = h/D (where h is the change in
sample height per a sliding distance D). The contact cur-
rent density was defined as j = i,/4 (where i, is the con-
tact current; 4 is the nominal contact area). The spe-
cific surface electrical conductivity of the contact was
defined as 6, = j/U (where U is the contact voltage drop).
The friction coefficient was determined using a ZET7111
strain gauge. Before testing, the samples were lapped
against a counterbody (C45 steel (Hu = 5.8 GPa)). Each
test was performed three times.

- RESULTS

It is evident that the initial structure of the surface
layers of C235 steel specimens before friction contains
the a-Fe phase predominantly. Peak a-Fe, high-intensity
FeO peaks, and low-intensity y-Fe peaks are observed
in the X-ray diffraction patterns of the contact layers
of the steel specimens after friction (Fig. 1, ). The FeO
and y-Fe phases appeared on the surface of the specimens
under the influence of friction and current. The intensi-
ties of the strongest peaks I,,, (FeO), 1,;, (y-Fe), and [,
(a-Fe) were inserted into equation (1) and the volume
concentrations ¢, of these phases in the contact layers
of the specimens after friction were calculated for any
k value (see Table). It is evident that FeO is the main
phase in the contact layers. The y-Fe concentration is
low for any & value and is not of interest for discussion.
The lattice parameters of the a-Fe, y-Fe and FeO phases
are generally close to the lattice parameters of the same
phases from the ASTM database.

It is obvious that FeO and y-Fe phases appeared under
the influence of current, temperature and plastic defor-
mation of the contact layers of the samples. Deformation
and deterioration of the contact layers occur under fric-
tional fatigue conditions. Current density is the main fac-
tor determining fatigue deterioration (wear) of the elec-
trical contact zone. An increase in current density j in
the contact causes an increase in the wear intensity /,
for any value of & (Fig. 2, a, b). The current dependence
of the electrical conductivity 6, of the contact has posi-
tive slope in the range of j <300 A/cm? at k=67 and in
the range of j < 100 A/cm? at k=18. At j > 100 A/cm?
and j > 300 A/cm* (Fig. 2, a, b), a sharp increase in /,
occurs, which indicates the onset of catastrophic wear.
At the same time, the slopes of the 6 () curves become
negative. It is also evident that o (j) for the contact
at k= 67 is significantly higher than for k= 18. But /, is
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Volumetric concentrations of phases in the contact layer of C235 steel and contact characteristics (6, 1, ., /,)
in sliding under current with different transformation coefficients & of supply transformer
(all parameters correspond to the catastrophic wear onset)

O0bemubIe KOHUEHTPauUH (a3 B KOHTAKTHOM cJioe cTajn CT3 U XapaKTepuCTUKH KoHTakTa (6., 1, ,j.)
NPH CKOJIbKEHUHU M0/] TOKOM IPH pa3HbIX K03 punmnentax tpancopmanuu k nuramuiero Tpancpopmaropa
(Bce mapaMeTphbl COOTBETCTBYIOT HAYAIy KATACTPO(PHYECKOT0 H3HAIIIMBAHUS)
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Fig. 2. Current dependences of wear intensity (/,) and contact
specific electrical conductivity (c,) with k= 67 (a), k= 18 (b),
and temperatures of the sample holder side surface
at different distances from the contact zone in sliding with k= 67 (c)

Puc. 2. ToxkoBble 3aBUCHMOCTH MHTEHCUBHOCTH M3HamuUBanus (7, )
U YAENBHON 3EKTPHIECKOH MPOBOIUMOCTH (G, ) KOHTAKTa
npu k=67 (a) u k=18 (b), a Tarke Temneparypsl 60KOBOH

MOBEPXHOCTH 00pa3lia Ha pa3HbIX PACCTOSHUAX OT 30HBI KOHTAKTa

590

TIPY CKOJIBXKEHUH TIpH k = 67 (c)

significantly lower for the contact at k£ = 67 than that for
k=18.

The friction coefficient depends weakly on k; during
sliding without current /'~ 0.7 and decreases to /=~ 0.4
with increasing j. The temperatures (7, T,, T5) of the side
surface of the specimen holder are indicators of the ther-
mal state of the specimen and the specimen holder.
The T7(j) dependences are nonlinear (e.g., Fig. 2, c).
Changing of & does not significantly affect the nature
of the 7(j) curves or the numerical values of the tem-
peratures, which can exceed 100 °C. This may indicate
the similarity of the thermal states of the specimen con-
tact layers during sliding at different & in the normal wear
regime, that is, before the catastrophic wear onset.

The worn surfaces of the specimens have approxi-
mately the same images at any k value; namely, the con-
tact surface is divided into two sectors with different
morphological details (Fig. 3, a). Sector / (light area in
Fig. 3, a) is formed on the frontal part of the nominal
contact area of the samples, i.e. sector / faces the oncom-
ing sliding surface of the counterbody (Fig. 1, @). Plastic
deformation and wear in sector / occur due to adhesion
and plowing by the counterbody asperities (Fig. 3, b),
which is described for normal friction without current,
for example, in [5; 6]. The contact layers in sector 2 are
deformed mainly by the viscous fluid mechanism, which
is shown in detail in Fig. 3, ¢. This should facilitate a suf-
ficiently rapid stress relaxation. There is a certain transi-
tion zone between these sectors, more than 10 um long
(for these friction pairs), where both deformation mecha-
nisms considered are realized simultaneously. It should
be noted that the appearance of a melt in the contact zone
is not accompanied by its glow. This means that the tem-
perature of the contact zone is lower than 600 °C and
the nature of the melt must be established.

- DISCUSSION

It was noted above that the morphological fea-
tures of the worn surfaces are identical, and the failure
mechanisms of the contact surfaces do not differ sig-
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Fig. 3. Nominal contact area () and morphological images of worn surfaces of C235 steel samples
in sector / (b) and in sector 2 (c¢) when sliding at k = 67 under a current density of 300 A/cm?

Puc. 3. HoMmuHasbHasI UI0MA(s KOHTaKTa (a) 1 MOP(HOIOrHIecKre H300paKeHNsI H3HOMCHHBIX MOBepXHOCTel 00pa3ios cranu Ct3
B cextope I (b) u B cextope 2 (¢) IpH CKOIBKEHUH IIPpH k = 67 11011 TOKOM IIOTHOCTBIO 300 A/cm?

nificantly. The phase compositions of the contact layers
are also approximately the same (see Table). The values
of the thermal power (fpv + jU) of the external impact,
corresponding to the catastrophic wear onset, are approxi-
mately the same, which can be calculated from Fig. 2, a, b.
Obviously, the slight difference in these output para-
meters of a tribosystem with current collection cannot
serve as a satisfactory basis for understanding the diffe-
rence in the rate of contact layer failure at different values
of the turn ratio k. It should be noted that sliding without
current in the presence of oxides (e.g., [7 — 10]) and in
the absence of oxides (e.g., [11 — 13]) in the contact zone
does not lead to the formation of melt on the contact
surfaces. The formation of melt was also not observed
during sliding under low-density current [14 — 16] or
under high-density current [17]. The steel/steel contact
surfaces in the present study showed no signs of melting
at j > 700 A/cm? in stationary contact (v = 0 m/s). These
data and the presented observations (Fig. 2 and Table)
suggest that melting occurs at a certain sliding velocity
(v> 0 m/s), at a certain current density (j > 0 A/cm?), and
at a certain FeO concentration (¢, > 0).

In general, the total current density j, (in any conduct-
ing circuit) and, in particular, the total current density in
the contact can be written as j, = Jrtip (where jfis the cur-
rent density of free charges; j, is the bias current density
(i.e., the current density of bound charges)). The trans-
fer layers contain a dielectric (FeO) with ionic polariza-
tion; here, the bound charges are ions in FeO crystals.
Obviously, an increase in j, should cause an increase
in the energies of oxygen and iron ions in FeO crystals.
It should be taken into account that adhesion and rough-
ness in any dry contact always determine the intermit-
tent nature of sliding in the stick-slip mode. This leads
to current oscillations in the contact and to corresponding
self-induction pulses. Usually, the self-induction EMF
(electric moving force) is written as é = —Ldi/dt (where L

is the inductance of the conducting circuit; i is the cur-
rent in the conducting circuit). The design of the friction
unit (Fig. 1, @) contains an inductance L in the secondary
winding of the transformer supplying power to the sli-
ding contact (where L ~ n%; n is the number of turns in
the winding). The appearance of an EMF pulse (¢é) in
the contact sets the electric field strength £ in the con-
tact, so we can approximately write ¢ = —Ldi/dt = |E|h,
(where h is a parameter that can characterize the interval
of gradient of the electric field in the contact, m). Now,
knowledge of the parameter /4 is not important, since it is
necessary to show an increase in £ with an increase in L.
An increase in self-induction pulses with an increase in
L should cause an increase in E, 0E/0t and, accordingly,
Jp- It should be noted that the turn ratio of the power
transformer decreases with an increase in L. In addition,
the voltage in the contact during self-induction pulses
can significantly exceed the average voltage between
the contact surfaces. These pulsed voltages determine
high values of E, OE/0t, and corresponding j,, capable
of deteriorating the FeO crystal lattice and transferring
FeO ions into the melt (Fig. 3). The highest values of j,
should be in the vicinity of the contact spots; therefore,
melt should appear only at the contact spots and their
vicinity, and only during the existence of the self-induc-
tion pulse. Obviously, an increase in j, by increasing £
(in particular, by increasing L) will lead to an increase
in the energy of the self-induction pulse, to higher loads
at the contact spots, and to more intense deterioration
of the transfer layer. It is possible that relatively strong
self-induction pulses, corresponding to a high inductance
L, cause the formation of relatively large volumes of melt
with low viscosity. The last two factors (large melt
volume and its low viscosity) contribute to the accelera-
tion of the deterioration of the transfer layer. For this
reason, the melt should not be considered as a good lubri-
cant. This means that an increase in L (i.e., a decrease
in k) leads to a higher /, (Fig. 2, a, D).
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It is to be expected that the melt layer thickness is
smaller than the transfer layer thickness. The presence
of melt predominantly in sector 2 suggests that the FeO
concentration is higher in this sector than in sector /. This
indicates a general unevenness of FeO distribution in
the transfer layer. The steel/steel contact parameters pre-
sented here correspond to a circular nominal contact area.
The values of these parameters are close to the values
corresponding to rectangular nominal contact areas [18].
It should be noted that melt can appear at a low oxide
concentration in a contact layer having two sectors (e.g.
W/Mo or W/steel contacts [19], as well as steel/steel,
where there is only melt [20]). Quite similar morpho-
logical types and phase compositions of transfer layers
containing more than 70 vol. % FeO allow us to expect
the manifestation of these features in many metal/steel
contacts during sliding under current.

[ ConcLusions

Dry sliding of C235 steel against hardened grade
C45 steel was performed under alternating electric cur-
rent with a density higher than 100 A/cm? while vary-
ing the turn ratio of the power transformer in this study.
The turn ratio was reduced by increasing the inductance
of the transformer’s secondary supply winding.

A decrease in the turn ratio resulted in a decrease in
contact conductivity, an increase in wear intensity and
a decrease in current density, corresponding to the cata-
strophic wear onset.

In the sliding contact zone under current, transfer
layers are formed, which have two morphologically dif-
ferent sectors on the worn surfaces at different turn ratios:
one sector shows signs of deformation due to adhesion,
while the other sector is deformed with melt formation.

It was found that the transfer layers contain more than
70 vol. % FeO.

An explanation for melt formation has been pro-
posed: high bias currents arise from strong self-induction
pulses in the contact, which remove Fe?" and O>  ions
from the FeO crystal lattice nodes and cause melting
of the contact layer.

A decrease in the turn ratio causes high self-induc-
tion pulses and correspondingly high bias current densi-
ties. This results in a relatively strong energy impact on
the contact layer and its high wear.
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Short report
Kpamkoe coo6ujenue

STRUCTURE AND PROPERTIES OF SPECIAL-PURPOSE ALLOYS
AFTER ANNEALING
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Abstract. Special-purpose alloys based on the Al-Si—Cu system are widely used in various industries, including engine and instrument engineering.
The effect of annealing in the range of 100 — 900 °C on microstructure, density, and microhardness of Al —30 % Si— 50 % Cu alloy was studied.
Scanning electron microscopy showed that as the annealing temperature increases, the form of eutectic silicon particles changes and their coagulation
occurs. According to the results of microrentgenospectral analysis, change in the eutectic structure is accompanied by segregation of copper in its
individual sections. After annealing, there is a slight decrease in density and microhardness of the alloy.
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AnHomayus. Crinassl CrieliMaibHOTO Ha3Ha4YeHUsI Ha ocHOBe cucteMbl Al—Si—Cu B COBPEMEHHBIX YCIOBHUSX LIMPOKO MCIIOIB3YHOTCS B Pa3IMUHBIX
OTpaciIsX POMBIIUIEHHOCTH, BKIIIOYas JIBUraTene- u npubopoctpoenue. B pabore nzyueno siausuue orxura B unrepsaie 100 — 900 °C Ha Mukpo-
CTPYKTYPY, INIOTHOCTb U MUKpOTBepAoCTh crutaBa Al — 30 % Si— 50 % Cu. C noMo1bi0 CKaHUPYIOLIEeH IeKTPOHHON MUKPOCKOIIUH YCTAHOBIIEHO,
YTO C TTOBBILIEHUEM TEMIIEPATYPBI OTKUTA IPOUCXOAAT U3MEHEHUE (hOPMBI UACTHI] IBTEKTHUECKOTO KPEMHHUS U UX Koaryssiius. ConllacHO pesyiib-
TaraM MHKPOPEHTTEHOCHEKTPAIbHOTO aHAIN3a M3MEHEHHE CTPOCHHS IBTEKTHKU COTPOBOXK/IAETCS Cerperalueil Meu B e OTIEIbHBIX y4acTKax.
IMocne orxura NPOMCXOAUT HEOONBIIOE YMEHbIICHUE TNIOTHOCTH U MUKPOTBEPAOCTH CILIaBa.

Katoueswle caosa: CricliMaJIbHBIC CILIABBI, aJ'[IOMPIHPIﬁ, erMHPIﬁ, MEb, OTKHUT, MUKPOCTPYKTYpa, 39BTEKTUKA, MUKPOTBEPAOCTD, IIJIOTHOCTH

Jns yumupoeanus: Tlornosa M.B., [Tonynun A.M. CtpykTypa U CBOIiCTBa CIUIAaBOB CIICLMAIBHOIO HAa3HAYEHHS MOCIE OTXKUTa. M3gecmus 8y306.
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B INTRODUCTION

Special-purpose Al-Si—based alloys doped with cop-
per, nickel, and other elements are finding broad appli-
cation across contemporary industries, particularly in
engine building, instrument engineering, electronics, and
aerospace [1 —4]. In many functional units, these alloys
are often in contact with components made of various
steels or ceramics; therefore, their properties must match
those of contacting materials in the coefficient of linear

594 © M. V. Popova, A. M. Polunin, 2025

thermal expansion (CLTE), ensuring dimensional stabi-
lity and, when required, vacuum-tight joints. In addition
to a regulated CLTE value, special-purpose alloys must
exhibit high wear resistance and low density, while their
specific mechanical properties are comparable to those
of medium-carbon structural steels [5; 6]. Because many
precision components operate over a wide temperature
range, special-purpose alloys must retain stable proper-
ties even at the upper operating limits. To ensure this sta-
bility, aluminum-silicon alloys of hypereutectic compo-
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sition are alloyed with refractory elements, modified, and
subjected to heat treatment [7 — 9].

Previous studies have shown that hypereutectic Al—Si
alloys containing copper in amounts comparable to or
exceeding the silicon content exhibit a low and stable
CLTE across the wide temperature range [10].

In this context, the present study investigated the effect
of isochronous annealing at 100 — 900 °C (holding time
11 h, air cooling) on the microstructure, density, and
microhardness of the Al — 30 % Si — 50 % Cu alloy.

[ MATERIALS AND METHODS

The study used silumins containing 30 % Si and
50 % Cu. The starting materials for alloy preparation
were aluminum grade A7, silicon grade Kr0, and copper
grade M1.

Aluminum A7 was melted first, followed by sequen-
tial additions of silicon and copper in amounts of 30 and
50 %, respectively. Once the alloying elements were fully
dissolved, the melt was treated with fine-fraction wet
dolomite at 880 °C. The melt was then held, and casting
was carried out at 1100 °C into a cold aluminum chill
mold.

Heat treatment at 100, 250, and 350 °C was per-
formed in SNOL-3.5.3.5.3.5/3.5-12M resistance fur-
naces with a working chamber of 350%x350%350 mm
and a temperature variation of +5 °C. Heat treatment
at higher temperatures (500 — 900 °C) was carried out in
SNOL-1.6.2.5.1/9-13 resistance furnaces with a chamber
size of 160x250%x100 mm and a temperature deviation
of £5 °C within the working range.

Structural analysis of the Al—30 % Si— 50 % Cu
alloy samples was performed using a KYKY EM6900
Std scanning electron microscope (SEM) at the Labo-
ratory of Electron Microscopy and Image Processing,
SibGIU, in secondary and backscattered electron modes
(SE + BSE) at an accelerating voltage of 25— 30 kV,
working distance of 15— 18 mm, and magnifications
ranging from 200 to 1000”. To analyze elemental distribu-
tion among structural components, micro-X-ray spectral
analysis (MXSA) was performed using an energy-disper-
sive spectroscopy (EDS) module.

Density was determined by hydrostatic weighing on
WA-21 analytical balances with an accuracy of 0.0001 g.
Microhardness was measured on an HVS-1000 digital
microhardness tester under a load of 0.245 N (25 gf).

[ RESULTS AND DISCUSSION

SEM is widely used to address specific research and
technological problems because of its high resolution
and the reliability of the results obtained [2 — 5]. Owing

to their high depth of field, SEM enables detailed exami-
nation of the structure of heterophase alloys with pro-
nounced surface microrelief at high magnifications and,
importantly, allows precise observation of eutectic struc-
tures (see Figure).

Microstructural analysis of the highly alloyed
Al—-30 % Si—50 % Cu alloy at different magnifications
showed that its structure is primarily defined by plate-
shaped primary silicon crystals (PSC). Between the PSC
regions are areas of ternary eutectic (o + Si+ CuAl,)
with a fine needle-like structure formed at the final stage
of solidification. Elemental mapping of the polished
surface was performed to examine how elements were
distributed among the structural components. The results
showed that silicon is mainly concentrated in the PSC,
with a smaller fraction found in the eutectic. Copper
is predominantly concentrated in the ternary eutectic
of the Al-30% Si— 50 % Cu alloy, while aluminum
is evenly distributed throughout the eutectic. A slight
increase in iron concentration was observed in the eutec-
tic as needle-shaped phases.

According to MXSA performed at various points
within the eutectic and along the scan line (see Figure, a),
copper is the predominant element (57 — 80 %), while
the silicon content does not exceed 35 %, and aluminum
accounts for 8 — 13 %. The highest copper content (80 %)
was observed in dark regions, whereas the lowest (57 %)
was found in needle-like crystals up to 1 um in size.
The dark regions correspond to equilibrium (CuAl,) and
nonequilibrium (Cu,Alj and CuAl) intermetallic phases.

It was established that the distinctive feature
of the high-copper Al —30 % Si— 50 % Cu alloy is its
high thermal stability, which allows for prolonged annea-
ling not only at 400 — 500 °C (as in binary silumins) but
also at 700 — 900 °C.

Electron microscopy revealed that prolonged annea-
ling at 710 °C transforms the eutectic morphology from
fine-needle to finely dispersed, while the eutectic sili-
con particles acquire a rounded shape (see Figure, b).
The topographic contrast highlights the surface relief
of the sample. The dark rounded crystals correspond
to silicon, while the remaining eutectic matrix mainly
consists of copper (53 — 68 %) and aluminum (8 — 18 %).

After high-temperature annealing at 900 °C, rela-
tively large silicon crystals (up to 10 um) with well-
defined facets are formed in the eutectic (see Figure, ¢).
In the bright intercrystalline regions, copper segregates
(up to 75 %), accompanied by 17 —20 % aluminum. In
some areas, all alloying elements are detected, confirm-
ing the presence of the ternary eutectic (o + Si + CuAl)).

The effect of annealing temperature on the density
(p) and microhardness (p) of the Al —30 % Si— 50 % Cu
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Al-30 % Si— 50 % Cu alloy microstructure (1000*) and chemical elements distribution diagram (scanning along the line):
a —in initial state; b and ¢ — after annealing at 710 and 900 °C

Muxkpoctpykrypa cmasa Al — 30 % Si— 50 % Cu (1000°) u muarpamma pacrpeesieHust XAMUYECKHX 2JIEMEHTOB (CKaHUPOBAHHUE BIOJb JINHUM):
a — B UCXOITHOM COCTOSIHUM; O M 6 — 1tociie orxura pu 710 u 900 °C

alloy was investigated (see Table). Microhardness was
measured on the eutectic, and the results were averaged
over at least four measurements.

The data show that increasing annealing temperature
results in a decrease in both density and microhardness.
The initial density and microhardness of the alloy are
44113 g/cm® and 413.6 HV, respectively, while after
annealing at 900 °C, these values decrease to 4.2067 g/cm?
and 345.5 HV. The slight (<5 %) decrease in density can
be attributed to greater hydrogen uptake from the furnace
atmosphere and the acceleration of diffusion processes.
The decrease in microhardness (up to 16 %) is associated
with eutectic silicon coagulation and increased heteroge-
neity in the distribution of alloying elements.

Effect of annealing temperature on density
and microhardness of high-copper silumin

Bausinue TeMIIepaTyphbl OTKUI'a HA IJIOTHOCTH
N MUKPOTBEPAOCTH BBICOKOMEIUCTOI0 CHJIIYyMHUHA

Annealing P, Measurement W,
temperature, °C | g/cm? error Ap-107 HV
initial state 4.4113 4.3332 413.6
100 4.3594 4.3332 341.0
250 4.3270 4.2620 386.0
560 43182 4.2427 354.6
710 42152 4.0210 408.5
900 4.2067 4.0030 345.5
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- CONCLUSIONS

The distinctive feature of the high-copper Al—30 % Si—
—50 % Cu alloy is its high thermal stability, which
enables prolonged annealing in the 700 — 900 °C range,
a condition unacceptable for binary silumins.

Electron microscopy showed that, as the annea-
ling temperature increases, the eutectic silicon par-
ticles change shape and undergo coagulation, which is
accompanied by redistribution and segregation of cop-
per in localized regions of the eutectic. After annealing
at 710 and 900 °C, upward diffusion processes further
intensify the alloy’s heterogeneity. In addition, increas-
ing the annealing temperature causes a slight decrease
in density and microhardness, which is also attributed
to the enhanced diffusion rate.
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SURFACE ENGINEERING

OF Fe53_3N|26.5820.2 AMORPHOUS ALLOY BY EXCIMER LASER

I. E. Permyakova'®, A. A. Ivanov?, I. N. Lukina?,
M. V. Kostinal, E. V. Dyuzheva-Maltseva'
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Russian Federation)

2 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute) (31 Kashirskoe Route, Moscow 115409,
Russian Federation)
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Abstract. The problem of differences in surface quality exists in the production of amorphous alloy (AA) ribbons by ultra-fast single-roll melt spin-
ning. Structural inhomogeneities that can disrupt the isotropy of properties occur on the side of the ribbons adjacent to the quenching drum. In this
regard, there is a need to develop a promising surface modification technology of AA which will not only eliminate roughness, but also controllingly
manage the structure along the ribbon depth, as well as selective processing of its individual sections to improve mechanical, magnetic and catalytic
characteristics. Application of short-pulse laser systems has great potential for achieving these goals. In this research work, the effect of an excimer
ultraviolet laser operating in nanometer wavelength range on the structural evolution, mechanical behavior and morphological changes of the surface
of Fe,; ,Ni, B, , AA with varying the pulse number and their frequency were comprehensively studied using profilometry, indentation, optical and
transmission electron microscopy methods. It is shown that laser irradiation of the contact matte side of the studied AA ribbon according to the selected
mode (100 pulses, /=20 Hz, E = 150 mJ, W= 0,6 J/cm?) effectively acts upon the surface relief and smoothes out production irregularities (pores, gas
lines, scratches, etc.). In addition, the laser processing parameters are established that contribute to the AA structure softening, and therefore improve
workability for possible forming, as well as the mode of transfer AA to an amorphous-nanocrystalline state with increased hardness and preservation
of the ability to flow shear.

Keywords: amorphous alloy, laser irradiation, surface, hardness, structure, amorphous-nanocrystalline state, nanocrystal, hardening, softening
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AnHomayus. ITpu U3roToBIeHNH IEHT aMOP(HBIX cI1aBoB (AC) METOOM CBEPXOBICTPOrO OZHOBAIKOBOIO CIIMHHUHTOBAHUSA CYIECTBYET podieMa
pa3nuuMs KadecTBa UX roBepxHocteid. Ha cropone sieHT, npuiieratoniel K 3akajJoqyHoMy O0apabaHy, BOSHUKAIOT CTPYKTYpPHbIE HEOJHOPOIHOCTH,
KOTOpPBIC MOTYT HapyIIaTh H30TPOIHIO CBOUCTB. B CBA3M ¢ 3THM cyliecTByeT NOTPeOHOCTh B pa3paboTKe MEPCHEKTUBHON TEXHOIOIHH MOBEPX-
HocTHOro Moxuduimposanus AC, KOTOpast HO3BOJIUT HE TOJIBKO YCTPAHATH ILIEPOXOBATOCTH, HO M KOHTPOJIMPYEMO YNPABISATh CTPYKTYPOH 110
DIIyOUHE JICHTBI, a TAKKe CEJICKTHBHO 00pa0aThIBaTh OTACIBHBIC €€ YYACTKU I IOBBIIICHHUS MEXaHUYECKUX, MATHUTHBIX U KaTaJUTHYCCKUX
XapakTepucTuk. [IpuMeHeHne KOpOTKOUMITYJILCHBIX JIa3€PHBIX YCTAaHOBOK MMEET OOJIBILON MOTEHLMAN Ul pealn3aluy 3THX 1eneil. B pabore
C IpHBJICYEHHEM NPOGHIOMETPHH, HHACHHUPOBAHUS, ONTHYECKOH M IPOCBEYHMBAIOIICH 3IEKTPOHHOH MHKPOCKOIHH KOMIUIEKCHO H3YyYECHO
BIIMSIHAE BO3JCHCTBUSL 9KCHMEPHOTO YIbTPa(HONIETOBOrO Ja3epa, padoTaloIero B HAHOMETPOBOM JAMANa3oHe JJIMH BOJIH Ha CTPYKTYPHYIO

SBOJIIONUI, MEXAaHHYCCKOEC IIOBCACHHUE H MOp(bOIIOI‘I/I‘{BCKI/IC BUJJOU3MCHCHHUS ITOBEPXHOCTU AC F€53 3Ni26 5B202 IIpu BapbUpPOBaHUU HHCIIA
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UMITYJILCOB U MX 4acToThl. [lokazaHo, 4TO J1a3epHOE OONyueHUEe KOHTAKTHOM, MaTOBOI CTOPOHBI HccienyeMoit enTsl AC 1o nogoOpaHHOMY
pexumy (100 umnynseos, f=20 T, £ =150 Mk, W = 0,6 JIx/cm?) 5GdeKTUBHO BO3IEHCTBYET HA PeNbed) MOBEPXHOCTH, CIIAXKUBAET MIPOH3-
BOJICTBEHHBIE HEPOBHOCTH (TIOPBI, TA30BBIE CTPOUKH, LAPANUHEI U T. J1.). KpoMe Toro, ycTaHOBIICHBI ITapaMeTpsl Jla3epHoi 00paboTKH, criocodCT-
BYIOIINE Pa3MATYCHUIO CTPYKTYphl AC, a 3HAYUT YTydIIeHHIO 00pabaThIBAEMOCTH UL BO3MOXKHOTO (hOPMOBAHUS, a TakKe pexuM nepesona AC
B aMOP(HO-HAHOKPUCTAIUINUECKOE COCTOSHUE C TOBBIIICHHONH TBEPAOCTBIO U COXPAHEHUEM CIIOCOOHOCTH K IIIACTHYECKOMY CJIBUTY.

Katoyesvle c108a: amopbHbIii cIIaB, Ja3epHoe 00IydeHHE, TIOBEPXHOCTD, TBEPAOCTh, CTPYKTYPa, aMOP(HHO-HAHOKPUCTAIUTHICCKOE COCTOSIHHE, HAHO-

KpucTalll, yIpO4HCHUEC, pasMATriCHUuC
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- INTRODUCTION

Amorphous alloys (AAs) are deeply supercooled
materials characterized by a glass transition temperature,
below which an energetically unstable non-crystalline
state prevails [1;2]. This structural feature provides
a combination of ductility with excellent strength, hard-
ness, and an elastic limit of up to 2 % due to the absence
of long-range order [3 — 5]. In addition to their outstan-
ding mechanical characteristics, a number of AAs exhibit
high magnetic properties, corrosion resistance, and bio-
compatibility, which makes them attractive for various
applications [6 —9]. Existing fabrication methods for
AAs, such as copper mold casting and melt spinning,
are effective in retaining the glassy state but are subject
to significant limitations in terms of scalability, critical
dimensions, and geometric complexity. Moreover, AAs
are difficult-to-machine materials with a narrow range
of thermal stability and a tendency to become brittle
at elevated temperatures [10; 11]. These challenges drive
the search for more advanced technologies for the pro-
duction and processing of AAs in order to expand their
engineering applications. In recent years, research has
increasingly focused on the fundamental study of struc-
tural modification, phase formation, and property response
in AAs under laser irradiation [12 — 14]. The introduc-
tion of selective laser melting with ultra-high cooling
rates is a highly promising method for producing bulk
AAs [15—18]. Laser-induced periodic surface structu-
ring of AAs makes it possible to:

— produce color through the formation of oxide films
of different thicknesses [19];

— tune hydrophobic/hydrophilic behavior in wettabi-
lity tests [20];

—control domain structure and magnetic beha-
vior [21];

—reduce friction and wear in tribological applica-
tions [22];

— fabricate precision diffraction gratings for sensor
devices and related applications [23].

Surface functionalization of AAs therefore has
the potential to broaden their application range and
to introduce new functionalities into AA-based compo-
nents.

Pulsed laser processing offers such advantages as high
peak power and energy density, controlled thermal effects,
rapid heating and cooling, high precision, and minimal
deformation of the material compared with continuous-
wave lasers [14;24]. The pulse duration determines
the degree of thermal diffusion, which plays an important
role for nanosecond lasers, in contrast to femtosecond
lasers that primarily induce phonon relaxation [25; 26].
Nanosecond laser treatment, characterized by larger
affected zones and greater penetration depth, makes it pos-
sible to tune the magnetic behavior of AAs and to modi-
fy their mechanical properties by changing the surface
microstructure [27 —30]. However, several important
questions remain to be addressed, for example:

— how to develop adequate physical models describing
the interaction of short-pulse laser irradiation with AAs
in the absence of a detailed understanding of the under-
lying mechanisms;

— whether improved material properties can be achie-
ved by forming gradient amorphous—crystalline compos-
ite structures through pulsed laser treatment;

—how to design the structure of AAs in a controlled
and efficient way and which laser parameters should be
considered optimal.

At present, numerous studies are underway on pulsed
laser processing of bulk AAs based on zirconium, tita-
nium, and copper. In contrast, for rapidly quenched iron-
based amorphous ribbons, the available data are limited,
fragmented, and call for further exploratory investigation.
It should be emphasized that iron-based AAs deserve par-
ticular attention due to the low cost of raw materials, their
outstanding mechanical and soft magnetic characteristics,
and excellent catalytic activity. Optimization of laser
irradiation parameters to improve the functional proper-
ties of such alloys and to control their structure therefore
remains an important research objective.
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The purpose of this study is to investigate the effect
of excimer ultraviolet laser irradiation operating in
the nanometer wavelength range on structural and phase
transformations, mechanical response, and morphologi-
cal changes at the surface of Fe—Ni—B amorphous alloy
under variation of pulse number and frequency.

[l MATERIALS AND METHODS

The object of study was a rapidly quenched
Feg, ;Ni,, B, , amorphous alloy produced by the melt-
spinning method in the form of a ribbon 10 mm wide and

25 um thick.

Laser irradiation of the AA samples was per-
formed using an excimer ultraviolet (UV) KrF laser
of'the CL-7100 series (Optosystems, Russia) with a wave-
length of A =248 nm and a pulse duration of t =20 ns.
The irradiation was applied through a circular diaphragm
with an area of §=7 mm? at two pulse modes 100 and
500 pulses — while varying the repetition frequency f from
2 to 50 Hz. In both cases, the pulse energy £ was 150 mJ,
and the energy density W was 0.6 J/cm?. The contact
matte side of the AA ribbon, i.e., the side that was in con-
tact with the copper quenching drum during fabrication,
was subjected to laser treatment.

Hardness H,, was measured usinga DUH-211S dynamic
ultramicrohardness tester (Shimadzu, Japan). Indentation
was carried out in accordance with ISO 14577, employ-
ing a Vickers diamond indenter under a load of 10 mN in
a loading—unloading mode at a rate of 70 mN/s.

Structural characterization of the AA was performed
by transmission electron microscopy (TEM) using
a JEM-2100 microscope (JEOL, Japan).

The surface morphology of the laser-irradiated
areas was examined with a GX51 inverted metallo-
graphic microscope (Olympus, Japan). Surface rough-

Fig. 1. Morphology of non-contact (a) and contact () sides of the ribbon of Fe

ness was evaluated according to GOST 2789 — 73 using
a NewView 7300 profilometer (Zygo, USA).

[l RESULTS AND DISCUSSION

Figure 1 shows the appearance of both sides
of the Feg, ;Ni,, B, , amorphous alloy ribbon in its as-
fabricated state. Unlike the non-contact side, which has
a mirror-like surface (Fig. 1, a), the contact side exhi-
bits extended surface irregularities such as dimples,
cavities, and gas streaks elongated along the ribbon axis
(Fig. 1, b). The formation of this microrelief is associated
with the interaction of the melt puddle with the boun-
dary gas layer on the non-ideal surface of the cop-
per quenching drum [31]. These defects create inter-
nal stresses that adversely affect the magnetic response
of the alloy [32 —34]. Therefore, developing a laser
modification technique and selecting an effective mode
for smoothing the rough surface of amorphous ribbons,
while improving their wear resistance and maintaining
the amorphous structure, are essential research tasks.

After excimer UV laser irradiation under the first
mode, surface transformations of the AA were examined
(Fig. 2).

The results show that laser processing contributes
to the elimination of surface roughness on the contact
side of the ribbon. However, at a frequency of 2 Hz,
the process proceeds unevenly. In the center of the irra-
diated circular area, a distinct “healing” of irregulari-
ties is observed (Fig. 2, a), while toward the periphery,
large surface defects often remain unaffected by the laser
(Fig. 2, b).

At frequencies ranging from 10 to 50 Hz, the laser
impact becomes more uniform across the entire irradia-
ted zone (Fig. 2, ¢ — e), although the degree of reduction
in surface height irregularities (parameter R ) varies.
Fig. 3 presents profilometry results for the ribbon in both

533156 5B, , amorphous alloy before irradiation

Puc. 1. Mopdornorust HEeKOHTaKTHOH (a) 1 KoHTakTHOM (b) cTopoH neHTsl AC Fe
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Fig. 2. Dependence of morphology of irradiated surface

Ni, .B,,, amorphous alloy at 100 pulses on the pulse frequency:

a — 2 Hz (center of irradiation zone), b — 2 Hz (edge of irradiation zone);
c¢—10Hz,d—-20 Hz,e— 50 Hz

of Fe, ,

Puc. 2. Mopdonorus o6nyuennoii nosepxuoctu AC Fe,, Ni) B, ,

rpu 100 nmmysbcax B 3aBUCHMOCTH OT U3MEHEHHUS YaCTOTHI
UX CIIEZ0BaHUS:
a— 2 T'u (ueHTp 30HBI 00my4eHus); b — 2 Iy (kpaii 30HbI);
c—10Tw; d—20Tw; e— 50 I'n

the initial state and the laser-irradiated regions shown in
Figs. 1 and 2. The surface topography was scanned per-
pendicular to the ribbon axis.

The best smoothing effect, including the collapse
of volumetric accumulations of gas streaks, was achieved
at a pulse repetition frequency of 20 Hz (Fig. 2, d; curve 6
in Fig. 3).

The calculated surface-relief data are summarized in
the Table, confirming that 20 Hz is the optimal frequency
for laser modification aimed at leveling the contact
side of the ribbon and bringing its quality closer to that
of the ideally smooth non-contact side, which corre-
sponds to the highest (13'%) surface roughness class.

Subsequently, the mechanical response of the alloy
was evaluated by measuring hardness after laser irradia-
tion. Under 100-pulse irradiation, an increase in pulse
frequency leads to material softening (Fig. 4, curve /).
At f=20 Hz, the hardness H,, decreases by approxi-
mately 35 % relative to the initial value (H,,, = 6 GPa)
of the untreated alloy. At /= 50 Hz, H, slightly increases
to 5.4 GPa.

When the number of pulses increases to 500,
the dependence H,,(f) exhibits a more complex behavior,
with two pronounced maxima at 2 and 20 Hz (Fig. 4,
curve 2). At f=50 Hz, a softening effect is observed —
the hardness decreases to 5.8 GPa, approaching the value
obtained for 100-pulse irradiation at the same frequency.
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Fig. 3. Surface profilograms of the ribbon of Fe,, ,Ni . .B
amorphous alloy before and after laser irradiation:
1 and 2 — non-contact and contact sides (without treatment);
3 —2 Hz (center); 4 — 2 Hz (edge); 5 — 10 Hz; 6 —20 Hz; 7 — 50 Hz

20.2

Puc. 3. Ilpodunorpamms! noepxHoctH JeHTEI AC F 653’3Ni26’5B20’2
JI0 ¥ TIOCIIE JTa3ePHOTO 00Ty eHHSI:
1 ¥ 2 — HeKOHTAaKTHAsI ¥ KOHTAKTHas CTOPOHEI (Oe3 00paboTku);
3—2T'u (uentp); 4 — 2 I'u (xpait); 5— 10 I'y; 6 —20 'y 7— 50 '
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Surface profilometry parameters of Fe_, \Ni, B

26.5720.2

amorphous alloy before and after laser irradiation

at 100 pulses, £ = 150 mJ, W = 0.6 J/cm? and varying frequency,
I and II — non-contact and contact sides of the ribbon

Iapamerpsl npodunomerpun nosepxHoctu AC Fe

53’3N126’5B20,2 J10 M TocJIe JIa3epPHOro 00Jy4eHus

100 umnynncamu, E = 150 m Ik, W= 0,6 [[:/cM? npu BApLUPOBAHUM YACTOTHI,
I u Il — HeKOHTAKTHASI 1 KOHTAKTHASI CTOPOHBI JIEHTHI

Before After
irradiation irradiation
Surface characteristic /. Hz
1 Vi 2
10 20 50
center | edge
Height of irregularities R_, um 0.08 | 1.60 | 0.19 | 1.00 | 0.39 | 0.10 | 0.78
Surface roughness class 13 9 12 9 11 13 10

Thus, it can be concluded that excimer laser treatment
at 100 pulses, =20 Hz, E=150mJ, W= 0.6 J/cm? is
an effective way to enhance the plasticity of the amor-
phous alloy. The mechanism underlying the hardness
decrease observed for curve / in Fig. 4 can be interpreted
as follows. During irradiation, short laser pulses with high
energy density propagate from the surface into the mate-
rial, generating an intense shock wave [12; 13]. When
the peak pressure of the shock wave exceeds the yield
strength, the amorphous alloy undergoes plastic deforma-
tion. The formation of a residual stress regions containing
shear bands and free volume form within the ribbon is
facilitated, resulting in improved plasticity [14].

In contrast, irradiation under the 500-pulse mode
(curve 2 in Fig.4) at E=150mJ and W =0.6 J/cm?
leads to optimal hardening within the amorphous state
at =2 Hz and to maximum hardening within the amor-

10

H,, GPa

0 10 20 30 40 50
1. Hz
Fig. 4. Laser frequency dependence of hardness of Fe; ,Ni,  .B

265202
amorphous alloy:
1 —100 pulses; 2 — 500 pulses

Puc. 4. 3aBucumocrts tBepaoct AC Fe,, (Niy( (B, ) oT yactoTsl nasepa:
1 — 100 ummynbcoB; 2 — 500 uMIynbcoB
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phous—nanocrystalline state at /=20 Hz, as confirmed
by TEM observations.

Figs.5 and 6 present TEM images illustrating
the structural evolution of the studied alloy as a function
of pulse number and frequency.

Under the first laser processing mode (100 pulses),
the amorphous structure is preserved within the fre-
quency range f=2—20 Hz (Fig. 5, a — d). The selected
area electron diffraction patterns show two diffuse halos
characteristic of the amorphous phase, while the TEM
images display a characteristic fine “salt-and-pepper”
contrast that remains essentially unchanged when switch-
ing from bright-field to dark-field imaging. However,
at =20 Hz, a slight disturbance of the homogeneous
contrast is observed (Fig. 5, ¢), accompanied by halo
broadening, which indicates the onset of structural rear-
rangement preceding crystallization. The amorphous
matrix locally reorganizes, facilitating plastic deforma-
tion processes. This structural relaxation manifests itself
as a decrease in the hardness parameter H,,.. At this irra-
diation frequency, the free volume undergoes rearrange-
ment and coalescence, promoting the formation and pro-
pagation of shear bands.

At f=50 Hz, nanocrystals of a-Fe with a BCC lattice
and y-Fe with an FCC lattice precipitate within the amor-
phous matrix, with a total volume fraction of about 40 %
(Fig. 5, e). The nanocrystal size ranges from 20 to 70 nm.
The coexistence of amorphous and nanocrystalline phases
leads to an increase in hardness.

Under the second irradiation mode (500 pulses),
the transition from the amorphous (Fig. 6, @) to the amor-
phous — nanocrystalline state occurs at lower frequen-
cies, i.e., at f=20 Hz (Fig. 6, b). The coexistence of two
structural components, together with high hardness, pro-
vides conditions for the development of plastic shear.
In Fig. 6, b, the propagation of shear bands is visible,
including their looping, branching, and braking on nano-
crystals.
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Fig. 5. TEM images and the corresponding selected area electron diffraction patterns of Fe

Ni, B, , amorphous alloy structure

533

after laser treatment at 100 pulses:
a — 2 Hz, bright-field image; b — 2 Hz, dark-field image;
¢ — 20 Hz, bright-field image; d — 20 Hz, dark-field image; e — 50 Hz, bright-field image

Puc. 5. TIDM-n300paxeHus: 1 MUKpO3JIeKTpoHOrpamMMbl cTpyKTypsl AC Fe

533Nl 5By , TIOCIE MA3epHOlt 06pabotkn 100 nmiynbcamu:

a — 2 I'u, ceemnnoe mone; b — 2 I'm, TeMHOE TT0JI€;
¢ —20 T'u, ceernoe noine; d — 20 I'u, Temuoe mosne; e — 50 T, cBeToe moie

Fig. 6. TEM images and the corresponding selected area electron diffraction patterns of Feg; ,Ni . B, , amorphous alloy structure
after laser treatment at 500 pulses:
a — 2 Hz, dark-field image; b — 20 Hz, bright-field image; ¢ — 50 Hz, bright-field image

Puc. 6. IIDM-n300paxkeHus: 1 MUKpOdJIeKTpoHOrpamMMbl cTpyKTypsl AC Fe

533Nl 5By , TIOCIE MA3epHOl 06paboTkn 500 umiTynbcamu:

a — 2 T'u, remuoe none; b — 20 'y, ceemioe none; ¢ — 50 ', cBemioe mose

An increase in pulse repetition frequency to f= 50 Hz
stimulates crystallization processes in the alloy. Along
with the formation of crystalline a, y-(Fe,Ni), and eutec-
tic y-(Fe,Ni) + Fe,B phases, grain growth is observed
(Fig. 6, ¢), which leads to softening, i.e., a decrease in
H,, (curve 2 in Fig. 4).

- CONCLUSIONS

Nanosecond excimer UV lasers offer significant
advantages for low-cost, environmentally friendly, high-

precision, and selective processing of amorphous alloys
with minimal material loss. They ensure efficient energy
transfer and can achieve high laser energy densities. With
properly selected parameters, such treatment can activate
either structural rejuvenation of the amorphous alloy —
accompanied by loosening and softening that improve
workability and formability — or partial crystallization
aimed at achieving optimal strength combined with satis-
factory plasticity.

It has been demonstrated that excimer UV laser irra-
diation of the contact (matte) side of the rapidly melt-
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quenched Fe, ,Ni, B, , amorphous alloy ribbon under
the selected mode (100 pulses, f=20 Hz, £ =150 mJ,
W =0.6J/cm?) most effectively modifies the surface
relief, reduces roughness, and eliminates manufacturing
defects such as pores and gas streaks formed during melt

spinning.

A nonmonotonic dependence of the H,, hardness
of Fe,, ,Ni,, .B, , on the laser pulse repetition frequency
was established. Irradiation with 100 pulses at 20 Hz
produces a pronounced softening effect while preserving
the amorphous structure. Atomic rearrangements occur
without long-range diffusion. Increasing the pulse num-
ber to 500 leads to energy accumulation within the mate-
rial and intensified laser heating, resulting in a two-stage
hardening at 2 and 20 Hz followed by a hardness drop
at 50 Hz. This behavior is associated with a transition
from structural relaxation in the amorphous alloy (invol-
ving local topological and compositional ordering)
to crystallization processes characterized by nucleation
and emergence of crystalline phases and grain growth.
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Abstract. The article is intended for researchers working in the field of supercooled metallic melts. It addresses an important theoretical problem:
the possibility of establishing local thermodynamic equilibrium at the phase boundary during crystallization from a supercooled melt. Such
processes play a crucial role in determining the microstructure of materials during solidification, particularly under rapid cooling conditions
characteristic of modern metallurgical and powder technologies. During supercooling, nuclei of a new, solid phase begin to form in the melt.
To mathematically describe the growth of such nuclei, it is necessary to specify boundary conditions that define the composition of the adjacent
liquid phase. Traditional models assume that local equilibrium can be established near the nucleus and that its parameters can be derived from
the equilibrium phase diagram. However, as demonstrated by our study of binary systems, local equilibrium may, in some cases, be fundamentally
unattainable. This article presents a theoretical analysis of the conditions under which equilibrium may or may not be established. The analysis
considers chemical potentials of the components in both the solid nucleus and the liquid melt. Based on the equilibrium phase diagram of the
corresponding macrosystem, one can infer the relative chemical potentials of the components in each phase. It is shown that when the nucleus
consists of a single component, local equilibrium is always possible in principle. However, when the nucleus is a solution, equilibrium may only
be realized under specific thermodynamic conditions. In such cases, the application of first-kind boundary conditions becomes invalid, and it is
necessary to take into account the rates of chemical reactions involved in the interphase transfer of each component.

Keywords: local equilibrium, supercooled melt, crystallization, rapid solidification, phase equilibrium, phase diagram
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KPUTEPUU CYLLLECTBOBAHUA NOKANIbHbIX PABHOBECUIA
B NEPEOXNTAXAEHHbIX PACNNABAX

A. . ipo3un ©, M. B. [lyaopos
| IO:xno-Ypansckuii rocynapcrsennblii yauepcuteT (Poccus, 454080, Yensabunck, np. Jlenuna, 76)

&) drozinad@susu.ru

AnHomayus. Crarbs npeqHa3HaueHa JUIsl HCcieoBaresie, paboTamonmx B 00JIaCTH MepeoxIaXkICHHBIX pacIulaBoB. B Hell paccMaTpuBaercs
BAYKHBI TEOPETUYECKUI BOIPOC, CBA3AHHBIN C BO3MOKHOCTBIO YCTAHOBJICHUS JIOKAJIbHOTO TEPMOJANHAMUYECKOTO PAaBHOBECHS Ha I'PaHUIIE
pasnena ¢a3 npu KpUCTATM3ALNHU U3 ITEPEOXIIaK/ICHHBIX METAJUIMYECKHUX PAcIlIaBoB. Taknue MPOIECChl UTPAOT KIIFOYEBYIO POJIb B OPMH-
POBaHUM CTPYKTYPbl MAaTepUAJIOB IPU UX 3aTBEPJCBAHNUHU, OCOOCHHO B YCIOBHAX OBICTPOrO OXJIQXKICHUS, XaPAKTEPHBIX UISi COBPEMEHHBIX
TEXHOJIOTMH METAJUTypTHU M MOPOIIKOBOM MeTtamurypruu. [Ipu nmepeoxiakaeHuy B paciulaBe HAYMHAIOT (POPMHUPOBATHCS 3apOABIIIA HOBOM
TBepao# (asbl. [ MaTeMaTHYeCKOTO OMUCAHUS POCTA 3apOAbIIIA HEOOX0MMO 3a/1aTh IPAaHUYHbBIE YCIOBUS, OTIPEISIISIOINE COCTAB TIPHIIe-
raromien XUAKoH ¢a3pl. B TpaAMIIMOHHBIX MTOIX0/1AaX MPEAINONIAracTCs, YTO BOJM3H 3apOo/Ibllia MOXKET OBITh YCTAaHOBIICHO JIOKAIBHOE PAaBHO-
BECHE, IMapaMeTpbl KOTOPOTO M3BJIEKAIOTCA M3 PAaBHOBECHOH AMarpaMMbl cocTossHHUs. OMHAKO, KaK MOKa3aldHu HCCIEI0BaHUS aBTOPOB IS
JIBYyXKOMIIOHEHTHBIX CUCTEM, B HEKOTOPBIX CIIy4asiX JOKaJIbHOEC PaBHOBECHE HEBO3MOXHO B IpuHIUIE. B naHHON padoTe mpoBeneH Teope-
TUYECKUI aHallu3 yCcIOoBUil paBHOBecHUs. [[iis 9TOro paccMaTpuBalnCh XUMHUYECKUE TIOTEHIHAIBI KOMIIOHEHTOB 00enx (ha3: TBEpJOro 3apo-
JIBIIIA M JKUAKOTO paciuiaBa. [To paBHOBeCHOH auarpaMMe COCTOSHUSI COOTBETCTBYIOIIEH MaKPOCHCTEMBI MOKHO COCTAaBUTH IPECTaBICHUE
0 XMMHYECKUX NOTCHIIMAIAX UX KOMIIOHEHTOB, B YACTHOCTH, B KaKo# (haze XMMHUYECKHI TIOTEHIHAI Ka)X/1I0ro0 KoMrnoHeHTa Hike. [lokaszaHo,
YTO, KOT/JIa 3apPOABIII HOBOW (pa3bl COCTOUT M3 OJHOTO KOMIIOHEHTA, TAKOE JIOKAJIbHOE paBHOBECHE, B IPUHIIUIIE, BCEraa BO3MOKHO. OHAKO,
KOT/Ia 3apOJABII SIBISETCA PAaCTBOPOM, TaKOE BO3MOYKHO JIMIIb IPU OINpPEJIENICHHBIX YCIOBUAX. B 3TuX ciydasx mpuMeHeHHE TPaHMYHBIX
YCJIOBUI NEPBOTO POJia CTAHOBUTCSI HEKOPPEKTHBIM, U HEOOXOAMMO yUYUTHIBATh CKOPOCTH XMMHUYECKHUX PEaKIUil Iepexo/ja KaxkI0ro KOMIIO-
HEHTa U3 OHOH (ha3bl B APYTyIO.
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- INTRODUCTION

The study of the kinetics of crystal nucleation and
growth during rapid solidification of the melt has become
particularly relevant in recent years due to the develop-
ment of nanotechnologies and the wide use of amorphous
alloys. To calculate the growth rates of nanocrystals [1 — 3]
in a melt or, for instance, in an amorphous alloy during
annealing [4 — 5], it is necessary to know the concentra-
tions of the melt components at their surfaces.

The aim of this study is to provide a theoretical analy-
sis of the conditions under which local equilibrium may
(or may not) be established at the boundary between
a solid nucleus and a supercooled melt.

Let us consider a case in which a binary metallic melt
is instantaneously cooled to a temperature below the soli-
dus. Nuclei of a new, solid phase begin to form within
the melt. To formulate the differential equations describ-
ing the growth of such a nucleus, it is necessary to spec-
ify boundary conditions — that is, the concentrations
of the liquid-phase components at the phase interface.
Traditionally, it is assumed that any system tends to reach
an equilibrium state, and although true equilibrium can-
not exist in a supercooled liquid melt, it can be assumed
that, at nanoscale distances from the nucleus, the compo-
sition of the liquid phase will be nearly equilibrium, i.e.,
local equilibrium is established. The parameters of this
quasi-equilibrium are usually taken from the equilibrium
phase diagram. However, our analysis shows that in many
cases this assumption is not valid.

Our conclusions regarding deviations from local
equilibrium are supported by the results of studies
on the “solute trapping” effect caused by the high rate
of crystal growth in the melt [6 — 9]. Theoretical stu-
dies by several authors [10 — 13], as well as our own
research [14 — 15], have made it possible to identify cer-
tain regularities in these processes. Experimental studies
of various systems [16 — 17], particularly supercooled
metallic melts [18 —20], confirm the manifestation
of such effects in practice. Meanwhile, no general thermo-
dynamic criteria have been formulated so far to assess
the conditions of local equilibrium during crystal growth.
This study focuses on analyzing these conditions.

To evaluate the equilibrium conditions, let us consider
the processes associated with phase equilibrium through
the chemical potentials of their components:
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w,=u +RTIna, (1)

where 1 is the part of the chemical potential of the i-th
component that does not depend on concentration, R is
the universal gas constant, 7 is the temperature, and a; is
the activity of the i-th component. For the sake of gene-
rality, we will use only the following properties of chemi-
cal potentials:

—the dependence of the activity of a component
in the phase on the concentration of that component is
a monotonically increasing continuous function;

—as the concentration of a component approaches
zero, its activity likewise tends to zero; hence, by Eq. (1),
its chemical potential tends to —co, and the molar contri-
bution of this component to the phase’s Gibbs free energy
of mixing tends to zero.

- BINARY SYSTEM WITH EQUILIBRIUM
IN ONE COMPONENT

Consider a model case of a liquid solution (melt)
of components 4 and B with an equilibrium phase diagram
shown in Fig. 1 at temperature 7. From the diagram,
several conclusions can be drawn about the chemical
potentials of the phase components. Since, at the fraction
of component B corresponding to the pure component A4,
the system is at equilibrium in the solid state, the chemi-
cal potential of component 4 in the solid phase must be
lower than in the liquid phase: uff < uﬁo. In accordance
with the above considerations, let us draw the corres-
ponding curve p’; = p;(x).

Since, according to Eq. (1), as x — 1 the chemical
potential p”, — —o0 and p’(0) larger u5(0), then by the Bol-
zano—Cauchy theorem for continuous functions [21] there
exists a point x such that p’(x) = Mf,”. In the case shown in
Fig. 1 at temperature 7', this concentration is x, .

Note that the same reasoning also applies to tem-
peratures below the eutectic. Local equilibrium will be
established between the solid-phase nucleus and the con-
tinuation of the liquidus line. This statement is applicable
provided that an approximation (or an analytical expres-
sion) of the liquidus line below the solidus is available.

The analysis has been limited to component A because
component B is absent in the nucleus and its chemi-
cal potential does not affect phase equilibrium. Similar
reasoning can be carried out for the growth of a crystal
of phase B.
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Fig. 1. Chemical potentials of the components in a system
with a eutectic phase diagram (a) at temperature 7' (b)

Puc. 1. JIlnarpamma cocTosiHuS (@) U XUMUYECKUE MOTCHIHATBI
KOMITOHEHTOB CHCTEMBI C DBTEKTHYECKOM JTHArpaMMOii COCTOSIHUSI
npu Temneparype T, (b)

According to Fig. 1, at temperature 7| nuclei of the
pure component B are in local equilibrium with a solution

of composition x,.

- BINARY SYSTEM WITH EQUILIBRIUM IN BOTH
COMPONENTS

Consider a more complex case. Let components A
and B exhibit unlimited mutual solubility in both
the liquid and solid states, as represented by the phase
diagram in Fig. 2.

Based on the diagram (Fig. 2, a), we draw the required
conclusions about the chemical potentials of the compo-
nents at temperature 7. Since, at the fraction of com-
ponent B corresponding to the pure component 4: x = 0,
the system is at equilibrium in the solid state, the chemi-
cal potential of component 4 in the solid phase ui‘) must
be lower than that in the liquid phase uﬁ", as shown sche-

~

Temperature

Chemical potential

c
L
o T,
2
g S
g
F
A 5 L B
L
. Iy
s HAO ~ 4 -—
2 H
& e
5] ’
‘g2 A L
) T
= /
C /
I
4 F E B

Composition

Fig. 2. Chemical potentials of the components (a, ¢) in a system
with unlimited mutual solubility in liquid and solid states
at temperature 7|: (b) partial equilibrium and (<) complete equilibrium
between the liquid and solid phases

Puc. 2. JInarpamMbl COCTOSIHUS (@, €) ¥ XUMHYECKHE MTOTECHIIHAIIBI
KOMITOHEHTOB CHCTEMbI C HEOTPAaHUUEHHOH B3aUMHON PaCTBOPUMOCTBIO
KOMIIOHEHTOB B JKUJIKOM M TBEPIOM COCTOSHUAX NpH Temmeparype T,
HPH HEMOJIHOM paBHOBeCHH (b) U IIPU TTOJTHOM paBHOBECHH (d)
MEKIY JKHIKOH U TBepaoit (azamu
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matically in Fig. 2, b. In accordance with Eq. (1), we plot
the curves p’, = p’;(x) and u® =’ (x). In the general case,
the curve uﬁ should lie above and to the right of ui. We
perform analogous constructions for component B. Since
atx = 1 (pure B) the system is at equilibrium in the liquid
state, the chemical potential of B in the liquid phase pj
must be lower than in the solid phase ', as also shown
in Fig. 2, b. According to Eq. (1), we then plot us = uk(x)
and u; = p5(x). In the general case, p3 should lie above
and to the left of p’.

Note also that the mutual placement of the chemical-
potential curves for 4 and B is immaterial for the present
argument.

For the system to be in equilibrium with respect
to component 4, the compositions of the liquid and solid
phases must satisfy p’, (cj) =ud (cj). Geometrically, this
means that the compositions defined by the intersection
points of the curves uj(x) and ui (x) with any horizontal
line correspond to 4 — equilibrium. There is an infinite set
of such composition pairs.

However, for the system to be in equilibrium, equilib-
rium with respect to component B must also be achieved
at the same concentrations. Thus, if the composition
of the solid phase corresponds to point x, in Fig. 2, b,
then, despite the fact that the chemical potentials of com-
ponent 4 in both phases are equal, equilibrium with
respect to component B will not be attained. The chemi-
cal potential of component B in the liquid phase is higher
than in the solid phase, and therefore a transfer of com-
ponent B from the liquid phase into the solid phase will
occur. This disrupts 4 — equilibrium and shifts the solid
phase composition. In the case shown in Fig. 2, b, con-
centration redistribution enriches both phases in compo-
nent B. The process terminates only when point x, moves
to position x** and x, moves to x"~.

Let us determine when true equilibrium — simulta-
neously in both components — is possible. At equilibrium
the equalities and: p’ (xL) =u (xs) and p (xL) = ui (xs).
must hold at the same time. As seenin Fig. 2, ¢, d, thisisnec-
essary and sufficient for the chemical affinities of the tran-
sitions from the liquid to the solid phase for component 4:
A, = uj" —M,Sf and for component B: Az = Ty —uls;’
to have opposite signs, that is, either (;,Lff’ < ui", uIL;’ > uz‘)),
or (wly >, i <)

We now prove this mathematically. For simplicity,
consider the case where the component activities are
equal to the mole fractions. At equilibrium, the equali-
ties must hold simultancously: p’ (xL) =ud (xS) and

wh (xL ) =5 (xs ), where xt and x5 are the mole fractions

of component B in the liquid and solid phases, respec-
tively. Using Eq. (1), we can write these relations in
the form:
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Mj‘) +RT1n(1—xL) =Mi° +RT1“(1_XS)’

=
;,Léo +RTInx" :ui‘) +RTInx®

1-x* ~exp i —p

1-x5 RT )

= L S, Ly

X Mg — My

—=eXp| —— |. 2

x° p[ RT J @

Introduce the notation

0 S 0 S
Ay =plp -, Ay =plp -,

Y Ay
K, :exp[— R—?j,KB:exp(— R_l;’j (3)

From system (2) it follows that it is impossible to have
K,=lorK,=1,or K, =K, since in any of these cases
one obtains K, = K, =1 and x* = x5, that does not occur
in this case.

Except for these cases, from Eq. (2) we obtain
s_ K, -1 ok

- K, -1
KA _KB ’

X =
KA _KB

Ky (4)

However, Eq. (4) may also yield physically meaning-
less results (negative values or values exceeding unity).
Let us determine for which values of K, and K, the cons-
trains 0 <x¥<1, 0 <x! <1, are satisfied, i.e.,

K, -1

0< K, -1 < Ka-l
KA_KB

<4 < Ky <l 5
K,-K, g ©)

>

An analysis of the system of inequalities (5) shows
that they hold when (K, <1, K,> 1), or, conversely,
(K,>1, K, <1). Using the notation of Eq. (3), we obtain
that equilibrium in the system under consideration is pos-
sible if the chemical affinities 4’ and A} have opposite
signs: if for one component, say 4: uﬁ“ >ui°, then for
the other it must necessarily be the opposite: pi < p3.
Thus, the criterion for the possibility of local equilibrium
is the set of conditions

(n<nf,nip>u) or (Wp>uf wp<u). (6

Let us consider the case where these conditions are
not satisfied — namely, the same system at a temperature
T, below the solidus line (Fig. 3).

At temperatures below the solidus, both components
in the pure state are solid:

(0 >nf, > u)

so the necessary conditions for phase equilibrium are not
fulfilled. This is evident from Fig. 3, since the p, curve
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lies above and to the right of the u’, curve; at equilibrium
with respect to component 4 one has x5 < x.

For component B, the u curve lies above and to the left
of the pf curve, and equilibrium with respect to compo-
nent B is possible only if x* < x5, These conditions cannot
be satisfied simultaneously — equilibrium is impossible.

Thus, at temperatures below the solidus, when both
components are in the solid state, the equilibrium con-
ditions for both components cannot be fulfilled simulta-
neously. The analysis shows that, in this case, any local
equilibrium between the liquid and solid phases is impos-
sible because it would require mutually contradictory
values of the chemical potentials. Consequently, any ana-
lytic continuation of the equilibrium lines into the region
of supercooled melts below the solidus has no thermo-
dynamic justification and cannot be used to provide a cor-
rect description of phase transformations on supercooling.

[ RESULTS AND DISCUSSION

The aim of this work was to use equilibrium phase
diagrams to study the dynamics of nucleation and growth
of nuclei of a new phase. It is evident that under rapid
cooling the system does not attain global equilibrium;
however, in the vicinity of the solid — liquid interface
a quasi-equilibrium local state may be established, which
makes it possible to employ thermodynamic approaches.
The use of local equilibria is a key principle of nonequi-
librium thermodynamics.

The analysis shows that such local equilibria are not
always possible. If the nucleus consists of a single com-
ponent, a quasi-equilibrium description is applicable. For
two or more components, the feasibility of local equi-
librium is determined by the relative signs of the chemi-
cal affinities for the interphase transitions. In particular,
if these affinities have the same sign, local equilibrium
is impossible, and the phase transformations must be
described exclusively by kinetic models.

The proposed approach can be extended to more
complex systems, provided that functional dependences
of phase activities on composition are available. For more
accurate modelling of nucleus growth, the model should
be supplemented with diffusion equations describing
mass transport to the phase boundary and with rate equa-
tions governing the interphase chemical reactions that
transfer components between the phases.

[ ConcLusIONs

We have developed a method for determining the pos-
sibility of local equilibrium between a solid nucleus and
the liquid (parent) phase based on an analysis of the chemi-
cal potentials of the components. With the necessary modi-

Temperature
%)

Lo

Iy

So
My

Chemical potential

Composition

Fig. 3. Chemical potentials of the components (a) in a system
with unlimited mutual solubility in liquid and solid states
at temperature 7, at incomplete equilibrium (b)

Puc. 3. Jlnarpamma cocTosiHUS (@) U XUMHYIECKHE TTOTCHIHAIIBI
KOMITIOHCHTOB CHCTEMBI C HCOTPAHIYCHHOW B3aHMMHOM PaCTBOPUMOCTBIO
KOMITOHEHTOB B )HJIKOM H TBEPIOM COCTOSIHHSX TIPH TEMIIepaType
T, ipu HemonHoM paBHoBecuH (b)

fications, this approach can be applied to real multicom-
ponent systems. In cases where the establishment of local
equilibrium is impossible, a mathematical description
of crystallization must include not only diffusion equa-
tions but also equations for the rates of interfacial chemi-
cal reactions for each component.
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EFFECT OF ANNULAR SEAMS ON STRESS-STRAIN STATE
IN CYLINDRICAL CERAMIC SHELL MOLD DURING SOLIDIFICATION
OF A STEEL CASTING IN IT
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Abstract. During the crystallization of liquid metal in a shell casting mold, significant normal stresses occur on its surfaces. On the inner — compres-
sive, on the outer — tensile. They are especially pronounced at the initial moment of cooling time. This can lead to damage to the casting mold, and
hence damage to the crystallizing metal casting. It is possible to reduce the level of stress-strain state in the surface layers by applying special annular
(temperature) recesses (seams) to the outer and inner surfaces. In this paper, the problem of the influence of temperature seams in inner and outer
layers of a shell mold (SM) on the level of its stress-strain state (SSS) during crystallization of a steel casting was formulated and solved. The normal
stresses G,,, G55, which occur both on the inner and outer surfaces of SM at the initial moment of metal casting and cooling of the steel casting, are
accepted as a parameter of SM resistance to cracking. An axisymmetric problem for a cylindrical ceramic SM is considered. Based on the formulated
objective function, the paper presents an algorithm for solving the problem using the equations of the linear theory of elasticity, the equation of thermal
conductivity and the proven numerical method. As a result of solving the problem, the minimum number and locations of recesses on the inner and
outer surfaces of SM, ensuring a decrease in normal stresses, were determined. The results of solving the problem are presented in the form of stress
plots across the sections of the considered area. The authors analyzed the obtained results of SM resistance to cracking and gave recommendations
on the use of the obtained results in various scientific and technical fields.
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AnHomayus. lpyu KpuCTaIITU3aLNH )KUIKOTO METalIa B 000JI0YKOBOM JIUTEHHON (hopMe Ha ee MOBEPXHOCTIX BOSHUKAIOT 3HAYUTEIIbHbIC HOPMaJIbHbIC

HaIpsDKSHUS: Ha BHYTPEHHEH — CXKMMAIOIHe, Ha Hapy:KHOH — pacTsruaronire. OCOOCHHO SPKO OHM MPOSIBIISIFOTCS B HAYaJIbHBIH MOMEHT BPEMEHH
OXJIKACHUSI. DTO MOXKET MPHUBECTH K MOBPEKICHUIO JUTEHHOW (OPMBI, a 3HAYMT, U K MOBPEKIACHUIO KPUCTAJUIU3YIOIICIHCS METaINYeCKoit
ormBKU. CHU3UTH YPOBEHb HANPSHKEHHO-IE()OPMUPOBAHHOTO COCTOSHUS B IOBEPXHOCTHBIX CJIOSIX MOXKHO € TIOMOILBIO HAHECEHHUS HA BHEIIHIOKO
1 BHYTPECHHIOIO MOBEPXHOCTH CIELHATbHBIX KOJNBIEBBIX (TEMIEpaTypHbIX) BbITOYCK (1IBOB). B Hacrosiei padore chopMynnpoBaHa U penieHa
3aj1a4ya 10 BIMSIHUIO TEMIIEPaTyPHbIX HIBOB BO BHYTPEHHHX M BHEIIHHX CJIOSIX 0005104K0BO#T (hopmbl (OD) Ha ypoBeHb €€ HANPsHKEHHO-1e(OpMH-
posannoro cocrositus (HJIC) npu kpucranmu3annu craibHON OTIIMBKH. B kadecTBe napamerpa croiikocti O®D Kk TpenmHo00pa30BaHUIO TPHHSTHI
HOPMAJIbHBIE HATIPSDKEHNS O, ,, G55, BOSHUKAIONIME KAK HA BHYTPEHHEH, Tak U BHEIIHEH MoBepxHOCTAX O® B HAYaIbHBIA MOMEHT 3aJMBKH METAILIA
1 OXJIQKACHHS CTAIBbHON OTIMBKH. PaccMarpuBaeTcsi ocecHMMETpUYHAs 3a/1a4a Ul HHIMHIpHYecKoil kepamudeckoit OD. Ha ocHoBe cdopmy-
JIMPOBAHHOW LIeJICBOM (DYHKIIMU NPHUBEACH AJTOPUTM PEIICHHS 33aJa4i C UCIIOIb30BAaHUEM YPaBHEHUH JIMHEIHONW TEOPUH YIPYTOCTH, YPAaBHCHUS
TEIJIONPOBOIHOCTH M anpoOMPOBAHHOTO YUCIEHHOrO MeTona. B pesynbrare pemienus 3aJaud ONnpeiesieH0 MUHUMAIbHOE KOJMYeCTBO U MecTa
PAacIIOIOKeHNUS BBITOUCK HAa BHYTPEHHEH 1 BHEIIHeH noBepxHocTH O®D, 0becneunBaroniX YMEHbIICHHE HOPMAIbHBIX HANpsDKEHUH. Pe3ynbrarst
pelIeHHUs 3a/1a41 NPeICTaBICHbI B BU/E JIIOP HANPSHKEHUH 110 CEYSHUM paccMaTpuBaeMoit oonacty. JlaH aHaau3 MomyyYeHHbIX pe3y/IbTaToB CTON-
rxocti O k TpenmHo00pazoBaHui0. [{aHbl PEKOMEHIAIUH 110 HCIOIB30BAHUIO PE3YJIBTaTOB PAOOTHI B Pa3JIMYHBIX HAYYHO-TEXHIMUYECKUX 00IaCTsIX.
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B INTRODUCTION

Investment casting is widely used to produce geomet-
rically complex castings while maintaining dimensional
accuracy.

However, this process is characterized by a relatively
high rejection rate of shell molds (SMs), primarily due
to micro- and macrocracking as well as partial or comp-
lete mold failure during shape formation and, most criti-
cally, during key technological operations such as firing
and metal pouring, especially at the early stage of cool-
ing. These failures result from nonuniform heating across
the thickness of the shell mold. Consequently, the limi-
ted durability of SMs is mainly associated with elevated
stress—strain state (SSS) levels within the mold. To miti-
gate these effects, a range of technological solutions is
applied in industrial practice.

The stress—strain state of multilayer shell casting
molds has been extensively studied by both domestic
and international researchers. In particular, studies [1; 2]
examined the influence of shell mold shape and geo-
metry; works [3; 4] focused on wall thickness; investiga-
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tions [5; 6] addressed the properties of mold materials;
and publications [7 — 9] analyzed the influence of casting
geometry. Domestic studies dedicated to this problem are
presented in [10 — 13]. Similar issues have also been inves-
tigated in relation to permanent mold casting [14; 15].

The present study continues the authors’ research on
the crack resistance of ceramic SMs used in investment
casting. In earlier work, the SSS of cylindrical SMs dur-
ing pouring with liquid metal was investigated using
mathematical modeling. The theoretical analysis identi-
fied optimal physical parameters of the SM material and
its morphological structure as key factors governing crack
resistance. These results formed the basis for the deve-
lopment of new SM designs and configurations, for which
several Russian Federation patents for inventions have
been granted (including Nos. 2743439 and 2763359).

The theoretical investigations are based on a numeri-
cal method [16] applied to the following problem: liquid
metal is poured into a multilayer SM, where it solidifies
to form a casting; during subsequent cooling, the tem-
perature field and stress—strain state in the cross-sections
of the SM are determined.
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At the initial stage of the study, the analysis was
performed for a casting in the form of a cylinder with
a spherical rounding at the lower part, which simulates
a riser-type casting model within a shell mold.

Further theoretical investigations of cylindrical SMs
focused on quantifying how the force interaction with
the supporting filler (SF) and the interlayer friction para-
meters within the shell mold affect its stress—strain state
(SSS) [17; 18]. These results also led to the granting of Rus-
sian Federation patents (Nos. 2769192 and 2788296).

As shown by industrial monitoring of casting-mold
durability, the most unpredictable casting geometry is
spherical (ball-shaped). For spherical SMs, the optimal
supporting-filler (SF) coverage angle and its effect on the
stress—strain state (SSS) of the SM were determined
in [19].

Foreign studies [20 — 22] present numerical-method-
based mathematical modeling of these processes, whereas
works [23; 24] address modeling of the SSS in a solidi-
fying casting.

The search for technological solutions to reduce
critical SSS levels in SMs led to a new ceramic SM
design [25]. The proposed design builds on a well-known
approach for reducing thermal stresses in castings by
introducing so-called stiffening ribs [26].

It was shown that the durability of spherical SMs
increases when annular (temperature) seams, or recesses,
are introduced on the inner surface of the mold. A similar
durability increase associated with such seams has also
been reported for metal casting molds.

When steel is poured into a spherical shell mold,
the internal normal stresses across the cross-section are
fully compressive and reach relatively high values. Accor-
dingly, the theoretical analysis focused on conditions that
reduce the absolute magnitude of these stresses. The most
effective solution was a shell mold design incorporating
annular seams in the inner layer (lining) [25]. In contrast,
for cylindrical shell molds, the greatest risk is associated
with tensile normal stresses at the mold—SF contact surface.

In the present study, we consider a ceramic shell
mold with a cylindrical section and theoretically analyze
the effect of temperature seams not only in the outer layer
of the shell mold but also on its inner surface. A “rigid”
mold configuration is examined, namely a single-layer
ceramic mold with a constant shear modulus.

[ MATHEMATICAL FORMULATION OF THE PROBLEM

An axisymmetric body of revolution is considered
(Fig. 1), comprising a liquid phase (metal) (/), a solidify-
ing shell (Z]), a shell mold (Z1]), a supporting filler (/V), cir-
cular recesses ai on the surface of the lining (surface S,),
and circular recesses bi on the contact surface between
the mold (/7]) and the supporting filler (/V) (surface S,).

Let 4 be a finite set of circular recesses a, on surface
S,;A=1{a,i=1,..,n}; and let B be a finite set of circu-

lar recesses b, on surface S;; B={b,, k=1, .., m}. Let
C=A4VU B. As follows from the authors’ numerous stu-
dies, the critical stresses during steel pouring into a shell
mold are o,, and o,,. Moreover, during steel cooling in
a SM with cylindrical sections, the hazardous stresses
are the tensile stresses 6,, on surface S,, whereas during
steel cooling in a shell mold of spherical configuration,
the hazardous stresses are the compressive stresses o
on surface S, .

Problem statement. Determine the minimum number
and placement of recesses 4 on surface S, of the shell
mold and the number of recesses B on surface S;, as
well as their geometric arrangement, such that during
metal cooling in the casting mold the maximum (abso-
lute) stresses in the domain Q at T = 1" remain within pre-
scribed limits for the axisymmetric problem:

33

053] <55 MPa; a
G,, <20 MPa,
1 5“4
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Fig. 1. Calculation scheme of the system with indication of the surface
to the problem boundary conditions:
S, — inner contact surface of liquid and solidified metal;
— inner contact surface of solidified metal and ceramic mold;
— outer contact surface of ceramic mold and supporting filler;
1 —liquid metal; /7 — crust of solidified metal;
111 — shell mold (SM); IV — supporting filler;
R —radius of SM spherical part; 4 — height of SM cylindrical part

S,
Sy

Puc. 1. PacueTHasi cxemMa CHCTEMBbI C YKa3aHHEM ITIOBEPXHOCTH
K TPaHUYHBIM YCIIOBHSM 3a/1auH:
S| — MOBEPXHOCTh KOHTAKTA UJIKOTO M 3aTBEP/IEBUIET0 METAILIA;
S, — BHYTPEHHsIs TIOBEPXHOCThH KOHTAKTA 3aTBEPAEBLIEI0 METasLIa
U KepaMUuecKoil (hopMbI;
— BHEIIHSSI TOBEPXHOCTb KOHTAKTa KePaMHUYECKOH (hOpMBI
C OTOPHBIM HAIOJIHHUTETIEM;
I — xunakuit Metasut; [/ — Kopouka 3aTBepAEBIIEro MeTalla;
111 — obonouxoBas Gpopma; [V — OnOpHBIil HAOIHKUTENB; R — pagnyc
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here O is the meridional cross-section domain; t° is

the maximum cooling time after which the temperature

over the domain Q begins to equalize and the normal

stresses 6,, and o, start to decrease in absolute value.
The value of t* is determined from the function

F = max|oy4(t,0)], (2)

under the constraint T < 60 s.

To compute F, we write the governing equations
in a Cartesian coordinate system for each subdomain
(Fig. 1) using linear elasticity theory:

— domain I
511:(722:(’.33:(;:1)1; 3)
B =—vh; 0 =q,A6;
— domain /1, I1I:
c;;=0,i,j=1,2,3;
* * 1
8 —08,7 =2Gp8,.j; € =¢; —388,./.; e=¢;;
4)

€ =3kpc+3ocp(9—9;); g :O,S(U,-,j +Uj,z')5

00 .

C,y— =div(hgradf),
ot

where G, are the components of the stress tensor; o is

the hydrostatic stress; &, are the components of the elastic

strain tensor; 4 is the height of the liquid metal column;

i :l—2u
E

» is the bulk compression coefficient; p is

Poisson’s ratio; £ is Young’s modulus; GP(G) is the shear
modulus in domain p (p = 11, 11]); a, is the linear thermal
expansion coefficient; a, is the thermal diffusivity coef-
ficient in domain (/); T is time; 0 is temperature; Cp is
the specific heat capacity in domain (p); v is the spe-
cific weight; 9; is the initial temperature in domain (p);
A =2A(0) is the thermal conductivity coefficient; summa-
tion over repeated indices is implied.

During the cooling of liquid metal, under the condition
that the metal temperature 6 < 0 (where 0_is the crystal-
lization temperature), the thickness of the solidified layer
A, is determined from the solution of the phase-transition
equation.

Initial conditions:

Al =0-absence of solid phase;

=0
3

0, - 9; — temperature of the poured liquid metal;

T=l

*

O

Boundary conditions of the problem in orthogonal
coordinates (Fig. 1):

— for the axisymmetric problem

. 0" — initial mold temperature.

Us; =0; 63, =03, =0; g3 =€ =0;
. Joy;

A, —0,i=1,23
0x4 0x4

)
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— on the axis of symmetry
U,=0;0,,=0,9,=0,0=0_;
—on surfaces S|, S, S,
Spls, = =P Oplg =05 Uylg, =05 0y, =0;
622|S4 =0; (511|S3~ =0;

(6)

sl

U,
012|S3, =y U* Ts Cos(nlxl);

9|S3 =0; 9|S2 =0,,
where U, is the displacement of the mold material during
sliding relative to the SF (sand), U" is the normalizing dis-
placement; y is the friction coefficient between the mold
and the supporting filler; 7 is the conditional yield limit
in shear; ¢ is the heat flux.

For the thermal analysis, we used Dirichlet (first-
kind) boundary conditions. To determine 6_(t) and 6" (1),
the data from Ref. [27] were adopted:

0, =0, ——0;
T

O<'C<6OS; (7)

0 =90[1+ ij,
13

here 7 is the cooling time, s; 9:, =1550°C; 6, =100 °C;
0, =20 °C; 0" is the temperature on surface S,;1,=60s;
T,=1s.

The time t© does not exceed 60 s, since for 1> 60 s
the stresses in the SM do not pose a risk of failure.

The shear modulus of the SM is taken as

G oa = 2960 kg/mm?. (8)
The algorithm for solving system (4) under boundary
conditions (5) — (7) is described in detail in Ref. [27].
The calculation yielded the following results:

F=-65.6 MPa; t*=21.65 s. 9)

The solution results are presented in Fig. 2 in the form
of stress plots along the cross-section of the shell under con-
sideration. The stresses o,, and o, are highly significant. In
the lining, 6,, and o,; are negative and reach large mag-
nitudes in the cylindrical part of the SM, with || being
approximately 1.5 times greater than |o,,|. In the spherical
part, the difference between 6,, and o, is smaller; however,
as the stresses approach the cylindrical region, the diffe-
rence becomes pronounced. In the outer layer (at the con-
tact with the supporting filler), the stresses 6,, are posi-
tive. In the spherical part, they are approximately equal in
magnitude, whereas in the cylindrical part they increase
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toward the upper portion of the mold. The stresses ¢, on
this surface (surface S;) are comparable to c,, in the spheri-
cal region and are practically zero in the cylindrical region.
Fig. 2 shows that the stresses 6., and 6,, arising during steel
pouring into the ceramic shell mold significantly exceed (in
absolute value) the limits specified in (1).

Having determined the value of t* from (9), we proceed
to solving the formulated problem. The process of steel
cooling in a ceramic SM with temperature seams (annular
recesses) is considered. In contrast to the previous prob-
lem, the cross-section Q represents a multiply connected
domain. The initial and boundary conditions largely coin-
cide with those of the previous problem. Boundary condi-
tions (6) are supplemented as shown in Fig. 1):

(022 =0y)[5 =0, i=5.6; (0, =0,)[; =0,i=7,8; (10)

Relationship (7) is also satisfied for the adopted value
of the shear modulus given in (8).

[ SOLUTION ALGORITHM

1. The geometric dimensions of the domain, the final
cooling time t°, the geometric dimensions of the recesses,

30 MPa
—
/ﬁ 14.0
L 26.1
-55.6 {

—36.6, -

A
—65.6

LT
366 ///— 22.0

—61.3/ -
379 -7~ _—1208

4371 .-
389 /—’/ 19.9
—63.7/ _--"
402 - 15.8

N

7 p
—63.9/ -
36| g5 T_—{124

Fig. 2. Stress plots 6,, (——) and o, (—==) along SM section

Puc. 2. Dmops! Hanpsixenuit 6,, (——) u 65, (= ==) no cedenuro OD

and their initial coordinates on surfaces S, and §, are
specified: a,(0), b,(0). The coohng time T is d1V1ded
into a finite nurnber of time steps: T = ZAT (where n is
the time-step index).

2. The investigated domain is divided into a finite
number of elements by a system of orthogonal surfaces.

3. The arc lengths of the elements are calculated
SiG,k=1,2,3;i#kj=1,2).

4. Initial and boundary conditions are specified for
the elements forming the considered domain ((5), (6),
(10)), as well as the constants of the physical and mecha-
nical properties of the materials.

5. The temperature field at the time step At is deter-
mined by a numerical solution of the heat conduction
equation using an iterative scheme [27], taking into
account the initial and boundary conditions at the given
time step. The presence of recesses was not taken into
account when solving the thermal problem.

6. If the condition 6|S2 <0, for domain (/) at sur-

face §,, is satisfied, the thickness of the crystallized shell
A, is calculated.

7. System of equations (3) and (4) is solved taking
in account boundary conditions (6) and (10), finite-dif-
ference analogs, and the developed methodology using
the Odyssey software package'. The stress fields o, and
displacement fields U, (i, j = 1, 2) are determined.

8. On surface S;, the mold-supporting contact is
assessed for each element if o, |s >0=>o0,,=0, 6, =0,
the boundary conditions are reass1gned and operation 7
is performed.

9. A time step is performed. According to relations (7)
the boundary conditions for solving the thermal problem
are reﬁned If ZAT <1, operation 5 is performed. If
ZAT =1, operation 10 is performed.

10. Over the domain Q, the values of 6., and o,, are
analyzed, and the maximum values (in absolute mag-
nitude) exceeding the constraints (1) are selected. Cor-
responding matrices are formed [G,,], [G3;]. If cons-
traints (1) are satisfied, operation 12 is performed.

11. From the matrices [G,,], [O3;] the maximum values
are selected, and recesses are introduced in the corres-
ponding cross-sections. Operation 7 is then performed.

12. The calculation process is completed.

[ RESULTS OF THE STUDY

Geometric parameters: S = 5 mm; R = 20 mm; 4 = 50 mm.

Time intervals At : 0.01, 0.02, 0.03, 0.04, 0.05, 0.1,
0.2,0.3,0.4,05,2,5,5,5,3,3,5,5,5,5s.

The following physical parameters of the poured steel
at § > 1000 °C (6., = 1550 °C) [27]:

! Onikov V.I., Prokudin A.N., Sergeeva A.M., Sevastyanov G.M.
ODYSSEY. Certificate of State Registration of a Computer Program
No. 2012111389. Registered in the Register of Computer Programs on
December 13, 2012.

617



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(6):613-620.
EscmucHees A.HU., OduHokosg B.H. u dp. BnvsiHMe KOJIbLIEBBIX IIBOB HA HANPSKEHHO-/1eOPMHUPOBAHHOE COCTOSIHUE ...

G =1000 kg/mm?; o = 12-10° deg™!;
A =0.0298 W/(mm-°C);
L =270-10° J/kg (latent heat of fusion);
C = 444 J/(kg-°C); v = 7.80-10° kg/mm?; 6_= 1450 °C.

Physical properties of the ceramic shell mold:

G =2960 kg/mm?; o= 0.51-10° deg™!;
A =0.000812 W/(mm-°C);
C =840 J/(kg-°C); y =2.0-10° kg/mm?>.

Recess dimensions: @, = X2 mm, b, = 1x3 mm.

Calculations performed using the above algorithm
yielded the following results: F'=5; a, = 2; b, = 3. The geo-
metric locations of the recesses (a;, b;) and the temperature
distribution in the cross-section (x, = 0) are shown in Fig. 3.
The resulting stresses o, and c,, are presented in Fig. 4.

As shown in Fig. 4, all maximum values of the stresses
0, (in absolute magnitude) and the tensile stresses o,,
satisfy the specified constraints (1), although in some
cross-sections they are very close to the limiting values.

[ ConcLusIONS

An axisymmetric problem was formulated and solved
to optimize the cooling of a steel casting in a ceramic

T,°C
1600 |-
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Fig. 3. Calculation scheme of the system with a group
of recesses on the lining and outer layers of SM
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Fig. 4. Stress plots 6,, ( ) and 6, (= ==) along SM section
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shell mold with cylindrical and spherical sections and
annular temperature recesses.

The effectiveness of introducing annular recesses on
the outer and inner mold surfaces in contact with the cool-
ing metal was demonstrated.

The results can be used to analyze related processes,
perform strength calculations, and support optimization
studies.
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CALCULATION OF TEMPERATURE AND THERMOELASTIC STRESSES
IN STRIKERS DURING PRODUCTION OF HOLLOW STEEL BILLETS
IN A UNIT OF COMBINED CASTING AND DEFORMATION. PART 2

0. S. Lekhov®, D. Kh. Bilalov

| Russian State Vocational Pedagogical University (11 Mashinostroitelei Str., Yekaterinburg 620012, Russian Federation)

&3 MXlehov@yandex.ru

Abstract. The article solves the problem of determining thermoelastic stresses in calibrated strikers in a unit of combined casting and deformation
during production of hollow steel billets using the calculation methodology developed by the authors. The authors substantiate the relevance
of determining thermoelastic stresses in insulated strikers when compressing the wall of a hollow billet and at idle run when cooling the strikers
with water, and describe the striker geometry to produce a hollow billet in one pass. The paper considers the initial data and temperature boundary
conditions for calculating the temperature field of the striker during production of hollow billets in a unit of combined casting and deformation.
The boundary conditions are given to determine the striker temperature as well as the values of heat flow and effective heat transfer coefficient.
The results of calculating the temperature fields are performed in four sections and are presented for characteristic lines and points located
on the striker contact surface and in the contact layer at a depth of 5 mm from the working surface. Dimensions of the finite element grid are given
to calculate thermoelastic stresses in calibrated strikers using the finite element method with ANSYS package. The authors determined the magni-
tudes and patterns of distribution of thermoelastic stresses in a calibrated striker when compressing the wall of a hollow billet and at idle run when
such a billet is produced in one pass in a unit of combined casting and deformation. Based on the calculated temperature values and the magnitude
of the maximum compressive thermoelastic stresses on the contact surface of the strikers, it is proposed to use a pipe billet as a material for making
strikers.

Keywords: unit, calibrated striker, casting, deformation, mold, hollow billet, temperature field, thermoelastic stresses, finite element
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PACYET TEMNEPATYPbl U TEPMOYMNPYIUX HANPAXEHUN
B BOMKAX NMPU NONYYEHUU CTANIbHBIX MNONbIX 3ATOTOBOK
HA YCTAHOBKE COBMELLEHHOTO /IUTbA U AE®OPMALUN. YACTD 2

0. C. JIexoB %, /I. X. BusiaioB

Poccuiickuii rocyrapcrBenHblii npogeccoHalbHo-efarorudeckuii yausepeuret (Poccus, 620012, ExarepunOypr, yin. Marmu-
HOCTpouTenei, 11)

& MXlehov@yandex.ru

AHHOmayus. B cratbe pemaeTcs 3aava ONPEICICHUS] TePMOYIPYTUX HANPSDKCHHH B KaJMOPOBAaHHBIX 0OMKAX YCTaHOBKHM COBMEIICHHOTO JIUThS
1 nedopMaIy npy MOJYYSHUH CTAJIBHBIX MOJIBIX 3aTOTOBOK C MCIIOIB30BAHUEM Pa3pabOTaHHON aBTOPaMH METOJUKH pacdyera. ABTOPbHI 000CHO-
BBIBAIOT aKTYaJbHOCTD OIPEeTICHHsI TEPMOYIIPYTHX HANPSHKECHUH B KaIUOPOBAaHHBIX OOWKax MpU 00XKATUH CTEHKH IOJIOH 3arOTOBKU M HA XOJIO-
CTOM XOJ/1y NPHU OXJIKICHUHM OOMKOB BOIOW M HPEJCTABISIOT FEOMETPHIO OOMKa JUIs TOJyYEeHHs MOJIOH 3arOTOBKH 3a OfiuMH mpoxoi. IIpencras-
JICHBI UCXO/IHBIC TAHHBIE [UISl pacuyeTa TepPMOYIPYTUX HANPSDKCHUH B KalnOpOBaHHBIX 0OiKaX yCTaHOBKH COBMEIIEHHOTO JIUTBS U Je(hopMaruu
IIPY TIOJIyYEHUH MOJIBIX 3arOTOBOK M TEMIIEpaTypHbIE I'PAaHWYHBIC YCIIOBHUS JUId MX pacyera. J{Js ompeaesneHus TeMmeparypbl OOiika HMpHUBO-
JUITCSL TPAHUYHBIE YCIIOBHS U 3HAYSHHUS TEIUIOBOTO MOTOKA U A()(HEeKTHBHOTO KOG UIMEHTA TernooTAa4du. Pe3ynsraromM pacuera TepMOyIpyTrHx
HAIPSDKCHUI B YETHIPEX CEUCHHUSIX SBIISIOTCS XapaKTepHbIC JTMHUM M TOYKHU, PACIOJIOKEHHBIC HA KOHTAKTHOH MOBEPXHOCTH 0OIKa M B IPHKOH-
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TaKTHOM CJIO€ Ha NTyOuHE 5 MM OT paboyeii moBepxHocTH. [lJ1s pacueTa TepMOyNpyTruX HapsHDKEHUH B KaTMOPOBAHHBIX OOMKaX C MCIOJIb30BAaHUEM
MeTo/1a KOHEUHBIX IEMEHTOB ¢ TprMeHeHneM naketa ANSY'S mpuBoasTcst pa3Mepsl CeTKH KOHEYHBIX JIEMEHTOB. ABTOPBI OIIPEIEIININ BETNINHBI
Y 3aKOHOMEPHOCTH PACIIPE/IeNICHNS] TEPMOYIPYTHX HANPSDKEHUH B KAJIMOPOBAaHHOM OOMKe MpU 00)KaTHH CTEHKH MOJIOH 3arOTOBKU M Ha XOJIOCTOM
X0y TIPH TIOJYUCHUH 32 OJIMH TIPOXOJI TAKOH 3arOTOBKH Ha YCTAHOBKE COBMEILICHHOTO JIMThS 1 JeopManui. Ha 0CHOBaHMU pacyeTHBIX 3HAYCHUI
TEMIIEPaTypbl ¥ BETMYMHBI MAaKCHMAJIBHBIX CKMMAIOIIUX TEPMOYIPYTHX HANpsHKEHUH Ha KOHTAaKTHOW NMOBEPXHOCTH B KQUeCTBE Marepuala s

HM3TOTOBJIEHUS OOMKOB TIPEATIOKCHO HCIIOJIb30BATh pr6HyIO 3aroToBKY.

Kawuessle cno8a: YCTaHOBKa, KaJII/I6pOBaHHLI€ 60ﬁKH, JINTBE, ,ue(bopMauI/m, KpuCTaJIn3aTop, I10JIast 3aroToBKa, TEMIICPATYpHOC 110JIE, TEPMOYIIpyTrue

HaIpsKCHU, KOHEYHBIH JIeMEHT

/s yumuposaHus: Jlexos O.C., bunanos JI.X. Pacuer Temmeparypbl U TepMOYIPYTUX HANpsDKCHUE B OOMKax MPU MOTYYEHHH CTAJIBHBIX MOJBIX
3aroTOBOK HA YCTaHOBKE COBMEIIICHHOTO JIUThs 1 fepopmarmu. Yacts 2. Mseecmus 6y306. Yepnas memannypeus. 2025;68(6):622—-626.
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- INTRODUCTION

The main and most heavily loaded elements of a unit
of combined casting and deformation are the stri-
kers [1; 2]. During the working stroke, they simultane-
ously compress the wall of a steel hollow shell and move
it in the casting direction. In this process, combined
stresses arise in the strikers during the working stroke
due to the compression force and the thermal load [3 — 5].
Therefore, a relevant problem is to substantiate the selec-
tion of the striker material that ensures the ability
to withstand cyclic loading under the combined action
of mechanical and thermoelastic stresses [6 — 8].

To calculate the stress state of the striker in the unit, its
temperature field was first determined based on solving
the unsteady thermal conductivity equation with the cor-
responding initial and boundary conditions [9 — 11].

The outer and inner diameters of the hollow billet
made of 09G2S steel are 100 and 60 mm, respectively.
The angular speed of the eccentric shafts was taken as
40 min!. At this speed, the contact time of the striker
with the wall of the hollow billet during the working
stroke is 0.375 s, and the pause time is 1.125 s. The tem-
perature of the hollow billet in the striker entry zone is
1200 °C [12 — 14].

The geometry of the striker with dimensions is given
in [9]. Iterative calculations showed that, to ensure a tem-
perature of 350 °C on the striker contact surface at a heat
transfer coefficient of 2000 W/(m?-K), the heat flux den-
sity is 4.6 MW/m? [15].

It was established that, under the action of heat
flow during compression of the hollow billet wall by
the strikers, the temperature on the striker contact sur-
face lies in the range of 370 — 451 °C. Subsequently, dur-
ing idle operation with water cooling, the temperature
of the striker contact surface decreases and falls within
the range of 289 — 370 °C.

Based on the obtained temperature fields, thermoelas-
tic stresses in the strikers of the unit were determined by
the finite element method using the ANSY'S package [16]
(with elements of the calculation methodologies described
in [16 — 18]). The finite element size in the deformation

zone and in the calibrating sections of the strikers was
taken as 1 mm. By symmetry, the calculation was per-
formed for one half of the striker shown in Fig. 1 [9].
The calculation results for radial (SR), tangential (S0),
axial (SZ), and equivalent (SEQV) thermoelastic stresses
are presented only for the characteristic lines XZ L2 §2,
XYZ L2 §2,and R L2 S2 and for the points of section 2
associated with the striker contact surface (Fig. 1).

The Table presents the values of thermoelastic stres-
ses at the points of the characteristic lines of section 2
under the action of heat flow (HF) and during water cool-
ing (WC).

Fig. 2 shows the patterns of thermoelastic stress
distribution in the strikers along the characteristic line
R L2 S2.

Let us consider the distribution of thermoelas-
tic stresses in the strikers along the characteristic lines
of section 2 (Fig. 1), where the maximum compressive
stresses arise during compression of the wall of the steel
hollow billet. Thus, at point 1_S2 of the XZ L2 S2 line,
which passes along the axis of symmetry of the striker

9 82 6 52
Line
| YZ 12 52
Radial line at
R 5mm_L2_S2 Line
852 XYZ 12 S2
782
Radial line at 5_82
R 12 82 4.82
5
Line
Y XZ 12 82
- 182 -
2 82 3 82

Fig. 1. Position of points and lines in section 2

Puc. 1. ITonoxeHue TOUEK U JTUHUH B CCUCHUU 2
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Values of radial, tangential, axial and equivalent stresses at points of section 2 lines
due to the effect of heat flow (HF) and cooling with water (WC) on the striker

3HayeHUs PaUAJIBHBIX, TAHTEHIIHAJIBHBIX, 0CEBBIX H JKBUBAJICHTHBIX HANPS’KEHUH B TOUKAX JIMHUI cedeHus 2
oT BO3/1elicTBUS HA 00ek TenJioBoro noroka (HF) u oxaaxnenust Bopoii (WC)

Stress, MPa
Poit | SR | S0 | sz |sEov| SR | so | sz |sEQv
At the end of the pause (WC) At the end of contact (HF)

1.82 -9 -58 | -191 178 -39 | -589 | -703 671
2 82 27 | =243 | -361 317 -33 | 218 | 348 | 297
382 -56 | 114 | -62 56 -38 | 113 | -42 61
4 52 —4 148 | —142 | 238 -34 | 381 | —652 | 592
582 -13 -91 =312 | 289 -18 —58 | =295 | 278
6 82 | 542 | 454 141 459 | =561 | —470 130 459
7 82 21 25 341 342 -19 =59 —63 71
8 52 53 -1 355 340 -32 -1 340 372
9 82 0 1 857 856 0 1 859 858

caliber, at the contact surface, the maximum compressive
axial stresses SZ reach —703 MPa (Fig. 2, Table).

During idle operation with water cooling, compres-
sive thermoelastic stresses SO and SR at the striker contact
surface at point 1 _S2 are significantly lower and amount
to —58 and —191 MPa, respectively (Fig. 2, Table).

It should be noted that along the XYZ L2 S2 line,
the compressive thermoelastic stresses SO and SZ at
the striker contact surface during compression of the hol-
low billet wall are quite high; at point4_S2, they are —381
and —652 MPa, respectively (Fig. 2, Table).

During idle operation, at the striker contact surface
at point 4 S2, the tangential stresses SO are tensile, with
a maximum value of 148 MPa, while the axial stresses
SZ are compressive, with a value of —142 MPa. However,
through the striker thickness, the axial stresses initially

800

600 |-
400
200
O -
-200
—400
—-600 SZ
800 1 1 1 1

SEQV

SO
\

ST

Stress, MPa

0 20 40 60 80

Distance, mm

100

increase to —312 MPa, then decrease, change sign, and
become tensile, reaching a maximum value of 141 MPa
(see Table).

Let us consider the distribution of thermoelastic
stresses along the radius of the striker contact surface
(line R_L2 82, Fig. 1).

During compression of the hollow billet wall, at point
1_S2 of the striker contact surface, the thermoelastic
stresses SO and SZ are compressive, amounting to —589
and —703 MPa, respectively. Along the radius, they
decrease and at point 4 S2 become —381 and —652 MPa,
while at point 7_S2 they are —59 and —63 MPa, respec-
tively (Fig. 2, Table).

During idle operation, at point 1 S2 of the striker
contact surface, compressive thermoelastic stresses S0
and SZ arise with values of —58 and —191 MPa, respec-

400

300
200
100

0

-100

-200

100

Distance, mm

Fig. 2. Nature of thermoelastic stresses along the R L2 S2 line:
a — due the effect of heat flow (TP) on the striker (at the end of the contact);
b — due to the effect of cooling with water (OXJI) (at the end of the pause)

Puc. 2. Xapaxrep TepMOyNpYTHX HAMPSDKCHHUA BAOIb TUHUN R L2 S2:
a — ot Bo3zeicTBUs Ha 6oek TerioBoro noroka (TP) (B koHIIe KOHTAKTa);
b — ot oxmaxaenuns Boaoi (OXJI) (B koHIIe Tay361)
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tively. Further along the radius of the striker contact sur-
face, at point 7_S2, they become tensile, reaching 25 and
341 MPa, respectively (Fig. 1, Table).

As aresult of the study, it was established that the tem-
perature of the striker contact surface during compres-
sion of the steel hollow billet wall can reach 451 °C. At
this temperature, the compressive thermoelastic stresses
at the striker contact surface reach 703 MPa.

The calculated values of thermoelastic stresses corre-
late well with the results obtained in similar studies using
the QForm analysis software system [19].

Considering the above, the strikers of the unit of com-
bined casting and deformation for producing steel hol-
low billets should be manufactured from 4Kh4VMFS
steel. This is a die steel with increased resistance to heat
checking and high wear resistance. The conditional
yield strength of the steel at a temperature of 500 °C is
1309 MPa, which significantly exceeds the maximum
thermoelastic stresses caused by the thermal load [20].
This steel is also used for manufacturing tooling for high-
speed machine forging and upsetting on horizontal for-
ging machines.

[ ConcLusIONS

A procedure has been developed for calculating
thermoelastic stresses in calibrated strikers of a unit
of combined casting and deformation during the produc-
tion of steel hollow pipe billets. The magnitudes and pat-
terns of thermoelastic stress distribution in three sections
of the calibrated striker during the production of steel
hollow billets in a unit of combined casting and defor-
mation have been determined. It has been established
that the maximum compressive thermoelastic stresses
at the striker contact surface reach 703 MPa. It is pro-
posed that the strikers of the unit of combined casting and
deformation for producing steel hollow billets be manu-
factured from 4Kh4VMFS steel, whose yield strength
at a temperature of 500 °C is 1309 MPa.
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ANALYSIS OF PROCESSING
40Kh13 MARTENSITIC STAINLESS STEEL BILLET
OBTAINED BY WIRE ELECTRON BEAM ADDITIVE MANUFACTURING
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Abstract. The authors investigated the microstructure and mechanical properties of the samples obtained by the method of wire electron beam additive
manufacturing (WEBAM), and their machinability by milling forces using the Taguchi method. Grains of previous austenite and annealed martensite
were observed in the samples in various directions. The grains of the previous austenite grow along the surfacing direction and exhibit a pronounced
orientation. On the lateral surface of the sample, the grains of the previous austenite are columnar, their hardness is approximately 505 HV ;.
On the upper surface of the sample, the grains of the previous austenite are isometric, their hardness is approximately 539 HV ,. The degree of trans-
formation into martensite varies in different parts of the sample. In the part close to the lateral surface, martensite is shallower and the previous
austenitic grain boundaries are not observed. Its hardness is approximately 514 HV ,. In the lower part of the sample, due to multiple thermal cycles,
martensite decomposes, while its hardness is low and is approximately 480 HV . In the upper part of the sample, martensite and the previous
austenitic grain boundaries are observed, the hardness is approximately 513 HV . Due to the high hardness of the sample during climb milling,
a stronger impact of the cutting edge on the sample leads to an increase in cutting force. Due to the low plasticity of the sample during conventional
milling, a decrease in the volume of material pressed into the back surface of the tool leads to a decrease in cutting force. As the feed rate to the tooth
increases, deformation of the material increases, the temperature increases, which leads to a decrease in the material strength. Reducing the material
strength slows down the growth of cutting force.

Keywords: electron beam additive manufacturing, microstructure, hardness, machinability, martensitic stainless steel, Taguchi method
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AHHOmal{uﬂ. ABTOpLI HCCJICIOBAJIN MUKPOCTPYKTYPY U MEXaHUYICCKUC CBOMCTBa 06p33HOB, TIOJTY4C€HHBIX METOAOM IIPOBOJIOYHOI'O JICKTPOHHO-JTy4e-

Boro azautueHoro npoussoactea (WEBAM), u ux oO6pabarsiBaeMOCThb 110 cuiiaM (hpe3epoBaHus ¢ McIonb3oBaHueM Merozia Taryun. B oOpasnax
B Pa3IMYHBIX HAIPABJICHHUAX HAOMIONAINCH 3€pHA IPEIBLIYIIEIO ayCTCHUTa M OTOXOKCHHBII MapTEHCHUT. 3epHa MPEIBITYIIETO ayCTEHUTA PacTyT
BJI0JIb HANIPABJICHUS HATIABKU U JIEMOHCTPUPYIOT BHIPAXKEHHYI0 opueHTanuio. Ha 60KkoBoii MOBEpXHOCTH 00pa3iia 3epHa NpeblayLero ayCTeHuTa
SIBISIIOTCS CTONGUATBIMH, MX TBEPAOCTH coctaBisier npuMepro 505 HV . Ha Bepxueii nosepxHocTr 06pasiia 3epHa NPEbIAYIIEro ayCTeHHTa
SIBJISIFOTCSL M30METPUYECKUMHU, UX TBEPJOCTh COCTABISAET NpUMEpHO 539 HV(),I' B passbix yacTax oOpasia creneHb NPeBpalleHns] B MapTeHCHT
pasnuuaercst. B wactu, 6am3kolt k GOKOBOII IIOBEPXHOCTH, MAPTEHCUT OoJice MENKUH U IPEAbIIyIIUe ayCTCHUTHBIE MEX3EPCHHbIC ITPAaHULBI HE
nabmozatorcst. Ero TBepaocts cocrasisier mpumepo 514 HV, . B Hinkueli yacti 06pasia, BCIE/ICTBHE MHOMKECTBEHHBIX TEPMOLIMKIIOB, TIPOHC-
XOJIUT Pa3I0KEHUE MAPTEHCUTA, PU 3TOM €T0 TBEPJOCTH HU3Kas U cocTapiser npumepHo 480 HV . B Bepxueii uactn obpasna Habironatorcs
MapTeHCUT W TPEABIAYLIME AYCTCHUTHBIE MEX3EPEHHBIC I'PAHULbI, TBEPIOCTh COCTABISET MpuMepHo 513 HV . H3-3a BeICOKOI TBepzoCTH
o0pasIa Ipy NOITyTHOM (pe3epoBaHUH Oolee CUIIBHBINA yaap pexyIield KpoMKH 0 00pasel] IPUBOIUT K YBEIHYCHUIO CHIIBI pe3aHus. Benencraue
HH3KOMH IUTACTUYHOCTHU 00pas3iia py BCTPEYHOM (ppe3epoBaHNU YMEHBIICHHE 00beMa MaTepuralla, BAaBIMBAeMOT0 B 33/JHIOI0 TIOBEPXHOCTb HHCTPY-
MEHTA, IIPUBOAUT K CHIDKECHHUIO CUJIBI pe3aHus. [Ipu yBenMueHNN CKOPOCTH MOa4y Ha 3y0 nedopMariys MaTepHala yBelIndHBaeTCs, TeMIIEpaTypa

IMOBBIIACTCA, YTO NPUBOAUT K CHUIKECHUIO IIPOYHOCTU MaTepuraa u, COOTBETCTBEHHO, 3aMEUISIET POCT CUJIBI PE3aHUs.

Kniouesule c/108a: npoBOIOYHOE HIEKTPOHHO-ITYUYEBOE aJANTUBHOE TIPOU3BOACTBO, MUKPOCTPYKTYPa, TBEPJOCTh, 00pabaThIBAEMOCTh, MAPTEHCUTHAS

HEpiKaBerolas CTajlb, METOL Tarylm

Jas yumuposanusa: Yxan 1., Koznos B.H., Uunaxos /I.A., Knmumenos B.A., YUepnyxun P.B. Ananus nponecca 00paboTKi 3aroTOBKH U3 MapTeH-
cuTHOH Heprkaserouleid ctanu 40X 13, momydeHHONH METOOM MPOBOJIOYHOTO 3JIEKTPOHHO-TYUYEBOTO aIMTHBHOTO IPOU3BOICTBA. /M38ecmus 8y308.
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[ INTRODUCTION

In recent years, wire electron beam additive manu-
facturing (Wire Electron Beam Additive Manufactur-
ing — WEBAM) has attracted growing interest because
it combines a high deposition rate (up to 2500 cm3/h)
with the ability to produce parts that show high strength
and fatigue resistance [1 — 6]. The process is also flexible
from a manufacturing standpoint: it can operate with
wire diameters down to 0.5 mm and can be used to obtain
materials with a prescribed phase content, for example in
nickel-aluminum alloy systems [7].

However, in contrast to conventional casting and
forging, thermal processes in additive manufacturing are
more complex, resulting in uncertainty in the mechani-
cal properties of printed parts. For example, studies
on 10KhI2N10T stainless steel reported that increased
strength is associated with a high density of dislocations
and intermetallic compounds concentrated at interlayer
boundaries [8]. A study of heat dissipation conditions
during the deposition of 308LSi steel showed that the use
of copper as a cooling medium results in hardness values
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approximately 5 % higher than those obtained with air,
while the hardness of the upper part of the sample is
about 8 % higher than that of the lower part [9]. When
thin-walled parts are produced, a columnar crystalline
structure tends to develop, which leads to pronounced
anisotropy; the strength difference between longitudinal
and transverse directions can reach 70 MPa [10]. Due
to the high heat input, WEBAM-produced parts exhibit
inferior as-built surface quality, which adversely affects
subsequent conventional machining operations such as
milling and turning [11; 12]. 40Kh13 martensitic stain-
less steel (an analogue of AISI 420) is widely used for
large, complex-shaped parts because it is relatively inex-
pensive while offering moderate corrosion resistance
and high strength. At the same time, its high hardness
limits machinability and accelerates tool wear [13].
In addition, because martensitic steels are highly sen-
sitive to temperature variations and because the ther-
mal gradient during deposition is strongly directional,
WEBAM-built samples often exhibit anisotropy in both
microstructure and mechanical properties [14; 15]. As
a result, machining of such martensitic steels becomes
even more uncertain.
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The Taguchi method applied in this study is an app-
roach to experimental optimization that uses the sig-
nal-to-noise ratio (SNR) together with orthogonal
arrays to identify an optimal combination of parame-
ters [16 — 20].

The present work therefore focuses on the microstruc-
ture and microhardness of WEBAM-deposited 40Kh13
martensitic stainless steel in different directions and
regions, and evaluates machinability using the Taguchi
method.

[l MATERIALS AND METHODS

The samples were produced by wire electron beam
additive manufacturing on equipment designed and
manufactured at Tomsk Polytechnic University. A filler
wire with a diameter of 1.2 mm made of 40Kh13 marten-
sitic stainless steel was used as the feedstock. The chemi-
cal composition of the wire was as follows (wt. %:
0.41C, 13.2Cr, 0.53Si, 0.51 Ni, 0.49 Mn, 0.017 S,
0.021 P, with iron as the balance. The substrate was
manufactured from the same material (40Kh13 steel).
The dimensions of the samples were 70x15x14 mm
(lengthxwidthxheight). The printing parameters were

as follows: accelerating voltage of 40 kV, beam current
of 21 mA, scanning beam diameter of 3 —5 mm, wire
feed rate of 1050 mm/min, and wire feeding angle of 45°.
The deposition process was carried out in a vacuum
at a pressure of 5107 Pa.

Microstructural —analysis was performed using
a BIOMED MMP-1 metallographic microscope and by
scanning electron microscopy with a JEOL JSM-6000
microscope. Microhardness measurements were con-
ducted using an EMCO-TEST DuraScan-10 hardness tes-
ter, with a load holding time of 10 s.

The machinability of the samples was evaluated based
on milling forces. Machining experiments were carried
out on a CNC EMCO CONCEPT Mill 155 machine.
Cutting forces were measured using a Kistler 9257 V
dynamometer (Switzerland). In the dynamometer soft-
ware (originally intended for turning-force measure-
ments), the force components are displayed as F, F, and
F_. In the present milling tests, these components were
interpreted as the milling-force components P,, P u P,
respectively (Fig. 1). For machining, an end milling cut-
ter with a diameter of 8 mm and four teeth, manufactured
by GESAC, was used. The helix angle (®) of the mill-
ing cutter was 35°, while the rake angle (y) and clearance

Milled surface

Dynamometer

b

Fig. 1. Appearance (a) and model (b) of the dynamometer, milling cutter and sample installation

Puc. 1. Buewnuii Buzx (a) u Mozeins (b) ycraHoBKH JMHAMOMETpa, Gpesbl n odpasua

Table 1. Experimental levels of the factors

Tabauya 1. IkcnepuMeHTAIbHBIE YPOBHH (paKkTOPOB

Level
Factor
1 2 3
4 milline scheme Climb Conventional
' & milling (CI) | milling (Con)
B: feed rate s, mm/min 56 28 5,6
C: milling cutter rotational speed n, rpm 2000 1000 500
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angle (o) were 7° and 5°, respectively. The base material
of the milling cutter was VK8 cemented carbide (92 %
tungsten carbide and 8 % cobalt as a binder). The sur-
face of the milling cutter was coated with a wear-resistant
AICrSiN coating.

The experimental levels of the factors are presented
in Table 1.

To determine the minimum milling force, the signal-

to-noise ratio S/N(r) was used:

SIN() =—101g[1.ﬁ82j, (1)
=

i=1

where P, is the force value measured during the i-th mill-
ing pass.

The mean milling force P~ was calculated using
the following expression:

1
Pavg:_zpi’ (2)

where x is the number of experimental repetitions.

[l RESULTS AND DISCUSSION

[l Analysis of the microstructure and mechanical
properties of the sample in different directions

As shown in Fig.2, the OZ axis corresponds
to the deposition build direction, the OY axis is oriented
along the weld bead, and the OX axis represents the trans-
verse direction relative to the weld bead.

At low magnification, the XOZ and YOZ planes reveal
austenite grains prior to the martensitic transformation
(previous austenite grains), which exhibit a columnar

Previous
austenite
grain

morphology with their long axes aligned along the OZ
direction. This behavior is associated with the thermal
conditions during deposition: the lower layers expe-
rience multiple thermal cycles and accumulate heat,
resulting in the formation of a dominant heat flow oppo-
site to the deposition direction (i.e., opposite to the OZ
axis). As a consequence, a pronounced preferential
growth orientation of the previous austenite grains deve-
lops along the OZ axis. In contrast, grains observed on
the XOY plane display an equiaxed morphology. This can
be attributed to the high deposition rate combined with
relatively low heat input, which suppresses grain growth
along the OY direction and equalizes heat dissipation con-
ditions along the OX and OY directions. This promotes
equal grain growth rates along the OX and OY directions,
resulting in the formation of equiaxed grains. In addition,
while the degree of corrosion within individual previous
austenite grains is nearly uniform, noticeable differences
are observed between different grains. This behavior
may be related to variations in the extent and morpho-
logy of martensitic transformations caused by elemental
segregation under the high cooling rates characteristic
of the deposition process [15].

Fig. 2, b clearly shows that a large number of needle-
like or plate-like martensitic structures formed within
the previous austenite grains as a result of a diffusionless
phase transformation.

The martensite within these grains is distributed
in the form of an interwoven network. The orientation
of martensite varies significantly from one austenite grain
to another. Furthermore, a pronounced transgranular phe-
nomenon is observed at the boundaries of previous aus-
tenite grains, which may be associated with local stress
concentrations or energy gradients. In the YOZ and XOZ
planes, the sizes of the previous austenite grains are nearly
identical, further confirming the similarity of temperature

Previous
austenitic
grain
boundary

. Annealed
martensite

Fig. 2. Microstructure of the samples deposited by WEBAM in different planes at low («) and high (b) magnification

Puc. 2. MukpocTpyKTypa 00pa3LoB, HaruiaBjieHHbIX MeTooM WEBAM, B pa3HbIX IJIOCKOCTSX HPU MaJIoM (@) 1 00J1biIoM (b) yBETHYCHUHN
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gradients along the OX and OY directions. In contrast,
the smaller size of previous austenite grains in the XOY
plane leads to a denser martensitic network with a shorter
average length of martensitic features. This difference
can be explained by faster cooling along the OX and
OY directions or by the formation of more pronounced
compositional gradients in this plane due to elemental
segregation, which suppresses grain coarsening [21].
As a result, the frequency of transgranular phenomena
at grain boundaries in the XOY plane is also reduced.

A scanning electron microscopy image of the sample
microstructure in the XOZ plane is presented in Fig. 3.
Plate-like martensite and carbides are clearly visible.
The measured hardness of the sample in the XOZ plane
is 504.67HV ,, which is significantly lower than
that of quenched martensite (750 HV) [21]. However,
the thickness of the plate-like martensitic layer is rela-
tively small, amounting to 1.23 + 0.56 pm. This reduction
in hardness can be explained by the fact that the sample
underwent several thermal cycles, during which martens-
ite experienced thermal activation and partial decom-
position, leading to an increased fraction of retained
austenite. During the deposition of the first layer, the aus-
tenitic phase rapidly transforms into quenched martensite
owing to the high cooling rate, resulting in the maximum
martensite content. However, when the second or third
layer is deposited, the first layer remains within the heat-
affected zone. This promotes carbon diffusion at mar-
tensite — martensite or martensite — retained austenite
interfaces, causing partial reversion of martensite to aus-
tenite. At the same time, chromium atoms impede carbon
diffusion, thereby limiting martensite decomposition and
restricting it to a partial transformation. Consequently,
despite repeated thermal cycles, the hardness of the mate-

Fig. 3. Microstructure of the sample deposited by WEBAM
in XOZ plane observed using the scanning electron microscope

Puc. 3. MukpoctpykTypa o0pasiia, HaluIaBIEHHOTO
meronom WEBAM B mnockoctn XOZ, HabnrogaeMast
C MOMOIIBIO CKAHUPYIOIIETO IEKTPOHHOTO MUKPOCKOTIA

Fig. 4. Microhardness of the sample deposited by WEBAM
in different directions

Puc. 4. MukpotBepaocTh 00pasia, HariaBieHHOro MetogoM WEBAM,
B Pa3HBIX HAIPABJICHUSIX

rial remains significantly higher than that of austenitic
steel [8].

The hardness of the sample in different directions
is shown in Fig. 4. As noted above, the higher cooling
rates along the OX and OY directions result in smaller
previous austenite grain sizes in the XOY plane and
a higher degree of martensitic transformation. This pro-
motes the formation of a more continuous and homo-
geneous martensitic network in the XOY plane, which
effectively impedes dislocation motion and increases
the hardness to 539.73 HV . In contrast, the cooling rate
along the OZ direction is lower, while temperature gra-
dients along the OX and OY directions are similar. This
leads to a lower degree of martensitic transformation in
the XOZ and YOZ planes, facilitating dislocation motion
and multiplication and promoting plastic deformation.
As a result, the hardness values on these two planes are
nearly identical, amounting to 505.14 and 504.67 HV
respectively.

0.1°

[l Analysis of the microstructure in different
parts of the sample

Microstructural images obtained from different regions
of the sample are shown in Fig. 5. In the region close
to the lateral surface of the sample (Fig. 5, a), the pre-
vious austenitic grain boundaries are indistinct. The pre-
cipitated carbide inclusions are small, and the clusters
of annealed martensite are fine and uniformly distributed.
This behavior is attributed to more favorable heat dissi-
pation conditions near the lateral surface, where the cool-
ing rate is higher. The increased cooling rate promotes
the formation of a large number of fine martensitic fea-

631



N3BECTUSA BY30B. YEPHASI METAJLIJIYPTUA. 2025;68(6):626-636.
Yscan L., Kosnos B.H. u dp. AHanu3 npouecca 06paboTKH 3ar0TOBKY M3 MapTEHCUTHOM HepkaBerwen ctaan 40X13 ...

i 2

1'-

'
e v -

iy 1

S X4

f s

el

. austenitic .

2% B

Previous .
grain '«

bourildary f

2T

Carbide
e

200 pm
—

Fig. 5. Microstructure of the sample deposited by WEBAM in YOZ plane in the part close to the lateral surface (a), in the lower part (b),
and in the upper part (c)

Puc. 5. Mukpoctpykrypa 00pasua, HarasiaeHHoro meronoM WEBAM, B mnockoct YOZ B wacth, 61u3Koil kK 60KOBOI IIOBEpXHOCTH (),
B HIDKHEH yactH (b) u B BepxHeit yact (c)

tures. At the same time, rapid cooling enhances the mani-
festation of a transgranular phenomenon during the mar-
tensitic transformation, as a result of which the previous
austenitic grain boundaries become blurred. In the lower
part of the sample (Fig. 5, b), the previous austenitic grain
boundaries are clearly visible, together with large carbide
precipitates and a relatively small amount of martensite.
This is explained by the lower cooling rate in the lower
region compared with the area close to the lateral surface,
which leads to a less pronounced transgranular pheno-
menon and, consequently, to clearly defined previous aus-
tenitic grain boundaries. In addition, because the lower
part of the sample experienced a relatively larger number
of thermal cycles during deposition, the amount of pre-
cipitated carbides and decomposed martensite increased.
In the upper part of the sample (Fig. 5, ¢), the microstruc-
ture differs from both the lower region and the area close
to the lateral surface. The previous austenitic grain boun-

daries and martensite are clearly visible, and the thick-
ness of the martensitic layer is greater. This is associated
with the smaller number of thermal cycles experienced
by the upper part of the sample, which results in only
limited martensite decomposition and allows its struc-
ture to remain well defined. At the same time, compared
with the region near the lateral surface, the cooling rate
in the upper part was lower, leading to the formation
of a thicker martensitic layer.

Indentations obtained during microhardness mea-
surements in different regions of the sample are shown
in Fig. 6. The microhardness is lowest in the lower
part of the sample due to martensite decomposition.
In the region close to the lateral surface, the microhard-
ness is slightly higher than that measured in the upper part
of the sample; however, both values exceed the micro-
hardness measured in the central region of the YOZ plane
shown in Fig. 4. This can be explained by the higher

HV,, =512.80 £5.25

Fig. 6. Microhardness of the sample deposited by WEBAM in YOZ plane in the part close to the lateral surface (a), in the lower part (b),
and in the upper part (¢)

Puc. 6. I13MepeHre MUKpOTBEpIOCTH 00pa3ia, HamasieHHoro Metoqom WEBAM, B miockoct YOZ B wacTy,
OH3KO# K OOKOBO# MOBEpXHOCTH (a), B HUKHEH yacTh (b) U B BepXHeii 4acTu (¢)
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martensite content in the upper part of the sample and
by the smaller size of martensitic regions near the lateral
surface, both of which contribute to increased hardness.
In addition, owing to the smaller size of the previous
austenitic grains, the microhardness on the XOY plane is
higher than that on the YOZ plane in the different parts
of the sample.

B Analysis of machinability based
on milling forces

Using the Taguchi method, the present study investi-
gated the machinability of a 40Kh13 martensitic stainless
steel sample produced by the WEBAM process during
milling along the OX direction on the XOZ surface. Based
on calculations using Egs. (1) and (2), the mean values
of the experimental results and the corresponding signal-
to-noise ratios are presented in Table 2.

The expression used to calculate the mean signal-to-
noise ratio is given by:

1 m
S/N,yg = ;;S/Nj, (3)

where m is the number of parameter combinations
at the same level of the given factor [19].

As follows from Tables 2 and 3, during climb mill-
ing the milling force P,, acting along the feed direction,
is lower than that obtained during conventional milling,
whereas the force P, acting perpendicular to the feed
direction, is higher than in conventional milling (Fig. 7).
These differences arise because, when machining with
a new milling cutter, the dominant tangential force P,
(acting along the cutting speed v) during conventional
milling is oriented almost along the feed direction, while
during climb milling it is oriented nearly perpendicular
to the feed direction [14]. In addition, owing to the high
hardness of martensitic stainless steel, the impact force
acting on the cutting edge during climb milling is higher,
whereas during conventional milling the low plasticity
of the material reduces the volume of material pressed

Table 2. Mean values of experimental results and signal-to-noise ratio

Ta6/1uua 2. Cpemme SHAYCHUS IKCIIEPUMECHTAJBHBIX PE3YyJIbTAaTOB U OTHOILIICHHE CI/II‘HaJ'I/lIIyM

Machining parameters BRI OS] Signal-to-noise ratio S/N, dB
results, N
A: milling strategy | B: s, , mm/min | C: n, pm v Vave Yove S/Np, SINp S/Np,
Climb milling 56 2000 52.11 146.10 22.87 -34.33 -43.29 -27.18
Climb milling 28 1000 74.25 159.77 19.87 —37.41 —44.07 -25.96
Climb milling 5.6 500 43.09 82.03 18.22 -32.76 -38.28 -25.21
Conventional milling 56 500 212.12 181.89 26.09 —46.53 -45.19 —28.33
Conventional milling 28 1000 122.06 115.01 17.45 -41.73 —41.21 —24.84
Conventional milling 5.6 2000 63.24 22.09 8.25 -36.02 —26.88 -18.35
/
~ /
n n
/ ~
/
/ P, P,
Vi A i , ' - =~
.L P, (/M ___YP,
P, =P
a

Fig. 7. Direction of forces P,, P, P_and P, during climb milling () and conventional milling (b)

Puc. 7. Hanpasnenne cun P, P, Py P Ipy NOIyTHOM (bpesepoBanuu (a) u npu BCTpedHoM (pesepoBanuu (b)
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Table 3. Results of analysis of the factors effects on signal-to-noise ratio

Tabauya 3. Pe3ynbraThl aHAJM3a BIAUSHUS (DAKTOPOB HA OTHOIIEHHE CUTHAJI/IIYM

Mean signal-to-noise ratio

Factor level § /NPhavg’ dB Factor—signal-to-noise ratio plot for P,
1 2 3
- -33 —34.14
A: milling scheme —34.83 | —41.43 - 9 35 M 3517
£,
&= =37 r
1.9
B: feed rate s, , mm/min 4043 | —39.57 | -34.14 ER-Il 057 3957
N TE R B e
7 41 AR 40.43
—43 T S N N N
C: rotational speed n, rpm | —35.17 | -39.57 | —39.65 Al A2 Bl B2z B3 Cl C2 C3
Factor

Mean signal-to-noise ratio

Factor level S/N, Py’ dB Factor—signal-to-noise ratio plot for P,
1 2 3
. -32 3258

A: milling scheme -41.88 | -37.76 - 2 35l -35.08
2
g gi" _38 L -37.76

B: feed rate 5, mm/min —40.43 | —42.64 | -32.58 E .‘é MV o 173
o0 | —42.64
n —44 -40.43

47 1 1 1 1 1 1
C: rotational speed n, rpm -35.08 | 42.64 | 41.73 Al A2 Bl B2 B3 Cl C2 C3

Factor

level S/N, ,dB

Mean signal-to-noise ratio

Factor ave Factor—signal-to-noise ratio plot for P
1 2 3
. -20 -22.76

A: milling scheme -26.11 -37.76 - 2 b 55,40 2540
=] m —26.11
E = -28 -21.75 2677
7.8

B: feed rate s, , mm/min 2775 | 2540 | -32.58 SE 21 s
5 36

40 A | L1 |
C: rotational speed n, rpm —22.76 | 2540 | -25.77 Al A2 Bl B2 B3 C1 C2 C3

Factor

into the flank surface of the milling cutter, which leads
to a decrease in the milling force.

As the feed rate s _ increases, the chip thickness a,
and material deformation increase, and the cutting tem-
perature also rises. This results in an increase in the mill-
ing forces P, and P , however, the rate of their growth
decreases. Moreover, an increase in cutting temperature
may lead to martensite decomposition, which further
reduces the material strength and additionally slows
the growth of P, and P . When the rotational speed n
decreases, the feed per tooth s , increases, and con-
sequently the chip thickness ¢ and material deformation
increase; therefore, the milling forces P, and P, increase.
According to the data in Table 2, the axial force P_shows
little sensitivity to the feed rate s_ and the rotational
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speed n, because is only weakly affected by chip thick-
ness. However, due to temperature variations, the axial
force P_may change slightly.

[ ConcLusIONS

In the present study, the microstructure and mechani-
cal properties of the sample were investigated in dif-
ferent directions. On the lateral surface of the sample,
columnar grains of previous austenite were observed,
with a hardness of approximately 505 HV , whereas
the upper surface exhibited equiaxed grains with a higher
hardness of 539.73 HV,. Overall, the microstructure
of the sample corresponds predominantly to annealed
martensite, within which a pronounced transgranular phe-
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nomenon can be observed. This microstructural state is
associated with the multiple thermal cycles experienced
during deposition.

The microstructure and mechanical properties
were also examined in different regions of the sample.
In the region close to the lateral surface, the higher cool-
ing rate results in finer martensitic features and increased
hardness, reaching 514.2 = 5.85 HV ;. In both the lower
and upper regions of the sample, the previous austenitic
grain boundaries are clearly visible. Because the lower
part of the sample experienced a greater number of ther-
mal cycles, martensite decomposition occurred, leading
to a reduction in hardness to 480.49 + 8.19 HV ;. In con-
trast, the upper part of the sample was subjected to fewer
thermal cycles and retained a substantial amount of mar-
tensite; as a result, the hardness remained relatively high
at512.80 £ 5.25 HV .

The machinability of the sample was evaluated
using the Taguchi method. Owing to the high hard-
ness of the material, the impact of the cutting edge on
the machined surface during climb milling leads to an
increase in milling forces. Conversely, during conven-
tional milling, the low plasticity of the material reduces
the volume of material pressed into the flank surface
of the milling cutter, resulting in lower milling forces.
Furthermore, as the feed per tooth increases, the rise in
cutting temperature reduces the material strength, which
slows the growth of milling forces.
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GENERAL PRINCIPLES OF MODELING AND OPTIMIZATION
OF ELECTRIC STEELMAKING PROCESS
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Abstract. Development of metallurgy provides for further increase and improvement of steel production volumes through the introduction of various
advanced resource- and energy-saving technologies. The main and most universal control actions that affect the course and technical-economic indi-
cators of the process are inextricably linked to the optimization of technology parameters which is focused on achieving the best results in the field
of productivity, product quality and reduction of resource costs. This is achieved through the regular monitoring and analysis of key indicators, as
well as making necessary adjustments to process management. A successful combination of these factors contributes to maximizing the production
efficiency and increasing the competitiveness of products on the market. To calculate the process static parameters, it is advisable to use the resources
of mathematical modeling and development of an instrumental system. When creating a static calculation model, the electric steelmaking process was
considered as a complex thermodynamic system into which condensed and gaseous input media enter, and the final products are metal, slag and gas.
Calculation of the static modes of the electric steelmaking process is carried out on the basis of calculations of material and thermal balances based
on the laws of mass and energy conservation relative to the components of a heterogeneous system. The solution of the optimization problem based
on formal methods involves selection of various criteria and setting a system of restrictions (requirements for metal composition; ranges of change
in the cost of components of charge materials and system state parameters; compliance with the law of mass conservation at the level of fluxes,
substances and elements; compliance with the law of energy conservation). A feature of the developed method of mathematical modeling and optimi-
zation of the electric steelmaking process is the systematic solution of a set of interrelated optimization problems to determine the optimal conditions
for the processes in the metallurgical system and the optimal solutions for implementation of electric smelting technology.
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OBLWME NPUHLMUNBbI MOAENUPOBAHUA U ONTUMU3ALUN
INEKTPOCTANENNABU/IBHOIO NPOLUECCA

U. A. Pui6eHKo, E. B. [Iporononos ©, E. M. 3anoJibckast

Cubupckuii rocyrapcTBeHHbINH HHAYCTpUAILHBIH yHuBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kysz6acc, HoBokysHenk,
yn. Kupoga, 42)

&) protopopov_ev@sibsiu.ru

AHHomayus. Pazsutie MeTaluTypriuu npeaycMaTpuBaeT JajbHellnee yBelnueHne 00beMOB U COBEPIICHCTBOBAHUE MPOIIECCOB BBIIIABKH CTAIH 3a
CUCT BHEJPCHHUS PA3IMYHBIX MPOTPECCHBHBIX PECYpco- M Heprocoeperaromux TexHoiornii. OCHOBHBIC M Hanbolee YHUBEPCAIbHBIC YIIPaBII-
FOIIME BO3/IEHCTBYS, BIHUSIONINE HA XOJ U TEXHUKO-PKOHOMHMYECKHE MOKa3aTe! Mpoliecca, Hepa3pbhlBHO CBA3aHBI C ONTUMM3AIMEH MapaMeTpoB
TexHosorn. ONTHMHU3anys MapaMeTpoB TEXHOJOTMYECKOTO IpoIiecca OPUEHTHPOBAHA Ha JOCTIDKCHHE HAWIYYIINX pe3yJbTaroB B 00IacTH
TIPOM3BOIUTEIBHOCTH, Ka9e€CTBA MPOAYKIINHU U CHIDKEHUS 3aTpaT pecypcoB. DTO JOCTUTaeTCs MOCPEICTBOM PETYIIPHOr0O MOHUTOPHHTA U aHAIIU3a
KIIFOUEBBIX TTOKa3aTesel, a Takke BHECECHUS] HEOOXOMMBIX KOPPEKTHPOBOK B YIIPaBJICHHE MPOLECCOM. YIaYHOE COYETaHUE YKa3aHHBIX (JaKTOPOB
Croco0OCTBYeT MAaKCHMHU3ALMU ITPOU3BOICTBEHHOH A (HEKTUBHOCTH M NOBBILIEHHIO KOHKYPEHTOCIIOCOOHOCTH MPOAYKLMHU Ha pbIHKe. s pacuera
CTaTHYECKHUX PEKMMOB ITpoIIecca I1eJIeco00pa3Ho UCIIOIb30BaHNE PECYPCOB MaTEMAaTHYECKOTO MOACIMPOBAHUS U Pa3pabOTKH HHCTPYMEHTAIBHOM
cucreMsl. [Ipy co3nanum cTaTHueckoi MOJICITH pacdeTa MNEKTPOCTAICIIIaBUIIbHBIHN MTPOLIECC pacCMaTPUBAIIH KaK CIOKHYO TEPMOAMHAMUYECKYTO
CHCTEMY, B KOTOPYIO TIOCTYIIAIOT KOH/ICHCHPOBAHHbIC ¥ Ta3000pa3HbIC BXOIHBIEC CPEJIbl, @ KOHCUHBIMHU ITPOYKTAMH SBIISIOTCS METAJLI, IIJIaK U ras.
Pacuer craTnueckux peKMMOB EKTPOCTAICINIABUIBHOTO MPOIECcca, OCYIECTBIsIEMbI Ha OCHOBE MaTEPHAILHOTO M TEIJIOBOro OajJaHCcoB, Oa3u-
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pyercst Ha 3aKOHAX COXPAHEHUsI MAacChl U YHEPTUHM OTHOCHTEIBHO COCTABIISIONIMX FETePOreHHOM cucTeMsl. PerieHne onTHMU3aMOHHON 3a1auu
Ha OCHOBE (hOPMATBHBIX METOZOB MPEIyCMATPUBACT BHIOOP Pa3IMYHBIX KPHTEPUEB U 33/laHUE CHCTEMbl OTPAHHYCHUH (TpeOOBaHHSA K COCTaBY
MeTaJlla, INana30Hbl U3MEHEHHs PACX0J0B KOMIIOHEHTOB HIMXTOBBIX MAaTEPHAJIOB U 1apAMETPOB COCTOSTHUSI CUCTEMBI, COOMIOIEHHE 3aKOHa COXpa-
HEHHS MacChl Ha yPOBHE MOTOKOB, BEIIECTB M 3JIEMEHTOB, COOIIONCHHE 3aKOHA COXpaHeHUs SHeprun). OcOOCHHOCTHIO Pa3paboTaHHOTO METOIa
MaTeMaTH4eCKOro MOJIEJIMPOBAHKS U ONTHMHU3ALMHU 3JIEKTPOCTAJICIIaBUIBHOIO TIpoliecca SBISETCS CUCTEMHOE PEIIEHHE KOMIUIEKCa B3aMMOC-
BSI3aHHBIX ONTHMH3AIMOHHBIX 33/1a4 MO ONPEIENICHUIO ONTUMANIBHBIX YCIOBUH MPOTEKaHHs MPOLECCOB B METAITyPrUUECKOI cHCTeMe M ONTH-

MaJIbHBIX PEKUMOB peajiu3allii TEXHOJIOIUH JJIICKTPOIIABKHU.

Karouesulie ci08a: snexrpocTaneniaBuiIbHOE IPOU3BOACTBO, IMXTOBBIM MaTepuall, TeMIeparypa MeTauia, MOIeINpOBaHHE, ONITUMH3ALHs
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[ INTRODUCTION

Federal programs for the technological develop-
ment of metallurgy currently call for further growth in
steel output and for continued improvement of steel-
making processes through the adoption of advanced
resource- and energy-saving technologies. A central
objective of modern steelmaking is to produce a molten
metallic semiproduct with a specified chemical compo-
sition and temperature while minimizing material and
energy consumption [1 —5]. The most universal control
actions affecting both process evolution and its technical
and economic indicators are typically inseparable from
the optimization of technology parameters [6 — 8]. This,
in turn, necessitates solving problems related to establish-
ing optimal operating modes for electric arc furnaces and
forecasting the key indicators of electric melting [5 — 8].

Addressing these tasks benefits from mathemati-
cal modeling and from developing an instrumental sys-
tem for calculating the static modes of the process, i.e.,
for analyzing the process at the level of input—output
flows [9 — 12].

Static-mode calculation methods enable, among other
things, determination of the material and thermal balan-
ces! [13 — 15]; evaluation of limiting energy capabilities,
identification of thermodynamic feasibility limits and
interaction conditions for components within a metallur-
gical unit, and selection of the most effective components
of the input flow to obtain metal with specified properties
while achieving optimal technical and economic indica-
tors [13 — 16].

- METHODS

When developing the static calculation model,
the electric steelmaking process was considered as
a complex thermodynamic system into which condensed

! Simulation model of the electric steelmaking shop of the Che-
lyabinsk Metallurgical Plant. URL: https://www.anylogic.ru/resources/
case-studies/chelyabinsk-metallurgical-plant-uses-a-simulation-model-
electric-furnace-melting-shop/
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and gaseous input media are supplied, while the final
products are metal, slag, and gas [17 — 20]. Depending
on the selected technological route, the condensed input
flows include: metal charge (liquid or pig iron, steel scrap);
solid oxidizers (sinter, iron ore, pellets); slag-forming
materials (lime, limestone, fluorspar); carburizers (metal-
lurgical coke, coke breeze, dust from dry coke quenching
units, electrode scrap, etc.); and ferroalloys. The gaseous
input flows are oxygen and natural gas [21 — 23].

Accordingly, the defining parameters of the input flows
are: K — the total number of flows; K/, K¢ and G/, G¢ —
the number and mass of condensed and gaseous flows,
respectively (the subscripts fand g denote condensed and
gaseous flows); N, ,{ and N¢ — the number of substances in
the k-th flow; £/, ¢¢ and p-k/: p; — the temperature (°C) and
density (kg/m?) of the flows; [R |, {R }, — the content
of substance R in the k-th flow, %.

The output flows are characterized by the following
parameters: G, G, G — the mass of metal, slag, and
gas;t 1,1, — the temperature of metal, slag, and gas, °C;
N_ NS], N, — the number of substances in the correspon-
dmg phases; [R ], (R,), {R,} — the content of substance

R, in the metallic, slag, and gas phases, respectively.

In defining the system parameters, it was assumed
that substances R, and R are elements of the set R and
may be present in different phases in the form of various
compounds £, L , composed of elements £, and E, from
the elemental set x. With the input flows, the followmg
compounds may enter the reactor: condensed phase — Fe,
C, Mn, Si, S, P, Al, Ni, Mo, W, V, Ti, Cr, B, Cu, FeO,
Fe,0,, Al,O,, CaO, SiO,, MgO, MnO, P,O,, CaS, CaF,,
NiO, V,0;, Cr,0,, TiO,, MoO,, WO,, CuO, B,O,; gase—
ous phase - H,0, CO,, O,, CH,, CO, N,, H,. The ele-
ments forming these substances are: Fe, C, O, Mn, Si, S,
P, Al, Ca, Mg, H, F, Ni, Ti, V, Cr, N, B, Cu, Mo, W.

Calculation of the static modes of the electric steel-
making process involves determining the consumption
rates of charge materials required to achieve the specified
metal parameters and metal temperature. The calculations
are based on balance models and thermodynamic equa-
tions. The calculation scheme is shown in Fig. 1.
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Specification of the initial data includes entering
the following information: the input flow parameters;
the process parameters; and the element distribution coef-
ficients among phases.

The adopted process parameters are: ¢ _, Z, 1, — phase
temperatures, °C, O, - — heat losses to the environment,
O yop — Metal losses with metal droplets; 1., — the degree
of carbon oxidation to CO; n,, — the degree of iron oxi-
dation to FeO; a — the oxygen utilization degree.

The element distribution coefficients among phases
are specified on the basis of experimental data within
the prescribed ranges of variation of the input and output
flow parameters.

The following technical and economic indicators are
used: E — process energy intensity, kW-h/t; C — produc-
tion cost, RUB/t; PU — unit productivity, t/h; g, — specific
material consumption, kg/t.

Once all required parameters have been specified,

an initialdata table for the input flows is generated.
The input information includes the temperature, density,

and flow rate of the k-th input flow. The procedure also
requires the chemical composition of the charge materials
to be specified. For all calculation variants, the software
provides a baseline composition for the condensed and
gaseous input flows, as well as for the volatile compo-
nents of the charge; if necessary, this composition can be
modified by the user.

B RESULTS AND DISCUSSION

The static modes of the electric steelmaking process
are calculated from the material and thermal balances,
formulated on the basis of the laws of conservation
of mass and energy for the components of a heteroge-
neous system. The calculation procedure for the material
and thermal balances is outlined in Fig. 2.

At the level of input—output flows, the overall material
balance for the system can be written as:

K
ZGk =

k=

G,

L
=1

Formation of input data
for calculation

Specification of input
flow parameters

Specification of output
flow parameters

Specification of process
parameters

Calculation of stages
and subprocesses

Calculation of processes

Calculation of processes

in the furnace in the ladle
| |
Material balance Thermal balance Material balance Thermal balance
calculation calculation calculation calculation
Flow Substance| | Element Enthalpies Thermal Flow Substance| | Element Enthalpies Thermal
balance balance balance of input effects balance balance balance of input effects
and output || of chemical and output || of chemical
| | | | flows reactions | | | | flows reactions
Calculation Calculation

of phase composition

:

of phase composition

i

Analysis and presentation

of results

Calculation of technical
and economic indicators

Fig. 1. Calculation scheme of electric steelmaking process

Puc. 1. Cxema pacdeTra dIeKTpOCTaNeIIaBUIIBHOTO Ipoliecca
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When phase separation is taken into account, the mate-
rial-balance relationship can be expressed in the follow-
ing form:

K- K8
> Gl +>.Gf =G, +G, +G,.

The total mass of substances entering the furnace with
the input flows is:

Gf| - K& Ni Gg

|k ZZ

k=1 m=1

K
2.Gi =
k=1

22

The mass of substances leaving the system with the
output flows is defined as the sum of the masses con-
tained in the metallic, slag, and gas phases:

& GlR,|
gl n
100 Z 100

n=1

ALY
,Z:;G’ 2 100 Z

n=1 n=1

Accordingly, the material-balance equation at the le-
vel of substance flows takes the form:

x/ N/ f| m|k K& Ni GER

RIS zz 1Rl _

k=1 m=1 k=1 m=1

0 [R] ALY
~ <00 Zl 100 Zl 100

To determine the phase composition of the output
flows, element balance equations are written for each ele-
ment £, since a given element may be present in different
phases as a range of compounds:

K/ Ny Gf\E ol x M,
mlk i +
k=t m=1 100 Eixn1 EJ)’m
ES
Kzg % Gk {E“m E/ym }k ‘meE‘
+ ! =
k=1 m=1 100 Mszm EJ‘m
_G,lE] + L Gsl(Eixn Ej)’n) x, Mg, N
100 = 100 M, ,

ixp = jvn
N GE E, ) x,M,
+2 100 ’

n=l Eix,, E.f}’n

where |E,x E /ym|’ {Eimejym} — the concentrations of the
m-th substance containing element £, in k-th condensed
and gaseous input flows, respectively, %, [£,] — the con-
centration of the substance consisting of element £, in
the metal, %; (E E; ) {E E, }—the concentrations of
the n-th substance contammg element E, in the sl g and
gas phases of the output flow, respectlvely, %; N/ o, NG

sl 2

Ng — the numbers of substances containing element £, in
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the k-th input flow, slag, and gas; x,_, y, — the stoichio-
metric coefficients of the m-th compound of element £ ;
Mg, Mg, E, — the molar masses of element E, and its

compounds, kg/mol.
The total mass of the condensed substance R entering
the system with the input flows is given by:

x/ le

=220

k=1 m=1

G/ |Rmk|

The mass of the gaseous substance R entering the sys-
tem with the input flows is also determined taking into
account its content in the gaseous input flows:

) K& Nf GE(R
Gt = .
R ;; 100

The phase composition of the output flow is deter-
mined as follows. In accordance with the element distri-
bution coefficients among phases, the amount of element
E, in the metal is determined by the following expression:

G[Ei] - Ggll'i L[Ei]’
here Lz —
the metal.

The amount of the oxide of element E| in the slag is
determined accordingly as

the distribution coefficient of element E; in

MEO

Xy j\n

G =Gy L
ngE,-

(E”nol‘n) ! (El)

Next, the amount of oxygen remaining in the system
after oxidation of all components and consumed for iron
oxidation is determined as follows:

E/

KN Gf|E 0, | 0.016y
Go=> > m -
k=1 m=1 E,-me‘,-ym
N‘E‘I GE,XHOM 0.016y,
=100 Mg oo

The amount of iron oxides in the slag is then deter-
mined as:

Gre0) = GoNreos

Girey05) = Go(l=Mgeo)-

Accordingly, the amount of iron in the metal is calcu-
lated as follows:

0.056 ., 0.112

G, =G —-=
[Fe] = "Fe 10.072 2% 0160

_GFeO

Consequently, the masses of metal and slag are deter-
mined as:
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Material balance calculation

Calculation of the amount

Calculation of the amount
of elements in the input flow

of substances in the input flow
s
£.G/|R|,

_ K GE{R|
Gm: k
K ,; 100 +; 100

K Gk| ix jy|

Gin_
r kl 100

EixEjy

Calculation of element
distribution among phases

_ in
G[Ei] - GE[L[E;]

E; O
G
(E”‘nolvn) (E ) E

i

M
G m ixp ™~ jyn
x, M

|

Calculation of the masses
of output flows

Nye

GMe = Z G[E;] -

sl_ZGF E;

ixy fvn

Calculation of the amount
of iron oxides

G(FeO) =GoNkeo
G(Fe203) =Go(1-Mpeo)

Calculation the residual oxygen level

Go

& NA Gf

in the system

ZZ | 50 O ¢ 0.016y,,

k=1 m=1 100 Ey, O

— Nﬁ[ G(EL‘M O/yn) 0.01 6yn
00 M,

ixp = Jvn

Calculation of substance enthalpies

AH} = AH g +
ot
+ [ CdT+AH, + j C,,dT
298 T,

pt

Calculation of material
enthalpies

Thermal balance calculation block

Pg‘ ]

AT = Z( 0) m100Mp

Yo [R]

Calculation of thermal balance components

Calculation of thermal effects
of chemical reactions

Gk Rk w

AH, = iA}N[i

w=1 k=1 IOOMRW

L(;W
Lo

n=

Wendo

Gsl (Rn)
" 100M,,

:nz"";(AH )nl ](AHT

AHC - Mpgi <
,;( T) n100M,
0 i G Ry, 7L GR,, +0,. =
~ kleOOM ,:1100MRW

K L
+ > AH - + 0,
; [kIIOOM ZIOOM ] Qi

balance residual

Thermal

|Qin - Qoul' <E

Technical and economic performance calculation block

Y

Cost calculation

K
szPk

C=& L OH+PC

Energy intensity calculation

K
ZGkEk
E= k=1

G

m

Productivity
calculation

N
PU=G, = ZG[",:;]

n=1

Fig. 2. Algorithm for calculating material and thermal balances

Puc. 2. Anroput™ pacdeTa MaTepHAIBHOTO 1 TEILIOBOTO OaIaHCOB
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Ny

Me:ZG[E,-l?
Gsl_z (EiyyEiyy)®

txn ’vn

The calculation of the phase composition and masses
in the ladle is performed in a similar manner; however, in
this case the input flows consist of the metal produced in
the furnace and slag that partially enters the ladle during
tapping.

To calculate the composition of the gas-phase com-
ponents, the following mechanism of off-gas formation
in the electric furnace is proposed. For technologies
involving the use of natural gas, complete combustion
is assumed, which results in the chemical composition
of the gases in the output flow corresponding to that
obtained under classical decomposition conditions.

During complete combustion of natural gas, CO, and
H,O are formed:

; 0.044
comb in .
G‘C02 = [CHy| (l_nconv) 0 016’
comb in 0018
G‘HZO‘ =Uicny, (1 - nconv) 0016

The amount of CO formed during combustion of the
carbon contained in the charge can be determined as fol-
lows:

£ .Gllcl, G,[c])0.028
Goo = k_m =2,
coi nco[; 100 100 |0.012

Taking into account the combustion of natural gas,
the amount of CO, in the off-gases is given by:

G;‘COZ; = (1=mgo) X
£.6/[cl, _ G,[c])o.0s
_ m . Gj:ombl.
X[; 100 100 0.012 o

The total amount of hydrogen in the off-gases is:

G{Hﬁ = G{Hﬂ :
The amount of water vapor is determined as

_ in comb
Gin0, =G0, + G0 -
The amount of nitrogen in the off-gases is equal to
the amount of nitrogen entering the system with the input

flows per unit time:
_ in
G{Nzi o G{Nzl'

The amount of SO, in the off-gases is determined in
accordance with the sulfur transfer coefficient to the gas
phase:

642

o 0.064
Giso, =Cs %5 0.032°

The total mass of gas is determined as follows:
out out out out out out
G, =G co, + Gico, + G, + Glyo, + Giso, + Oy -

When deriving the thermal balance equations, it is
assumed that the principal processes governing the thermal
state of the system are: the sensible heat of the charge mate-
rials; heat exchange with the surrounding environ-ment;
heat released by electric arc combustion; and chemical
reactions with their associated thermal effects. The thermal
balance equations are formulated on the basis of the law of
conservation of energy, expressed as O, = 0 .

Taking into account the enthalpy of the input and out-
put flows, the total heat of chemical reactions occurring
in the system, the heat supplied by the electric arc, as
well as heat exchange with the environment, the thermal-
balance equation can be written in the following form:

<l K&
D GIAH] + > GiAHE + 0, =

k=1 k=1

L
= ZG]AHI +AHcr+Qloss’
=1

where AH/, AH, AH, — the enthalpies per unit mass of
the k-th condensed or gaseous input flow and the /-th out-
put flow, respectively, referred to standard conditions and
a temperature of 298 K; O, — the heat input to the system
from electric arc combustion; O, - — heat losses to the
environment; AH - the total thermal effect of the chemi-
cal reactions.

Only liquid pig iron has a nonzero enthalpy; therefore,
the enthalpy per unit mass of liquid pig iron relative to
T=298 K is given by:

Npgi (R],, M ogi
i = 2. (A7), 100M,

where (AH ]Q) — the enthalpy change of the m-th substance
of liquid pig Tron upon heating from 298 K to T,, kJ/mol;
[R],, .— the concentration of substance R, %; M —is
the molar mass of substance R, kg/mol.

The enthalpies per unit mass of metal, slag, and gas
are determined, respectively, as follows:

it = 3 (01) g
ity = 3 (a4, e

Ry
) " 100M

AHZ(
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The thermal effect of chemical reactions is defined as
the sum of the thermal effects of independent reactions
describing the transition of the system from the initial to
the final state:

w
AI—Icr ZZAHW’

w=l

where W — the number of independent reactions;
AH, = AH wAng — the thermal effect of the w-th chemical
reaction, kJ/mol AH! — the standard thermal effect of the
w-th chemical reaction; An, — the number of moles of
substance R that reacted in the w-th reaction.

The number of moles of the reacting substance R
is determined as the difference between its amounts in
the input and output flows:

5 GR, & GR
An, = kK" Mhkw [Yw )
%= X0, 2 100M

k=1 =1

The heat released by arc combustion is determined
taking into account the electric energy consumption:

0, = 3600E,

where E — the electric energy consumption, kW-h.
Taking the above into account, the thermal-balance
equation can be written in the following form:

Npgi [R]m

2. (¥5), S0z,

+V§ AHO i GkRkw i Iw —
S\ E00M, 51000,
A G,[R,] & Gy(R,)

_ 0 m["n 0 sl\"tn

_;(AHT)n 100M,, +,,Z:;<AHT)n 100M, !
& ol GR, & GR,

+; A ;100MR Z100M + Qi

The principal heat inputs in the thermal balance
include the heat of liquid pig iron, the heat of exother-
mic oxidation reactions of charge components with gas-
eous oxygen, the heat of slag-forming reactions, and the
heat released by arc combustion. The heat expenditures
include heat required for heating the metal, slag, and gas;
heat consumed for decomposition of carbonates and iron
oxides; heat required for moisture evaporation; and heat
losses to the environment.

The enthalpies of the input and output flows were cal-
culated using the following reference data: coefficients
of the approximation equation for the heat capacity of a
substance (c,, ¢ |, ¢,, ¢,, ¢;), values of the enthalpy of
formation and entropy at standard temperature A, H) 2085

98), and data on phase transitions (T AH ) for indi-
vidual substances.

The solution of the optimization problem using for-
mal methods involves selecting appropriate criteria and
defining a system of constraints, including requirements
for metal composition, allowable ranges of variation in
the consumption rates of charge-material components
and system state parameters, compliance with the law
of conservation of mass at the levels of flows, substances,
and elements, and compliance with the law of conserva-
tion of energy.

The following indicators may be used as optimization
criteria:

— total consumption (TC) of charge materials per unit
of product, kg/t,

-1000 — min;

— production cost (C), RUB/,

K
ZGkPk
C=%+ OH + PC — min;

m

— energy consumption (E) per unit of product, GJ/t,

K
2 GiEy
E=4 — min
— unit productivity (PU)

Nm
PU=G, =) G%' | — max,
n=l1

where P, — the price of the k-th input material, RUB/t;
OH — general plant overhead costs, RUB/t; PC — process-
ing costs, RUB/t; E, — is the specific energy intensity
of the k-th material, GJ/t.

The formulation of the optimization problem consists
in finding an extremum of one of the selected criteria sub-
ject to the following constraints:

— on the ranges of variation in charge-material con-
sumption rates:

G . <G <G

% min k k max>

— on metal and slag parameters:

|:Rn]min < [Rn] < [ ]max (l’l =1+N )
(Rn )min < (Rn) < (Rn)max (I’l =1+ Nsl);
Tlmm< T < Tlma (l: 1 +L);

— compliance with the law of conservation of mass at
the levels of flows, substances, and elements:
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K/ K®

>.Gl +>.G, =G, +G +G;

k=1 k=1
K/ Nfo|R | K& Nf Gg
DI N ZZ
k=1 m=1 k=1 m=1
¢ 6 [R] \ Gg{Rn}.

~ & 00 Zl 100 Zl 100

KfN‘ Gf‘ . .ym . XaMp .
k=1 m=1 100 ME,.me,-‘m

K Nflg G/%{Eimejym }k meEL

+ =
;mz:l 100 Mg &

:Gm[Ei]+A§: GS‘(Eianjyn) x,Mp, N
100

n=l1

. GlEn ) 5 My
*2 1oojy M, .,

Xp = Jyn

n=1

— compliance with the law of conservation of energy:

Npgi (R],, .
(1), g+
P m100M,,
Wexo K G R L GR
0 k" kw I“Mw =
t 2 A, Z;looM ‘ glooMRw + Oue
N,
B 0 [R] 0 Gsl(R")
_;(AH ) " 100M,, E(AHT) 100M, i

Wendo K L GRI
+2 A, ZIOOM _ZIOOM

k=1

J+ Qloss;

— fulfillment of at least one of the following target
conditions:

TC,, <TC<TC

max ’

Crn<C<C..

min

Emin<E<E

max ’

PU,, <PU<PU_

Thus, a method for mathematical modeling and opti-
mization of the electric melting process has been deve-
loped, providing a systematic solution to a set of inter-
related optimization problems.

[ BuiBOARI

The electric steelmaking process was analyzed, and
a method for its mathematical modeling and optimization
was developed. The proposed approach is distinguished
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by a systematic treatment of a set of interrelated optimi-
zation problems, enabling the determination of acceptable
process conditions within the metallurgical system using
modeling and optimization methods. In addition, tech-
nological operating modes for implementing the electric
melting technology are proposed.
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