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Original article

Opu2uHaabHasi cmamos

DEVELOPMENT OF PROFILE PIPES PRODUCTION TECHNOLOGY,
PROVIDING HIGHER ACCURACY OF GEOMETRIC PARAMETERS
COMPARED TO FOREIGN MANUFACTURES

M. N. Mozzhegorov, M. S. Mashentseva ®

]| LLC “TMK Research Center” (30 Novorossiiskaya Str., Chelyabinsk 454139, Russian Federation)

&3 mashentseva@rosniti.ru

Abstract. The method of profiling circular pipes is used in the lines of pipe-electric welding and profiling units in order to master the production of pipe
products of non-circular cross-section from corrosion-resistant steel grades. Tubular products used in nuclear power generation facilities have higher
requirements to mechanical properties and geometrical parameters. In particular, the most difficult aspect of manufacturing profile pipes-windings
for turbo-generator stators with a rectangular cross-section is ensuring the flatness of flanges and achieving the radius of the outer corner rounding
within a tolerance of £0.10 mm relative to the nominal value. In order to successfully master the production of this type of product, a synthesis of
the circular pipe profiling scheme was carried out. The authors developed the technology of profiling in drive rolls forming box gauges and in non-
driven four-roll stands. Computer modeling of the profiling process was carried out in the Marc Mentat 2021 program. After experimental rolling, the
profiles’ geometric parameters were analyzed using an optical microscope and special software. Acceptance tests were performed in accordance with
the requirements to profile pipes for windings of turbogenerator stators.

Keywords: shaping mill, pipe-electric welding unit (PEWU), profiling technology, outer contour corner radius, concavity of profile flanges, roll-pass
design, computer modeling
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PA3PABOTKA TEXHO/1I0TMU NPOU3BOACTBA MPOPU/IbHDLIX TPYB,
OBECI'IE‘-IMBAIOLI.I,EFI BOJIEE BbICOKYIO
TOYHOCTb TEOMETPUYECKUX NAPAMETPOB
no CPABHEHUIO C 3BAPYBEXXHBIMU NPOU3IBOAUTENAMMU

M. H. Mos:keropos, M. C. MameHnesa “
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AHHOmayus. Jlns OCBOCHUS TPOHM3BOACTBA TPYOHOH MPOAYKLIUHM HEKPYDJIOrO TOMEPEYHOr0 CEUYCHMSI W3 KOPPO3MOHHOCTOWKHX MAapoK cTajieit
LIMPOKO MCIIONB3YETCsI METO MPOMUIMPOBaHHS KPYIIIBIX TPYO B JIMHUSIX TPYOOIIEKTPOCBAPOUHBIX U MPOGMIHPOBOYHBIX arperaroB. K TpyOHOit
MPOAYKLHH, IPUMEHIEMON B yCTAHOBKAX 'EHEPALMU aTOMHON SHEPIHH, IPEAbSIBISIOTCS MTOBBIIICHHBIC TPEOOBAHNUS K MEXaHHYESCKUM CBOMCTBAM
U TEOMETPUYCCKUM TapamerpaMm. B gacTHOCTH, Mt MPOGHIBHEIX TPyG-0OMOTOK CTaTOPOB TypOOTreHEPATOPOB MPSIMOYTOIBHOTO MOMEPEYHOTO
cedyeHHs: HauOosee TPYIHONOCTHIKUMBIMH SIBIISIFOTCS 00ECHEUEHHE IUIOCKOCTHOCTH MOJOK M IOJYy4YEHHE PaJnyCOB HAPYKHOTO 3aKpYIICHHS
yrioB B pomycke +0,10 MM MO OTHOLICHHIO K HOMHHAIY. sl YCIIENIHOTO OCBOCHMSI TPOM3BOACTBA JAHHOTO BHIA MPOLYKIHHU IIPOBEICH CHHTE3
CXeMbI IPOGHUINPOBAHUSI KPYIIIOil TpyObI. PazpaboTana TexXHOJIOT s MPO(UIMPOBAHKS B IPUBOAHBIX BAJIKaX, 00Pa3yOINX SIHYHBIC KaTHOPbI,
U HETMPUBOIHBIX YCTBIPEXBAJIKOBBIX KICTSIX. KOMIBIOTEPHOE MOICIMPOBAHME MpoLecca MPOGUIMNPOBaHHS ObLIO BBIIOIHEHO B MPOrpamMme
Marc Mentat 2021. TTocie npoBeAeHHs] KOMIUIEKCA OIBITHBIX MMPOKATOK aBTOPBI IPOAHATM3UPOBAIM I'€OMETPHUYCCKUE MapaMeTpsl Mpoduiiei
C MNPUMEHEHHEM ONTHYECKOr0 MHKPOCKOIA M CIICHHATBHOrO MPOrpaMMHOro obecredeHust. [IprueMo-craTodHble HCIBITAHHUs MPOLUTH B COOT-
BETCTBUU C TPEOOBaHUSIMH K POQGUIBHBIM TPpyOaM Jisi 0OOMOTOK CTaTOPOB TypOOreHEepaTopoB.

Kniouesule cioea: npodunupoBounslit craH, TpybosnexrpocBapounslii arperar (TOCA), TexHonorus npouiInpoBaHus, paauyc yria HapyxHOIo
KOHTYpa, BOTHYTOCTb IOJIOK IIPO(UIIS, AMUYHBIA Kaanuop, KaIuOpoBKa BaJKOBOIO HHCTPYMEHTA, KOMIIBIOTEPHOE MOJICTUPOBAHUE

8 © M. N. Mozzhegorov, M. S. Mashentseva, 2025


https://doi.org/10.17073/0368-0797-2025-1-8-13
mailto:mashentseva%40rosniti.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=профилировочный стан
https://fermet.misis.ru/index.php/jour/search/?subject=трубоэлектросварочный агрегат (ТЭСА)
https://fermet.misis.ru/index.php/jour/search/?subject=технология профилирования
https://fermet.misis.ru/index.php/jour/search/?subject=радиус угла наружного контура
https://fermet.misis.ru/index.php/jour/search/?subject=радиус угла наружного контура
https://fermet.misis.ru/index.php/jour/search/?subject=вогнутость полок профиля
https://fermet.misis.ru/index.php/jour/search/?subject=ящичный калибр
https://fermet.misis.ru/index.php/jour/search/?subject=калибровка валкового инструмента
https://fermet.misis.ru/index.php/jour/search/?subject=компьютерное моделирование
mailto:mashentseva%40rosniti.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=shaping mill
https://fermet.misis.ru/index.php/jour/search/?subject=pipe-electric welding unit
https://fermet.misis.ru/index.php/jour/search/?subject=PEWU
https://fermet.misis.ru/index.php/jour/search/?subject=profiling technology
https://fermet.misis.ru/index.php/jour/search/?subject=outer contour corner radius
https://fermet.misis.ru/index.php/jour/search/?subject=concavity of profile flanges
https://fermet.misis.ru/index.php/jour/search/?subject=roll-pass design
https://fermet.misis.ru/index.php/jour/search/?subject=roll-pass design
https://fermet.misis.ru/index.php/jour/search/?subject=computer modeling
https://doi.org/10.17073/0368-0797-2025-1-8-13
mailto:mashentseva%40rosniti.ru?subject=
mailto:mashentseva%40rosniti.ru?subject=

IZVESTIYA. FERROUS METALLURGY. 2025;68(1):8-13.
Mozzhegorov M.N., Mashentseva M.S. Development of profile pipes production technology, providing higher accuracy of geometric parameters ...

Jas yumuposaHus: Mozxeropos M.H., Mamenniea M.C. Pa3paboTka TeXHOJIOIMH TPOU3BOACTBA MPOPHIBHBIX TPYO, obecrednBaromerd dosee
BBICOKYIO TOYHOCTh T€OMETPUYECKHX MAPaMETPOB IO CPABHEHHUIO C 3apyOe)KHBIMH TPOM3BOAUTEISAMH. M38ecmus 8y308. Yepnas memaniypeus.

2025;68(1):8-13. https://doi.org/10.17073/0368-0797-2025-1-8-13

[l RESEARCH OBJECTIVE

The rapid development of industry is driving con-
tinuous increases in the requirements for the perfor-
mance characteristics of products used in power gene-
ration facilities, including nuclear power plants [1].
Today, the uninterrupted operation of many enterprises
in the nuclear industry depends on the availability of spe-
cific components — profile pipes with defined cross-sec-
tions for turbo-generator stators.

To meet the demand for profile pipes from power
engineering companies in Russia, specialists at the Pipe
Metallurgical Company (TMK) have explored the feasi-
bility of manufacturing the required products.

During the preparatory phase for the production
of profile pipes with dimensions of 10.0%3.8x0.9 mm,
several challenges arose that prevented the consistent
achievement of key quality characteristics [1] when using
the drawing method, namely:

— concavity of the profile flanges exceeded the speci-
fied technical requirements (Fig. 1, a);

— surface defects formed during profiling (Fig. 1, b);

— effective radii of the outer corner rounding (mea-
sured in accordance with ASTM AS554 [2]) exceeded
the geometric tolerance requirements.

As part of the study, an analysis of the equipment
available at the production site for manufacturing
the required products was carried out, and the feasibi-
lity of producing welded profile pipes was assessed.
Based on the analysis, a fundamental technologi-
cal scheme for the production process of profile pipes

on the PEWU T 30/35 line was developed, and a list
of tools and equipment required for upgrading the PEWU
was compiled to enable continuous production [3; 4].
The most technologically advanced solution for produc-
ing the required range of products is the continuous pro-
duction of profile pipes from coil stock using the argon-
arc welding method for circular pipe billets, followed
by heat treatment and profiling to the specified dimen-
sions on the PEWU T 30/35 line.

A preliminary analysis indicated that the successful
implementation of continuous welded profile pipe pro-
duction requires the following additional equipment and
tools for the TESA T 30/35 line:

— a bright annealing furnace;
— two non-driven four-roll stands [5];

—roll forming, calibrating, and profiling tools.

- SCIENTIFIC RESEARCH AND TECHNOLOGICAL
SOLUTIONS

To improve the technology under import sub-
stitution conditions, it was decided to organize
pilot production of profile pipes with dimensions
of 10.0%3.8x0.9x4000 mm from circular pipe billets
using a semi-continuous process at the existing shaping
mill.

To implement the proposed solution, a profiling
scheme was designed, the roll-pass design was calcu-
lated [6; 7], and computer modeling of the circular pipe
billet profiling process was performed [8 — 10]. To assess
the performance of the new roll-pass design at the mode-

Fig. 1. Profile pipes made by drawing: cross-section (a); backfins on the outer surface (b)

Puc. 1. TIpodunbHbie TpyOBI, H3TOTOBICHHBIC METOZIOM BOJIOUCHHS: MIOTIEPEYHOE CCUCHNUE (@); 3aJUPBI HA HAPYKHOI oBepXHOCTH (D)
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Fig. 2. Finite element modeling:
finite element model of rolling a pipe from a circle to a square (a);
cross-section of finite element model of a profile pipe (b)

Puc. 2. KoneuHO-211eMEHTHOE MOJIeTUPOBAaHHE:
KOHEYHO-3JICMEHTHAs MOZIEJ b IPOKATKH TPYObI U3 Kpyra B KBajpar (a);
MOTIEPEeYHOE CEUCHNE KOHEUHO-2IIEMEHTHOM-MO/ISITH
npouIbHOI TPYOB! (b)

ling stage, a pipe billet with a diameter of 8.75 mm
and a wall thickness of 0.9 mm was selected as the test
object. The pipe model was divided into 3600 finite ele-
ments of the Shell 7' type [11]. Various bending simula-
tion methods using the Marc (CAD/CAE) system were
extensively studied by Zharkov A.V. The author [12 — 18]
applied this type of element for thin-walled pipes where
the wall thickness is significantly smaller than the dia-
meter. To achieve high accuracy and reduce compu-
tational costs, mesh refinement was applied in areas
of intense deformation [19]. The roll models were defined
as perfectly rigid bodies [20], a common assumption in
simulations of continuous pipe forming processes, which
is considered acceptable given the small wall thickness.
The finite element model of the profile rolling process is
shown in Fig. 2, a.

The analysis of the simulation results assessed
the stress-strain state of the pipe in the interstand space
based on the distribution of plastic deformations, as well
as the geometric parameters of the pipe. The cross-sec-
tion after each stand is shown in Fig. 2, b.

The maximum plastic deformations occur in
the regions where the future “corners” of the square pro-

! Korneev A.B., Morgulets S.V., Klimov M.A., Devyatov S.V.
Experience in Using the MSC Marc System to Solve Complex Problems.
URL: https://www.cadmaster.ru/magazin/articles/cm_29 msc.html (ac-
cessed on December 12, 2024).
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file are formed. These areas experience the highest tensile
stresses on the outer diameter and compressive stresses
on the inner diameter [21]. In the second and third stands,
the primary deformation zone forms at the contact point
between the roll tooling and the pipe. The pipe under-
goes sequential deformation of its vertical and horizon-
tal dimensions — height in the second stand and width
in the third stand [22]. The final rolling stage is carried
out in two identical stands: the fourth stand performs
the final shape adjustments, while the fifth stand comp-
letes the profile calibration.

The geometric parameters of the finite element mode-
ling are summarized in Table 1. To verify compliance with
the specified requirements and evaluate the performance
of the developed calibration, measurements were taken
from the finite element model of the pipe profile, inclu-
ding height (4), width (B), and wall thickness at the front
end (FE), center, and rear end (RE) of the pipe after each
stand.

Based on the research findings, the following techno-
logical scheme for profile pipe production was approved:

— formation and welding of round-section tubes
with dimensions 9.0x0.9 mm, lengths of 5 — 6 m, made
of 08Kh18N10T stainless steel on the PEWU, using
an argon-hydrogen gas mixture;

— heat treatment;
— straightening;

— profiling in a mill with two driven two-roll stands
with box gauges and two non-driven four-roll stands
to achieve the final dimensions of 10.0x3.8%0.9 mm, with
pipe movement ensured by six driven two-roll stands
equipped with rolls from the calibration set designed for
9 mm diameter pipes;

— secondary heat treatment;

— final acceptance tests.

Table 1. Geometric parameters of pipe samples
after modeling

Tabauya 1. TeomeTpuyecKue napamMeTpbl 06pa3noB Tpyo
1nocJie MoJeJIMPOBAHUS

Overall dimensions, mm
Stand number A B
FE |center | RE FE |center| RE
1 10.27 | 10.27 | 10.25 | 531 | 5.34 | 531
2 973 | 978 | 9.82 | 586 | 583 | 5.81
3 10.14 | 10.13 | 10.14 | 484 | 4.82 | 4.84
4 10.08 | 10.08 | 10.09 | 3.88 | 3.86 | 3.82
5 10.06 | 10.08 | 10.07 | 3.86 | 3.85 | 3.82
req%‘rilrﬁzms 10.00 % 0.10 3.80+0.10
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e 500 MM

Fig. 3. Geometric parameters of pipes manufactured by: a Russian (a), and foreign enterprise (b)

Puc. 3. 'eomeTpryeckue napaMeTpsl TpyO, IPOU3BEIEHHBIX Ha pocCHiCKoM (&) 1 3apy0OexHOM (b) IPEANPUITHIX

The shaping mill was upgraded and equipped with
an additional motor to ensure the stable operation
of the drive system and increased pulling capacity.

The next stage involved a series of pilot industrial roll-
ing tests to refine the pipe profiling technology. Seamless
pipes with diameters ranging from 8.40 to 8.75 mm and
wall thicknesses from 0.88 to 1.05 mm were used as bil-
lets. Profiling modes were tested at speeds ranging from
0.5 to 1.5 m/min [23].

To ensure proper corner filling, sequential deforma-
tion of the billet in vertical and horizontal planes was
applied, with minimal compression of the cross-sectional
perimeter [24; 25].

As a result of the experimental rolling, a trial in-
dustrial batch of profile pipes with a total weight of 50 kg
was produced. The geometric characteristics of the pipes

were examined using an optical microscope and specia-
lized software.

The measurement results are shown in Fig. 3, a.

For comparison of geometric parameters, simi-
lar studies were conducted on pipe samples supplied
by a foreign manufacturer (Fig. 3, b).

[ RESEARCH RESULTS

Based on the results of the research and experi-
ments, the developed profiling technology was approved
as the standard for producing pipes with dimensions
0f 10.0%3.8x0.9 mm on the profiling mill.

The results of geometric parameter measurements for
pipes produced at Russian and foreign facilities are sum-
marized in Table 2.

Table 2. Geometric parameters of pipe samples

Tabauya 2. TeomeTpuyeckue napaMeTpbl 06pa3unos Tpyo

Overall dimensions, mm Radius of corners' outer Convexity/
Manufacturer . .
A B rounding, mm concavity of flanges, mm
Russian enterprise 10.07 3.72-3.77 |1 098 | 1.08 | 1.13 | 1.29 (-0.022) — (-0.030)
Foreign enterprise 10.05 3.74-3.81 | 1.26 | 1.56 | 1.40 | 1.47 (+0.037) — (+0.046)
Quality requirements 10.00+0.10 | 3.80+0.10 0.90 - 1.20 0.10
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- CONCLUSIONS

The developed profiling technology enables the pro-
duction of profile pipes that outperform foreign counter-
parts in geometric characteristics, particularly in the radius
of the corners’ outer rounding.

The adoption of this technology has contributed
to strengthening the technological sovereignty of the Rus-
sian Federation’s economy, as outlined in Direction
No. 13.1.3 of Government Decree No. 603, dated Ap-
ril 15, 2023.

Implementing the continuous profile production
scheme, which includes heat treatment and profiling within
the pipe-electric welding unit (PEWU) line, ensures full
compliance with the requirements for profile pipes used in
turbo-generator stator windings. This is achieved through
significantly reduced variations in wall thickness in pipe
billets produced by welding from coil stock.
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STIFFNESS MODULUS OF STANDS IN FINISHING GROUP
OF CONTINUOUS WIDE-STRIP HOT ROLLING MILL

L. D. Pospelov®
I Cherepovets State University (5 Lunacharskogo Ave., Cherepovets, Vologda Region 162600, Russian Federation)

& idpospelov@chsu.ru

Abstract. Stiffness modulus is an important technical parameter of each four-high stand of continuous wide-strip hot rolling mill and characterizes
the roll force that causes elastic deformation of all structural elements of the working stand in the assembly. Accuracy of deviations of longitu-
dinal and widthwise profile of hot-rolled strips and quality of sheet products directly depends on reliability of determination of such parameter
at the design stage of efficient technological rolling schedule. After review of classical methods for calculating elastic deformations of four-high
stands based on the laws of the elasticity theory and modern publications, it was concluded that it is necessary to take into account the dynamic
component when determining the stiffness modulus of the working stands of hot and cold rolling mills. Lack of record-keeping above the specified
component entails significant errors in the alignment of the roll gaps at the stage of mill setting for rolling the strips of the required final thick-
ness. In this work, we studied the stiffness modulus of the finishing stands of the operating continuous wide-strip mill, taking into account their
constructional features in the production of hot-rolled strips of various sheet gauge of low-carbon steels, mainly intended for further cold rolling.
When analyzing experimental data, reliable regression equations were obtained that allow taking into account the effect of the rolled strip width
on the stiffness modulus of stands. The results of investigations are presented in graphical and tabular form, demonstrating the change in the stiff-
ness modulus for different mill stands. The results allow us to design and make changes to the existing hot rolling modes in order to ensure
the required accuracy of the longitudinal and widthwise profile of hot-rolled strips.

Keywords: stiffness modulus of four-high stand, continuous wide-strip hot rolling mill, rolling force, rolling gap, strip width, regression equations, rolling
schedule
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UCCNEQOBAHUE MOAYNA ECTKOCTU KNETEX YACTOBOM rPYMMbl
HEMNPEPLIBHOTO LULMPOKOMONOCHOIO CTAHA FOPAIYEA NMPOKATKM

U. 1. Mocnenos®

| Yepenosenxuii rocynapcreennbiii yausepeurer (Poccus, 162600, Bonorozickas o6n., Yepenosen, np. Jlynadapckoro, 5)

& idpospelov@chsu.ru

AHHOmMayus1. Mopynb )KEeCTKOCTH SBJISETCS BaXKHBIM TEXHUUECKUM I1apaMeTPOM KaxJI0H KJIeTH «KBapTO» HENPEPLIBHOTO IIUPOKOIIOIOCHOIO CTaHa
ropsideil NPOKaTKH M XapaKTepU3yeT BENUYHHY YCUIUS IPOKATKHU, BBI3BIBAIOIIYIO YIPYTy0 Je(OopMaliio BceX KOHCTPYKTUBHBIX 3I€MEHTOB
paboueil kietu B cbope. OT JOCTOBEPHOCTH OIPEIENICHHs] TAKOIO MapaMeTpa Ha dTamne NPOeKTUPOBAHHUA dPPEKTUBHBIX TEXHOIOTHUECKUX
PEeXKUMOB NPOKATKU HANPAMYIO 3aBUCHUT TOYHOCTh OTKJIOHEHMII IPOOIBHOTO U IMOIEPEYHOrO MPO(MIIS TropsAYeKaTaHBIX IIOJIOC U KadeCTBO
scToBoro npoxara. Ilpu 0030pe Kiaaccuyeckux METON0B pacueTa ynpyrux aedopmanuii pabounx 4eThbIpexBaIKOBbIX KJIETEH, OCHOBAaHHBIX Ha
3aKOHAX TEOPHHU YHPYTOCTU, H COBPEMEHHBIX ITyONUKAIMI ClIeTaH BBIBOJ, YTO HEOOXOAHMO yUHUTHIBATh AUHAMUYECKYIO COCTABIIAIONIYIO IPU
OIpEAEIeHUH MOJYJIsl )KECTKOCTH PabouMX KJIEeTel CTaHOB ropsiueil 1 XxonoaHoi npokarku. OTCYTCTBHE y4yeTa BbIlIeyKa3aHHOW COCTaBIISIOILCH
BJICUET 3a COOOH CyIIeCTBCHHbBIC OIMOKH B BHICTABICHUH MEKBAJIKOBBIX 3a30pOB Ha JTale HACTPOHKU CTaHA MOA MPOKATKY MOIOC TpeOyeMoit
KOHEYHOW TONMIMHBI. B naHHON paboTe BHINOIHEHO UCCIEI0BAHUE MOIYIIS KECTKOCTH KIETeH YMCTOBOW I'pYIIIbI A€HCTBYIOIIETO HEMpepbIB-
HOTO HIMPOKOIIOJOCHOTO CTaHA C Y4€TOM UX KOHCTPYKTHBHBIX 0COOCHHOCTE! PH IIPOU3BOACTBE TOPAUEKATAHBIX MOIOC PA3INYHOTO JIUCTOBOTO
COpPTaMEHTa HU3KOYIJICPOAUCTBIX CTajel, MPEeUMyILEeCTBEHHO NpeJHa3HaYeHHbIX IS JanbHeleil Xonoanoi npokarku. [Tpu ananuse skcre-
PHMEHTAIBHBIX JaHHBIX IIOTyYCHBI JOCTOBEPHBIC YPABHEHHS PEIPECCHH, TO3BOMISAIONINE YUHTHIBATH BIUSHUE MIUPHHBI IPOKATHIBAEMOIT TTOTOCHI
Ha MOJyJIb JKECTKOCTH Kiereil. MccnenoBanue npencTasieHo B rpaduueckoil u tabinuHoit Gpopme, reMoHCTpUpyoLIei U3MEeHEeHHe 3HaYeHHUH
MOJYIS ’KECTKOCTH AT Pa3sIHYHBIX KIeTel cTaHa. Pe3yapTaThl McCIeIoBaHMS MO3BONIAIOT MPOEKTUPOBATH M BHOCUTH M3MEHEHHA B CYIIECT-
BYIOIIME TEXHOJIOTHUECKHE PEKUMBI ropsiueil MPOKaTKU ¢ LeNblo obecreueHus: TpedyeMoil TOYHOCTH MPOAOIBHOIO U MONEPEYHOro Mpoduis
ropsdeKaTaHbIX MOJIO0C.

14 © 1. D. Pospelov, 2025
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[ INTRODUCTION

In recent decades, global production standards have
tightened tolerances for deviations in the longitudinal and
widthwise profile of hot-rolled strips made of low-carbon
steels. This trend is driven by the increasing requirements
for the quality of sheet products. These requirements
apply both to the thinnest hot-rolled strips (0.8 — 1.5 mm
thick), which are directly used in mechanical engineer-
ing and construction, and to strips with a thickness
of 1.8 — 5.5 mm, which serve as semifinished rolled stock
for cold rolling mills, where they undergo further pro-
cessing to meet strict geometric tolerances for longitudi-
nal and widthwise profiles.

The accuracy requirements for hot-rolled steel
sheets supplied in stacks and coils are regulated by
GOST 19903-74, which classifies sheets into two accu-
racy groups: high accuracy (Group A) and normal accu-
racy (Group B). Depending on their thickness and width,
these sheets are subject to different thickness tolerances.
For example, sheets with a thickness of 1.8 — 2.0 mm and
a width of 1500 — 1820 mm have a thickness tolerance
of £0.17 mm for high accuracy and +£0.20 mm for nor-
mal accuracy. However, even stricter requirements apply
to hot-rolled strips intended for cold rolling mills for
the production of autobody sheet. In such cases, thick-
ness deviations across the entire surface must not exceed
+(2 — 5) % of the nominal thickness of the semifinished
rolled stock [1].

Reducing deviations in the standardized characteris-
tics of the longitudinal profile of hot-rolled strips within
the specified tolerances has driven the development of thin-
strip hot rolling theory [2 — 4]. Based on this theory, models
have been developed to control longitudinal and widthwise
thickness deviation, considering all significant technologi-
cal parameters of the rolling schedule [5 — 7].

A review of international publications reveals a direct
correlation between the accuracy parameters of the longi-
tudinal and widthwise profile of hot-rolled [8 — 10] and
cold-rolled strips [11; 12] and the stiffness parameters
of both individual structural elements and the assembled
four-high stands. Similar studies are widely represented
in classical domestic textbooks [13 — 15]. Of particular
interest is the stiffness modulus of each stand in the con-
tinuous rolling mill, as the accuracy of determining this
characteristic directly affects the proper setting of the roll-
ing gap [16; 17]. This, in turn, influences the precision
of the initial mill setup and the effectiveness of control

actions for adjusting strip thickness accuracy during roll-
ing [18 — 20].

The objective of this study is to investigate changes
in the stiffness modulus of finishing stands in continuous
hot rolling mills for various strip gauges by analyzing
experimental data obtained from an operating wide-strip
rolling mill.

[l MATERIALS AND METHODS

The equation describing the direct linear relation-
ship between the elastic deformation of the four-high
stand and the rolling force P, acting on the rolls can be
expressed as follows:

P,= M, (h,~S)), (1)

where M is the stiffness modulus of the four-high stand,
MN/mm; £, is the strip thickness after rolling in the i-th
stand, mm; S, is the initially set roll gap in the i-th work-
ing stand, mm.

As previously noted, the accuracy of determining
M, in equation (1), given a specified strip thickness 7.,
directly affects the correct initial setting of the roll gap S,
and, consequently, the overall rolling precision.

During metal reduction to the required thickness £,
the working rolls experience a rolling force P,, which
can be assumed to act vertically. This force is transmit-
ted through all structural elements of the assembled
stand, including the four-high roll system, thrust bearings
with pressure capsules, back-up chocks, thrust bearings
of mill screws, mill screws, packing nuts of mill screws,
and close-top roll housings (Fig. 1). Classical methods
for calculating elastic deformations in four-high work-
ing stands [13 — 15] are based on the assumption that
all structural components deform according to the laws
of elasticity. Using this assumption, the stiffness modulus
of each four-high working stand in a continuous mill is
determined through well-established theoretical formulas
for the elastic deformation of all the aforementioned com-
ponents that bear the vertical rolling force during opera-
tion. However, as noted in [13 — 15], these formulas apply
only to the static stiffness modulus and do not account
for key dynamic factors, such as the influence of back-up
roll rotational speed on deformation within hydrody-
namic bearings, the horizontal displacement of vertical
axial planes of back-up and working rolls relative to each
other [21], and other rolling dynamics [10 — 12] affecting
all assembled stand components.
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Fig. 1. Construction of four-high stand of hot rolling mill:
1, 2 — working rolls; 3 — close-top roll housing; 4, 5 — back-up rolls; 6 — mill screw; 7, 8§ — back-up chocks;
9 — packing nut; /0 — thrust bearing of mill screw; // — pressure capsule of mill screw;
12 —bearing part of lower back-up chocks; /3 — pressure capsule of lower back-up chocks

Puc. 1. KoHCTpyKIIUS YETHIPEXBATKOBOH KJIETH CTaHA TOPSYCH MIPOKATKH:
1, 2 — paboune Basku; 3 — CTaHWHA 3aKPBITOTO THUIIA; 4, 5 — OTIOPHBIEC BAJIKU; 6 — HAKUMHOW BUHT;
7, 8 — TIOyIIKK OTIOPHBIX BAJIKOB; 9 — raiika Ha)kuMHasl; /() — MOAMSTHUK HAXKUMHOTO BHHTA; // — Mec/103a HAKUMHOTO BUHTA;
12 — oropa Oy KK HIKHETO OITOPHOTO Basika; /3 — Mec103a HIDKHEH TTOYIIKH

Under modern operating conditions, assessing
the stiffness modulus of mill stands is most efficiently
conducted using loading curves obtained by pre-stressing
the rotating working rolls into the pre-stressed stand posi-
tion. This method was applied to evaluate the stiffness
modulus of the four-high stands in the finishing group
of hot rolling mill 2000 at PAO Severstal. The loading
force during the assessment was varied within the actual
operating rolling force range: from 0 to 30 MN for
stands 6 — 9 and from 0 to 20 MN for stands /0 — 12,
while maintaining a constant working roll rotation speed
equal to the average strip rolling speed in the i-th stand.
To minimize the additional measurement errors, a coolant
was applied to the rolls during loading before the start
of measurements.

The experimental data on loading force P, , and
total elastic deformations in the i-th finishing stand S,
were recorded by the automated process control system
(APCS) of the finishing group of hot rolling mill 2000.
The processed data were then presented graphically in

16

Fig. 2, showing the relationship between the total loading
force P, , of each stand and the elastic deformation of all
structural elements of the stand S ;. The material proper-
ties and nominal diameters of the working and back-up
rolls are listed in Table 1.

The stiffness modulus of the pre-stressed stand in
the i-th stand MSOU. was determined based on the linear
portion of the curves in Fig. 2, using the ratio of the loa-
ding force P, to the elastic deformation of the stand S__

0 _ By
sti .
S,

st.i

)

Analysis of the curves in Fig. 2 showed that for all mill
stands, the onset of the linear deformation region occurs
at a loading force of 6.484 —3.041 MN, with higher
values corresponding to the first stands. As the loading
force increases further, the stand deformation follows
a strictly linear trend, remaining fully compliant with
elasticity laws across the entire operating force range.


https://translate.academic.ru/back-up%20rolls/ru/en/
https://translate.academic.ru/back-up%20rolls/ru/en/
https://translate.academic.ru/back-up%20rolls/ru/en/
https://translate.academic.ru/back-up%20rolls/ru/en/

IZVESTIYA. FERROUS METALLURGY. 2025;68(1):14-20.
Pospelov L.D. Stiffness modulus of stands in finishing group of continuous wide-strip hot rolling mill

P, MN
} a c d
30 + = = o
25 - - -
20 |+ = = o
15 - - -
10 - - -
6.0 6.484 6365
5 ~ ~ 4.081F
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 23 4568, 012345268, 0123 45¢6S8, 012345 68,
Pld.i’ MN
e S g

20 + - -

15 - -

10 = =

L L - 6,484
3714 3319 3.041
1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 S 0 1 3 4 S 0 1 2 3 4 S

st.i

st.i

Fig. 2. Graphics of loading pre-stressed stands of rotating work rolls:
a —stand 6; b —stand 7; ¢ — stand 8; d — stand 9; e — stand /0; f— stand //; g — stand /2

Puc. 2. I'paudeckue cxeMbl HATPY)KEHHS KJIETEH CTaHa METOJOM IPEIBAPUTEILHOIO CHKATUS BPALIAIOIIMXCS pabovnX BaIKOB:
a— xnets 6; b — xners 7; ¢ — kiethb 8; d — xnersb 9; e — kiers 10; f— xners 11; g — kiers 12

Determining the stiffness modulus of the pre-stressed
stand Mﬁ.; using equation (2), based on the data from
Fig. 2, and its subsequent application without significant
error is valid for rolling strips in the finishing group of hot

rolling mill 2000 at a maximum width of b, = 1820 mm.

The dependence of the stiffness modulus of the four-
high stands in the finishing group of hot rolling mill 2000
on the width of the rolled strip b, was investigated using

the following methodology. During steady-state rolling,
all stands operate under conditions of constant positioning
of the screw-down mechanisms. As the strip undergoes
deformation in the i-th stand, the APCS of the finishing
group records the average strip thickness #,, the rolling
force P, and the average elastic deformation of the stand
S, ;- The averaged stiffness modulus of the i-th stand
Mg ;, considering the variation in strip width b, can be

st.i?

calculated using equation

Table 1. Elastic material characteristics and nominal diameters of working and back-up rolls
in finishing group of mill 2000

Ta6bauya 1. Ynpyrue cBoiicTBa MaTepuajia H HOMHHAJIbHBIE THAMETPHI PAGOYHX U ONOPHBIX BAJIKOB
KJeTell YncToBoii rpynnsl crana 2000

Stand No. | D, mm E, MPa vy, Working roll material D, , mm E,, MPa Vi
930 200,000 High-chromium
0.29 .
7 890 205,000 hardened cast iron
8 800 215,000 | 0.32 High-chromium 1600 | 219,000 | 035
heat-resistant cast iron
9,10 800 . . .
175,000 0.28 Indefinite chill cast iron
11,12 825
Note: D —nominal diameter of working rolls; £ — elastic modulus of working roll material; v — Poisson’s
ratio of working roll material; D, —nominal diameter of back-up rolls; £, — elastic modulus of back-up roll material;
v, — Poisson’s ratio of back-up roll material.
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st.i

The physical meaning of this parameter M”, reflects
the change in the stand’s elastic deformation due
to the deflection of the roll system under the rolled strip
of width b,. The difference between the stiffness modulus
of the stand without a strip M, g_i and the calculated value
obtained using equation (3) is denoted as AMf’“ Upon

completion of the study, databases were compiled to record
the following rolling parameters for the i-th stand:

— average strip width b, and average strip thickness 7,
of the rolled strip;

—value of the change in elastic deformation

of the stand S

st.i;
— calculated value of the correction factor AM .
Thus, the stiffness modulus of the stand for a strip width
b, less than 1820 mm, accounting for the correction factor
AM? ., can be determined using the following equation

st.i”

M, = Mg, — AMsbt.i’ “4)

st.i

Table 2. Values of stiffness modulus of pre-stressed stand M

where M 3_1. is represents the stiffness modulus of the pre-
stressed stand, MN/mm; AM , is the correction factor for

assessing the stiffness modulus of the i-th stand, consi-
dering the variation in rolled strip width 5,, MN/mm.

[ RESULTS AND DISCUSSION

The dataset prepared for regression analysis was
obtained from 46 rolling schedules in the finishing group
of hot rolling mill 2000, covering low-carbon steel
strips with thicknesses ranging from 1.2 to 5.5 mm and
widths from 1005 to 1625 mm. These strips were prima-
rily intended for further cold rolling and were processed
using different sets of working and back-up rolls. During
the regression analysis, linear equations (Table 2), were
derived, which accurately describe the correction factor
AM!,, for the stiffness modulus of the pre-stressed stand
M? as a function of the rolled strip width b..

st.i
Since the actual values of Fisher’s criterion F'in Table 3
significantly exceed the critical value F_(1;44)=4
at degrees of freedom k, =1 and k, = 44, the determina-
tion coefficients R? are statistically significant, confir-

o> regression equations

for AM? . calculation and their reliability

st.i

Tabauya 2. 3HaYeHHs] MOTYJIS JKECTKOCTH KJIETH «32005» Ms"m., perpecCHOHHbIe YPABHEHUS
pacuera AM, s”“. U HX JIOCTOBEPHOCTH

Stand No. | M., MN/mm | Regression equation for calculating AM” ,, MN/mm | R? F
6 5.25 0.6136 —0.0003005, 0.8928 | 183.22
7 5.45 0.8247 —0.0004105, 0.8349 | 111.25
8 5.00 0.9884 —0.000494b, 0.9552 | 469.07
9 4.95 1.0474 — 0.000524b, 0.9140 | 233.81
10 4.89 1.0409 — 0.0005205, 0.9540 | 456.26
11 493 0.8574 —0.000428b, 0.9194 | 205.95
12 5.055 0.9173 —0.000458b, 0.9417 | 355.36

Table 3. Calculated values of rolling stands stiffness modulus and verification thereof by force calculation

Tabauya 3. PacyeTHbIe 3HAYEHHUST MOIYJISI ;KECTKOCTH KJIeTH H POBEPKA UX I0CTOBEPHOCTH IMyTeM pacueTa yCHIHUs

Sl AM? .. MN/mm | M_ ., MN/mm | k., mm S, mm P, MN AP, %
No. st st ! ! calculated measured !
6 0.386 5.0264 18.55 13.260 26.590 25.070 6.06
0.297 5.1583 10.02 4.510 28.422 27.588 3.02
0.353 4.6538 5.63 1.303 20.137 20.682 2.64
0.373 4.5838 3.95 0.620 15.264 15.786 3.31
10 0.372 4.5251 2.89 —0.464 15.177 15.547 2.38
11 0.306 4.6290 2.28 -0.797 14.243 14.292 0.34
12 0.328 4.7331 2.00 0.151 8.7515 8.787 0.40
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Fig. 3. Graphics of change in stiffness modulus M ; depending on width
of rolled strip b,:
(numbers of curves — numbers of stands)

Puc. 3. Tpadukn u3sMeHEeHUs MOJYJISl FKECTKOCTH M . B 3aBUCHMOCTH OT
IIHPUHBI TPOKATBIBAEMOM MOJIOCHI b, :
(1pbI KPUBBIX — HOMEP KIICTH)

ming the reliability of the regression equations for AMSbU
in Table 2. These equations are valid within the following

parameter ranges:
— working roll crown profiles from —0.5 to —0.15 mm;
— working roll diameters from 930 to 800 mm;
— back-up roll diameters from 1616 to 1488 mm;

— back-up roll chamfer depth of 0.8 mm and chamfer
length of 300 mm.

Based on the Table 3 data, graphs were plotted (Fig. 3)
to illustrate the variation in the stiffness modulus M_ ; for
each stand in the finishing continuous group of hot rolling

mill 2000, depending on the rolled strip width 5,.

The accuracy of determining the stiffness modulus
M, considering the correction factor AM? . for strip
width variation b,, was verified by solving equation (1)
and comparing the measured rolling force P, in the i-th
stand during the rolling of a 2.0 mm-thick, 1300 mm-wide
strip of 08Yu steel. The initial roll gap S, was recorded by
the APCS of the finishing group of hot rolling mill 2000,
as shown in Table 3. The calculated and measured roll-
ing forces, along with their comparison results, are also
provided in Table 3.

Since the maximum comparison error AP, in Table 3
does not exceed 6.06 %, the findings of this study can be
effectively applied in designing hot rolling schedules for
hot rolling mill 2000. These results ensure the required
longitudinal and widthwise profile accuracy of hot-rolled
strips while incorporating control models for longitudinal
and widthwise thickness deviations [5 — 7].

- CONCLUSIONS

Based on the analysis of experimental data, reliable
dependencies have been established that describe
the effect of rolled strip width on the variation of the stiff-
ness modulus of four-high stands in the finishing group
of the operating hot rolling mill.

It has been determined that rolling within the finishing
group, from the first to the last stand, with rolling forces
below 6.484 —3.041 MN is undesirable, as under such
conditions, the stands experience nonlinear deformation,
leading to additional fluctuations in the roll gap.

The research findings can be applied in the develop-
ment of optimized rolling schedules for the finishing
group of mill stands, ensuring the production of hot-
rolled strips with minimal deviations in the longitudinal
and widthwise geometric profile characteristics.
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Abstract. The work is devoted to the study of development regularities of plastic deformation and destruction of medium-alloy steel with a tempered
martensite structure (0.34C—Cr—Ni—3Mo—V—Fe steel) under active tension. This steel is characterized by a multi-scale defect structure and contains
cementite precipitates and special carbides. An experimental study of the evolution of defect and carbide subsystems during plastic deforma-
tion required the use of different methods: optical and electron (scanning and transmission) microscopy; X-ray structural analysis; measurements
of quantitative characteristics of the microstructure and pattern of microcracks and their statistical processing. The research revealed that the places
of significant localization of plastic deformation at the pre-destruction stage are the boundary areas of grains (former austenitic and real marten-
sitic); all structural components of tempered martensite (plates, packets, blocks of laths, laths). A comparison of nature of the deformation relief and
the fine structure formed before destruction with the pattern of fractures at various structural-scale levels indicates that the destruction of the steel
under study, as well as the plastic deformation preceding it, bears the features of heredity of the original internal structure. Thus, the fracture
of the studied steel has a multi-level nature, caused by: hierarchy of the initial internal microstructure; evolution of carbide phases; localization
of plastic deformation developing at all stages of plastic deformation and, as a consequence, preparing the paths for microcracks propagation.

Keywords: tempered lath martensite, dislocation structure, deformation relief, fracture surface, scale-structural levels of fracture
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PA3PYLWEHWUE OTNYLWEHHOW MAPTEHCUTHOMN CTANU
NMPU PACTAXEHUU
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! Tomckuii rocyrapcTBeHHBINH apXHTEKTYPHO-CTPOHTENbHBIH yHuBepenTeT (Poccus, 634003, Tomck, mi. ConsHas, 2)
2MHcTHTYT (PU3MKH IPOYHOCTH U MaTepuaoBenenus Cudupcxoro Oraenenus PAH (Poccus, 634055, Tomck, Ip. AkageMudec-
Kuii, 2/4)
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AHHomayus. Hactosmas pa0oTa NOCBSIIEHA H3YyYCHHIO 3aKOHOMEPHOCTEH pa3BUTUS IUIACTHYECKOH AedopManuy U pa3pyLICHHs CpemHele-
THPOBAHHOM CTallM CO CTPYKTYypO# OTmyieHHOro maprencura (cranb 34XH3M®A) npu akTHBHOM pacTskeHHHU. JlaHHas CTaidb OTIMYAeTCs
MHOTOMAacIITaOHON JIe(EeKTHOW CTPYKTYpOH M COINEPXKHUT BbIJEICHHS LIEMEHTUTa U CIeLHalbHble KapOuIbl. DKCIIEpUMEHTAIbHOE HCClle-
JIOBaHUE SBONIONMU A(PEKTHOM M KapOMIHOW MOACHCTEM NPH IIACTHYECKOH nedopmanuu norpedoBano NPUMEHEHHS! KOMIUIEKCAa METO/IOB:
ONTHYECKas U dICKTPOHHAS (CKaHMPYIOIas U NPOCBEYMBAIOIIAs) MUKPOCKOIHS, PEHTICHOCTPYKTYPHBIH aHAIN3; H3MEPEHHUs KOIUYECTBEHHBIX
XapaKTePUCTHK MHUKPOCTPYKTYPhl M KapTHHBI MUKPOTPEIIUH U HX CTaTUCTHYECKas 00paboTka. B paboTe BBIABICHO, YTO MECTaMH CyIIECT-
BEHHOH JIOKaJIM3allUH ITACTHYECKON JedopMaliy Ha CTaJuu [peapa3pylICHUs ABIIOTCS IPUTPAaHIYIHBIe 001acTH: 3epeH (OBIBIIETO ayCTEHHT-
HOTO U PealbHOr0 MapTEHCUTHOTO0); BCEX CTPYKTYPHBIX COCTAaBISIIOMIMX OTITYIIEHHOIO MAapTEHCHTA (IIACTHHBI, AKEThl, OJIOKU peek, peilkn).
CormocrapieHue xapakrepa Je(opMannoHHOro penbeda U TOHKOH CTPYKTYpsl, GopMupyroeiics nepes paspylieHueM, ¢ KapTHHOH H310MOB
Ha Pa3JIMuHbIX CTPYKTYPHO-MACIITAOHBIX YPOBHAX CBHICTEILCTBYET O TOM, YTO pa3pyIlIeHNE UCCIIEOBAHHON CTAIIH, TAKKE KaK U IIaCTHYeCKast
nedopmanus, eif npeAIecTByoIas, HeceT B cebe YepThl HACICACTBEHHOCTH HCXOHON BHYTpPEHHEH CTpyKTyphl. TakuMm oOpa3oM, paspyluieHue
HCCIIE/IOBAHHOMN CTAalli UMEET MHOTOYPOBHEBBIN XapakTep, 00YCIOBICHHBIN: HepapXHell HCXOIHONH BHYTPEHHEH MHUKPOCTPYKTYPBI; 3BOJIIOIHEH
KapOuIbIX (ha3; ToKaNIu3auell mIacTH4eckoil fedopMaluy, pa3BUBAIOMIEHCS HAa BCEX CTAAUSX IIACTHYCCKON nehopMaluy U, KaK CIeICTBHE,
MOArOTaBIMBAIONIEN ITyTH PACIIPOCTPAHEHUSI MUKPOTPELIHH.
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Katoueevle c/108a: nakeTHbIH OTl'IyH.IeHHBIf/'I MapTEHCHUT, AUCJIOKAIlMOHHAsA CTPYKTYpa, ;Lecbopmaunonnmffl pem,e(b, IMMOBEPXHOCTDH pa3pylICHUs, MaciuTao-

HO-CTPYKTYPHBIE YPOBHHU Pa3pyILEHUsS

Jaa yumuposanus: Ternskosa JILA., Kynunpina T.C., ITeukoscknii B.A., Kamun A JI. Pa3pymenue oTimyIeHHOH MapTeHCUTHOMN CTaIM IIPU pacTs-
KeHuu. Uzeecmust 6y306. Yepras memannypeus. 2025;68(1):21-29. https://doi.org/10.17073/0368-0797-2025-1-21-29

[ INTRODUCTION

Steel with a tempered martensite structure exhibits
good plastic properties combined with high strength both
at the initial stages of deformation [1 — 3] and under sig-
nificant degrees of plastic deformation [4 — 6]. The opti-
mal mechanical properties of martensitic steel are the rea-
son for its wide industrial application [7], particularly in
the automotive industry [8]. It is known that the internal
structure of steel with a tempered martensite structure is
hierarchically organized within a range of scales differing
by three orders of magnitude [8 — 11]. The main morpho-
logical component of martensite is tempered lath mar-
tensite [9; 10]. The basic element of this microstructure
is a lath with a width ranging from 0.2 to 0.5 pm. Laths
tend to align parallel to each other within large regions
of the parent austenitic grain in which they form. A group
of laths with the same orientation is referred to as a block,
and a group of several blocks sharing the same habit
plane is called a packet. The boundaries of both blocks
and packets are effective barriers to dislocation motion,
providing the strength and impact toughness of marten-
sitic steels [2; 3]. It should be noted that the mechanisms
of plastic deformation in steels with such a complex
defect structure are still insufficiently studied [7; 12].
Previous studies [13; 14] have shown that for medium-
alloy steel with a tempered martensite structure under
active tension, there is pronounced localization of defor-
mation associated with the boundaries of misorientation
between inherited austenitic grains and real martensitic
grains. These studies revealed that during active loading,
plastic deformation undergoes self-organization within
groups of real grains. The linear dimensions of marten-
sitic grain groups that self-organize during deformation
are comparable to the sizes of the inherited austenitic
grains. In other words, during plastic deformation, defor-
mation localization occurs in close relation to the grain
subsystem.

The development of shear deformation in the packet
component of martensite is also accompanied by shear
localization, which is related to the hierarchical struc-
ture of packet martensite. In [15], it was established that
within packets of martensitic crystals (laths), localization
occurs through the formation of two subsystems of shear
traces: fine and coarse. The fine shear trace subsystem
forms from the very beginning of plastic deformation
under conditions of homogeneous sample deforma-
tion. The emergence and evolution of the coarse shear
trace subsystem correlate with the formation of the first
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(elongated) neck in the sample, representing the main
micromechanism leading to the localization of plastic
deformation at the sample scale (macrolocalization).
The sites of coarse shear localization are the boundary
areas of laths and packet fragments. The appearance
of coarse shear trace subsystems correlates with the for-
mation of a fragmented (isotropic) dislocation structure
within the packet. In other words, shear plastic defor-
mation in steel with a tempered martensite structure is
closely linked to its hierarchically organized localization
throughout all stages of deformation, including those pre-
ceding fracture. According to the results of these studies,
it is logical to assume that the fracture of this class of steel
should also be hierarchically conditioned by the preced-
ing deformation.

The present study aims to establish the development
regularities of the fracture process in medium-alloy steel
with a tempered martensite structure within a physi-
cally justified range of scales and to identify its relation
to the preceding plastic deformation.

[ MATERIAL AND METHODS

For this study, 0.34C—Cr—Ni—3Mo—-V —Fe steel was
used. Following rolling, the steel underwent quenching
from 950 °C in water, followed by tempering at 600 °C for
4 h and subsequent water cooling as the final stage of heat
treatment. After thermomechanical processing, the steel
developed a structure of highly tempered mixed packet-
lath martensite. Most of the carbon is present in the form
of carbide precipitates, including cementite and special
carbides, predominantly Me,C, Me C and Me,,C). Tensile
testing was performed on an Instron machine at a strain
rate of 6-10*s™! at room temperature. The fracture sur-
face was analyzed using optical microscopy, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) on samples cut parallel and perpen-
dicular to the rolling direction, referred to as longitudi-
nal and transverse samples, respectively. Measurements
were taken for the microcrack density, their length, and
the orientation angles relative to the tensile axis. The mea-
surement results were subjected to statistical processing,
and the corresponding average values were determined.

- RESEARCH RESULTS AND DISCUSSION

Initial structure (before deformation). The inter-
nal structure of the studied 0.34C—Cr—Ni—3Mo—-V—Fe
steel before loading represents a complex system.
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It includes: boundaries of misorientation between grains
and all structural components of martensite (plates,
packets, packet fragments — blocks, and laths); a deve-
loped dislocation structure with an average scalar dislo-
cation density of approximately 10'° cm™; a subsystem
of carbide phases, consisting of cementite and special
carbides. The structural and phase analyses conducted
in this study, combined with the assessment of quantita-
tive characteristics, made it possible to create, in effect,
a “passport” for the investigated steel. This passport pro-
vides a detailed representation of the hierarchical organi-
zation of the internal structure across the entire physically
justified range of scales. The results of this analysis are
summarized in Table 1. The dislocation structure within
packets and plates is diverse, including network, cellu-
lar, and fragmented substructures [1; 16]. Cementite pre-
cipitates are predominantly located along the boundaries
of martensitic structural components, while the distribu-
tion of special carbides is closely associated with the dis-
location substructure. In the network structure, special
carbides are found at the nodes of dislocation networks,
whereas in the cellular and fragmented substructures,

they are located at the junctions of cell boundaries and
fragment interfaces, respectively [11; 16].

During plastic deformation, both the defect and car-
bide subsystems undergo significant evolution, accom-
panied by multi-level deformation localization [13 — 15]
and transformations of carbide phases [17]. In steel with
a tempered martensite structure, crack initiation is gene-
rally not a critical concern. However, potential sites for
microcrack initiation include non-metallic inclusions,
various misorientation boundaries and their intersections,
as well as carbide particles. Understanding the condi-
tions that enable initiated cracks to propagate is therefore
of great importance. It is noteworthy that most of the cur-
rent knowledge regarding the structure of microcracks
and the fracture surface has been obtained using optical
microscopy and scanning electron microscopy [18 — 21].
In contrast, the application of transmission electron
microscopy on foils remains relatively uncommon in
studies of fracture processes [22; 23].

In this study, an extensive electron micros-
copy investigation was conducted to examine

Table 1. Classification of structural levels by scale

Tabauya 1. Knaccudukanus CTpyKTYPHBIX YPOBHeii 1o MaciuTady

Siﬂ;r;el 1esvt§$;aée Structural element Averrﬁﬁ P,
1 1 Entire sample (4%x4x6)-1000
2 Segregation bands 50x5000
3 Non-metallic inclusions (sulfides) 20%30
? 4 Inherited grain (group of real grains) 140
5 Real grain 20
6 Packet 4x6
3 7 Plate 2.5%4.0
8 Packet fragment (block) 0.8x4.0
A 9 Packet martensite crystal (lath) 0.19x4.0
10 Lath fragment 0.6x4.0
At plate boundaries (0.6x4)-10°2
. Cementite At lath boundaries (3%25)-1072
particles In plate matrix (2x14)-102
In lath matrix (1.7x10)-10°2
At plate boundaries 81072
> 0 Sfricii(;l At lath boundaries 1.6:1072
particles In plate matrix 1.1-102
In lath matrix 1.4-107
13 Dislocation cell 4-102%2-5-102
14 Dislocation cell link 1102 -15-102
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the fine structure at various stages of plastic flow in
0.34C—-Cr—Ni—-3Mo—-V-Fe steel, covering deforma-
tion levels up to those preceding fracture (in the region
of the second neck [13]).

Microcracks and interface boundaries. Fig. 1
presents typical examples of the fine structure of the steel,
highlighting microcracks propagating along interface
boundaries. These boundaries were formed both as a
result of prior thermomechanical treatment — including
grain boundaries (Fig. 1, @), the boundaries of martens-
itic structural components such as packets and plates
(Figs. 1, b, ¢), and lath boundaries (Fig. 1, d) — as well
as along boundaries of dislocation fragments generated
during plastic deformation (Figs. 1, e, f).

Analysis of numerous micrographs obtained in this
study reveals that microcracks tend to propagate along
surfaces where highly localized shear deformation has
occurred. This phenomenon represents the natural out-
come of localized deformation, arising from the insuffi-
cient relaxation of internal stresses through mechanisms
other than microcrack formation. This observation is
consistent with the fact that, in steel with a tempered
martensite structure, local stress concentrations in spe-
cific regions can reach values comparable to the mate-
rial’s theoretical strength, even though the average stress
levels correspond to the actual ultimate strength, typi-
cally achieved during the later stages of plastic defor-
mation [16]. Moreover, it is noteworthy that microcrack

Fig. 1. Cracks propagating along grain boundaries (a, b), structural components
of martensite (¢, d) and fragments (e, f)

Puc. 1. TpemuHbl, pacipoCTPaHsIONUECs 110 IPaHHUIAM 3epeH (a, b), CTPYKTYPHBIX COCTABISIONINX
mapreHcura (¢, d) 1 pparmMeHTos (e, f)
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propagation paths frequently pass through regions charac-
terized by an isotropic fragmented substructure. This
substructure represents the final stage in the sequence
of substructural transformations observed in this steel,
progressing from network to cellular, then to anisotropic
fragments, and finally to the isotropic fragmented sub-
structure [24]. This sequence of transformations occurs
earlier at interface boundaries than in the surrounding
matrix, indicating that these boundary regions exhaust
their available mechanisms for relaxing localized long-
range stress amplitudes — induced during deformation —
sooner than the matrix itself.

Microcracks. In the studied steel with a mixed tem-
pered martensite structure, which contains a subsys-
tem of sub-boundaries formed during thermomechani-
cal treatment, microcracks appear from the very onset
of plastic deformation. As noted earlier, deformation
leads to the formation of new misorientation bounda-
ries (boundaries of dislocation fragments within marten-
site crystals), with their misorientation angles increasing

p~104, cm | L, pm
3.0
2.5
2.0

1.5

1.0

0 0.2 04 0.6 0.8 ¢

Fig. 2. Relationship between crack density p, their length L (a)
and proportion of cracks & parallel (0°), perpendicular (90°) and running
at an angle of 45° to the tensile axis (b) with deformation degree

Puc. 2. CBsi3b IIIOTHOCTHU TPELLMH P, UX JJIMHBI L (@) 1 10JIH Tpe-
uH O, mapamutensHbix (0°), mepneHauKkysipHbIx (90°) u uaymmx
oz yriioM 45° k ocu pactsbkeHus (b) co creneHbro aedopmariu

as the degree of deformation grows [17; 24]. Simulta-
neously, there is an increase in the microcrack density
and a decrease in their average length (Fig. 2, a), which
correlates with the rising overall density of misorienta-
tion boundaries in martensite and their intersections.

The average length of microcracks prior to fracture is
approximately 1 um, which is comparable to the typical
linear dimensions of a lath block (Table 1). This indicates
that microcracks in this steel cross lath boundaries but
are impeded by block boundaries, which exhibit larger
misorientation angles than lath boundaries [14; 19].

In this study, the proportions of microcracks oriented
at various angles relative to the tensile axis were mea-
sured, and the results are presented in Fig. 2, b. At higher
degrees of deformation, microcracks oriented at 45°
to the tensile axis become predominant, while the pro-
portion of cracks oriented parallel to the tensile axis
decreases significantly. This indicates the dominance
of cleavage cracks at advanced deformation stages [22].

Scale-structural levels of fracture. As previously
discussed, the internal structure of steel with a tem-
pered martensite structure consists of three hierarchi-
cally organized subsystems: misorientation boundaries,
a developed dislocation structure, and carbide phase
precipitates. During plastic deformation, each of these
subsystems evolves within its corresponding scale range,
with their evolutionary patterns being interconnected
and mutually dependent (for more details, see [17; 24]).
Given this hierarchical organization, it was expected
that the ductile fracture of this steel would also display
a multi-level character. In this study, the fracture surfaces
of the samples were examined across a range of scales
differing by three orders of magnitude. Table 2 pre-
sents micrographs alongside quantitative characteristics
of the fracture patterns observed in both longitudinal and
transverse samples of 0.34C—Cr—Ni—3Mo—V —Fe steel
with a tempered martensite structure, reflecting distinct
structural scale levels.

The longitudinal samples predominantly exhibit
a cup-and-cone fracture, whereas the transverse samp-
les display a combination of cup-and-cone and brittle
fracture features. The linear dimensions of the dimples
at various scale levels were measured, their average
values determined, and these measurements were com-
pared with the average sizes of structural elements listed
in Table 1. This comparison revealed a clear correlation
between the fracture surface characteristics and the ave-
rage sizes of key structural components, including inheri-
ted grains, real grains, plates, packets, and finer elements
such as dislocation fragments formed during plastic
deformation at strain levels preceding fracture (Table 1,
Level 4). The identified correlation is consistent with
previously established patterns [13 — 15] of multi-level,
hierarchically organized localization of plastic deforma-
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Table 2. Characteristics of the fracture pattern

Tabauya 2. XapaKkTepHCTHKH KAPTHHBI H3J10MOB

Structural- Observed fracture MHeei @i Characteristic size Average spacing qurespondmg
of the fracture between fracture microtructural
scale level feature fracture feature
feature, pm features, pm element
Average crack length
Cracks (4) 150 .
. . Pit diameter Grain groups.
Entire sample Pits (B) .
Lo 50-100 ~100 Non-metallic
(Level 1) Quasi-brittle fracture L . .
zones (C) Quasi-brittle zone inclusions
diameter
200 - 500
Grain group Bands of localized Band width Result ofp lastic
. . 50 -300 deformation near
(Level 2) plastic deformation 05-1.5 . .
grain boundaries
i of localized Band width ~0.3 6,5 Packet groups
Bands of localize 6x10 6x10 Packets
deformation
i i i Lath or lath groups
Grain Rgglons with uniform 0.64 0.56 T, aci etsp
(Level 3) dimple morphology p
Dimples within these
regions 1.5%9.0 - Plat
Elongated dimples ates
Internal' structure 05-06
of dimples
Packet, Fragments within
plate laths and plates
(Level 4) p
Fragment size:
::gf?ﬁfr‘i In plates — 0.35%0.08
in laths — 0.18%0.07
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tion along misorientation boundaries. Notably, as shown

n [15], the average shear intensity in the boundary
regions of tempered martensite crystals (blocks and laths)
is approximately three times higher than in the crystal
matrix. In other words, the intense localization of plastic
deformation facilitates the formation of preferential path-
ways for microcrack propagation.

In conclusion, the comparison of the deformation
relief and the fine structure formed prior to fracture with
the fracture patterns observed at different structural-scale
levels demonstrates that the fracture of the studied steel,
much like the plastic deformation that precedes it, reflects
the inherited characteristics of the original internal struc-
ture.

- CONCLUSIONS

The initiation and propagation of microcracks in steel
with a tempered martensite structure at the later stages
of plastic deformation were investigated using various ana-
lytical methods. The results showed that almost all observed
microcracks propagate along interface boundaries, spe-
cifically: grain boundaries and the boundaries of cohe-
rently deforming grain groups, the boundaries of plates,
packets, and lath blocks, and the boundaries of dislocation
substructure fragments, which represent the final stage in
the sequence of substructural transformations in the studied
steel.

It was found that during plastic deformation, the length
of microcracks decreases, and in the deformation stage
preceding fracture, microcracks can cross lath boundaries
but are typically arrested at block boundaries. Notably,
the majority of these microcracks form through the clea-
vage mechanism.

The fracture process in the studied steel exhibits
a multi-level nature, determined by: the hierarchical struc-
ture of the original internal microstructure, the localiza-
tion of plastic deformation, which evolves throughout all
stages of plastic deformation, and, as a result, the formation
of preferential pathways for microcrack propagation.
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INFLUENCE OF INCLINED ELECTRIC FIELD ON DECAY
OF A LIQUID JET DURING HEAT TREATMENT AND SURFACING

S. A. Nevskii @, L. P. Bashchenko, V. D. Sarychey,
A. Yu. Granovskii, D. V. Shamsutdinova

I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 nevskiy.sergei@yandex.ru

Abstract. The combined effect of inclined electric fields and a transverse acoustic field on the Kelvin—Helmholtz instability of the interface of viscous
electrically conductive liquids is studied using the example of air—water and argon—iron systems. An inclined electric field, regardless of the effect
of sound vibrations, leads to the increased Kelvin—Helmholtz instability in the micrometer wavelength range. The most intense increase in the distur-
bances of the interface is observed at the angle of inclination of the electric field /3. This opens up new opportunities for the development of tech-
nologies for accelerated cooling of rolled products and surfacing materials by regulating the drop transfer of material. The combined effect of acoustic
and electric fields has an ambiguous effect on the Kelvin—Helmholtz instability. In the case of an air—water system, sound vibrations lead to suppres-
sion of the Kelvin—Helmholtz instability, while a tangential electric field with a strength of 3-10° V/m enhances this effect, and a normal field,
on the contrary, weakens it. For the argon—iron system, sound vibrations lead to the complete disappearance of the viscosity-conditioned maximum
and to a significant decrease in the growth rate of disturbances at the interface, which corresponds to the first maximum. Application of a horizontal
electric field with a strength of 3-107 V/m significantly weakens the effect of suppressing the Kelvin—-Helmholtz instability, while in a vertical field,
on the contrary, increases it. It was established that the restoration of the first hydrodynamic maximum in a normal electric field is possible with a ratio
of specific electrical conductivities ¢ greater than 0.012, regardless of the presence of a sound field. A change in the influence of the vertical electric
field from a stabilizing to a destabilizing one is possible with a ratio of ¢ from 0.015 or more.

Keywords: electric field, acoustic field, heat treatment, air-water system, argon—iron system, Kelvin—-Helmholtz instability, viscous potential approximation
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AnHomayus1. VI3y4eHo cOBMECTHOE BO3CHCTBHE HAKIIOHHBIX AIEKTPHUYECKUX MOJIEH U MOMEPEYHOTO aKyCTHYECKOTO MOJIS Ha HEyCTOIUMBOCTh Kerb-
BUHA—] €JIbMIoJIblia TPAHUIIBL pa3/iena BI3KUX JIEKTPONPOBOIHBIX JKHIKOCTEH Ha IpUMepe CHCTEM BO3LyX —BOja M aproH—xelne30. Hakionnoe
NEKTPUUECKOE T10JIE BHE 3aBUCHMOCTH OT BO3JCHCTBHUS 3BYKOBBIX KOJICOAHHI MPUBOAUT K yCHIICHHIO HeycTolunBocTH KenpBuHa—I enbmronbia
B MUKPOMETPOBOM JAHMAaIa3oHe JUIMH BOJH. Hanbosee MHTEHCUBHBIN POCT BO3MYILEHHUH IMOBEPXHOCTH paszielsia HaOIIoNaeTcs MpH yIiie HaKJIoHA
AIEKTPUUYECKOTO T0JIs 7/3. DTO OTKPHIBAET HOBBIC BOZMOMKHOCTH JUIs pa3pabOTKU TEXHOJOTHH YCKOPEHHOTO OXJIAKICHHUS MPOKAaTa U HAIUIaBKH
MaTepuasIoB IyTeM PEryJIMpOBaHHs KalleJIbHOro nepeHoca marepuana. CoOBMECTHOE BO3ICHCTBHE aKyCTHUECKHX U AJIEKTPUUECKHX MOJICH OKa3bl-
BacT HEOJHO3HAYHOE BIMSHHE HA HEYCTOWYMBOCTH KembBuHa—Ienbmrombua. B ciydae cucteMbl BO3IyX—Boja 3BYKOBBIC KOJNECOAHHs TPUBOIAT
K TIO/IaBJICHUIO HeycTounBocTH KenbBrHa—T eIbMIoMbIa, IPU 9TOM TAHICHIMAILHOE JIEKTPUYECKOE MOJIE HAPSHKEHHOCTHIO 3+10° B/M ycuu-
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BaeT JAHHBINA SQ(deKT, a HopMaIbHOE MoJIe, HA000POT, ocnadiseT ero. JJIsi CHCTEMBI aprOH—3KeJIe30 3ByKOBBIC KOJIeOaHUs MPUBOMAT K TTONHOMY
HCYE3HOBCHHIO BSI3KOCTHO-00YCIIOBICHHOIO MAaKCHMyMa M K 3HAYUTEIBHOMY CHIDKCHHIO CKOPOCTH POCTa BO3MYIICHHMIT IIOBEPXHOCTH pa3fiena,
KOTOpasi COOTBETCTBYET MEPBOMY MakCUMyMy. [IpUIIOKEHHE TOPH30HTAIBLHOTO HIEKTPHUECKOTO MOJIS HANPSHKEHHOCTHI0 3-107 B/M 3HaUMTENBHO
ocnabister ¢ dext mopasneHnst HeycroiunBoctn KenbBuHa—IenbMrosbia, a B BEPTHKAILHOM I0JI€ OH, HA000POT, YCHINBACTCS. YCTAHOBIICHO,
YTO BOCCTAHOBJICHUE NEPBOTO MMAPOANHAMHYCCKOrO0 MaKCHMyMa B HOPMAJIbHOM 3JIEKTPUYECKOM I10JI¢ BO3MOKHO IIPH COOTHOIICHHHU YICTBHBIX
9IEKTPHISCKHX IPOBOAUMOCTeH ¢ Gosee 0,012 BHE 3aBUCHMOCTH OT HAJIMYHS 3BYKOBOTO 10J1s. CMeHa 3HaKa BIAMSIHAS BEPTHKAIBHOTO IEKTPHYIeC-
KOTO T0JIsl CO CTaGMITM3NPYIOIIETo Ha IeCTaOMIH3UPYIOlIee BOBMOXKHO Ipy cooTHomtennu ¢ ot 0,015 u Goree.

Kaloyesvle c/108a: neKTpuyeckoe moie, akyCTHIECKoe Moje, TepMooOpaboTka, CHCTeMa BO3/LyX — BOJA, CHCTEMa aproH — JKENe30, HEYyCTOIYNBOCTh

KeHLBHHafreJ'ILMI‘OJILHa, BA3KO-IIOTCHIIUAJIBHOC HpI/I6J'II/I)KCHI/IC
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- INTRODUCTION

The Kelvin—Helmholtz instability occurs in various
research fields, ranging from terrestrial magnetohydro-
dynamics [1] and turbulent liquid mixing [2] to processes
such as coating deposition by electrical explosion [3]
and astrophysical phenomena like the solar wind [4].
This instability serves as a powerful trigger that disrupts
the stability of systems involving the mixing of two or
more liquids with different properties. Some of the most
notable applications of this instability include acous-
tic modes in air-consuming systems such as boilers, jet
engines, and gas turbines [5]. Another significant appli-
cation of this instability is the breakup of a liquid jet
into droplets in an electric field [6; 7]. This phenome-
non underlies the operation of precision devices that are
integral to various technological processes, such as elect-
ric arc welding and the production of ultrafine refractory
powders [6; 7]. In [8], the influence of an inclined elect-
ric field on the Kelvin—Helmholtz instability of two ideal
dielectric liquids was studied, revealing the conditions
under which the liquid transitions to a stable mode under
a horizontal electric field. It was also demonstrated that
the vertical component of the electric field exerts a desta-
bilizing effect. Another promising application of this
instability is the accelerated cooling of rolled products.
In [9], it was shown that by controlling the velocity
of the air—water system, it is possible to achieve the for-
mation of droplets in the nanometer range. Upon impac-
ting rolled products, these droplets induce a thermoelastic
wave, thereby increasing their impact toughness.

The origin and development of the Kelvin—Helm-
holtz instability of two viscous liquids were inves-
tigated in [10; 11]. A key feature of these studies is
the use of the viscous potential approximation. This
approach assumes the absence of shear stress components
of the stress tensor at the interface, while the viscosity
of the liquid is taken into account only in the condition
of continuity of normal stresses at the interface [10].
In the general case, the situation is complicated by
the need to determine the velocity profile of the fluid, and

as shown in [11; 12], there is no analytical solution for
the stability of a flow with a complex velocity profile.
However, at high wavenumbers (short wavelengths), this
approximation is justified, as demonstrated in [13].

The interaction of the Kelvin—Helmholtz instabi-
lity with ultrasonic vibrations in the case of a problem
with planar geometry under the viscous potential flow
approximation was studied in [14; 15]. The interac-
tion of the Kelvin—Helmholtz instability with ultra-
sonic vibrations in a planar geometry under the viscous
potential approximation was studied in [14; 15]. It was
assumed that the effect of acoustic vibrations is equiva-
lent to an effective oscillating gravitational field. It was
found that acoustic influence shifts the maximum growth
rate toward higher wavenumbers [15], and a stability
region was identified between weak acoustic excitation
and parametric resonance.

The objective of this study was to investigate the com-
bined influence of an inclined electric field and a trans-
verse acoustic field on the stability of the planar surface
of an electrically conductive liquid using the example
of the iron—argon and air—water systems under the vis-
cous potential flow approximation. The simultancous
application of these two factors enables the creation
of micro- and nanodroplet flow patterns, which is crucial
for the development of new technologies in welding, sur-
facing, and accelerated cooling of rolled products.

[ PROBLEM STATEMENT

Consider the instability of the planar interface
between two viscous electrically conductive fluids.
The first fluid is characterized by density p,, kinematic
viscosity v, electrical conductivity o, and dielectric per-
mittivity €, (Fig. 1). It occupies the region (-0 < x < +o0
and —h, <z <0) and moves with a horizontal velocity U, .
The second fluid occupies the region (—oo < x < +oo0 and
0 <z<h,) and is characterized by density p,, kinematic
viscosity v,, electrical conductivity c,, and dielectric per-
mittivity €,. The horizontal velocity of the second fluid
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is U, . The variable & represents the deviation of the inter-
face from its equilibrium position (Fig. 1).

Theflow velocities ofthe firstand second fluids are much
lower than the speed of sound; therefore, they can be con-
sidered incompressible. The kinematics of the inter-
face motion is described by the function F(x,z, t)=

VF ~ —aex +€Z

ox

vector is defined as (where V is the gradient opera-
tor. In the linear approximation, the normal vector

_oE

the normal

=z—-&(x,¢). Thus 7=

n= e + ¢, takes the form. The system under consi-

deratlon is placed in an external transverse acoustic field
and an inclined electric field relative to the planar inter-
face of the fluid (Fig. 1). The electric field vector, taking
into account the disturbances of the interface, is given
by E=E,é —E,é —Vy (where y is the disturbance
of the electric potential, and £, and E_ are the normal and
tangential components of the unperturbed electric field,
respectively). The inclination angle of the electric field
(Fig. 1) relative to the unperturbed surface B is defined as

arctg| —2=
0x

The fundamental linearized equations of the vis-
cous potential flow model for relatively small distur-

bances, taking into account the electric field, according
to [10; 15], are given as:

AD, =0; —h <z<0;
AD, =0; 0<r<hy; )
Ay, =0; —h <z<0;

Ay, =0; 0<r<h,,

VA
h
2 E 0y
2 _—
U, E, E, g
0 X
/] —
Ul
—h |

Fig. 1. On formulation of the problem of origin and development
of the Kelvin—Helmholtz instability

Puc. 1. K nmoctaHOBKe 3371241 O BO3HUKHOBEHHH U Pa3BUTHH
Heycroitunoct KenbBuna—I'ensMmromnbia
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where @ is represents the velocity potential disturbance.

When deriving the first and second equations of sys-
tem (1), the terms associated with the electric field were
neglected, which is valid for electrically conductive
liquids [16 — 18], in the absence of a volumetric charge.
Therefore, the electric field component will only be con-
sidered in the boundary conditions at the liquid—gas
interface. At the boundaries 4, and h,, we impose con-
ditions ensuring the absence of disturbances in the flow
velocity and the electric field:

z=—h: @zo; %zo;

0z ox 2)
sehy: P2 M2

Oz ox

The boundary conditions for the disturbances
of the flow potential of the liquid at the interface, taking
into account the electric field, are given by:

oo _ %, 000, 0 0

&z o ‘ez &z o ‘oz

R
—P + 291\’1 21
Oz

z=0:

b

1 2 2

R T R O
o0, 1 5o s
o2 Pe + Egzgo(Ezn _EZ’C) =7

P2 —2p,V, @a

where U, is the velocity of the i-th fluid; p; =—p;x

(8(1)
ot
fluid; p_; is the disturbance of the pressure of the acoustic
field; i =1, 2 is the fluid index; v is the surface tension;

E, and E,_ are the normal and tangential components
of the field, respectively.

+U,; 8_} is the pressure disturbance in the i-th
X

The boundary conditions for the electric field at
the interface are defined as [19]:

ii-E, =ii-Ey; o, (7i-E) =0, (ii-E,). (4)

Substituting the above values of the normal vector

and the electric field into equation (4) and subsequently
linearizing, taking into account that at the interface

of two conductors o,E,, =0c,E,, ,and E, =E, , leads
to the following:
E,. % o€ 0w _ - % o, 5\1/2
ox Ox o ox

)

o)l By — % +— W =0,| By, % +— (3\1!2
ox Oz ox Oz

The solution to equations (1) will be sought in
the form:
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@, (x, z, 1) = A cosh [k (z + hy)|exp(wr + ikx);

O, (x,z,t)=A cosh[k z—h, ]exp ot + tkx);

Wy, (x, z,t) = A;sinh [k z+h ]exp (of + ikx); (6)
W, (x, z,t) = A,sinh [k (z=hy) ]exp ot + ikx);

&(x, 1)

Substituting the third, fourth, and fifth equations of (6)
into equation (5) leads to the following system of equa-
tions for the constants 4, and 4,:

= exp (ot + ikx).

Aysinh(khy) + A,sinh(kh,) = (E,y. — Eyo. )&
A6, cosh(kh) — 4,6, cosh(kh,) = (7
= iéO(GZEZOx - GIEIOX)'

The solution to system (7) after transformation takes
the form:

4 == {[i(GIElox N G2E20x) + (GZEIOZ - GZEZOz) x
x coth(kh,) [ | x
x{sinh (ki) [coth(kly) 5, +coth(kh,)o, ||
A =- {[i(GIE]()x - 62E20x) + (GIEZOZ — GIEIOZ) x

x coth (k) |&, }><

)

x {sinh (khy) [coth (khy ), + coth(khy) o, ]|

Then, the disturbances of the electric potential will
take the following form:

W, (x,2,1) {[’ 01E g, =02 Eq, )+
+(0,E . — 0, E,,.) coth(kh,)] sinh [k(z + iy)]/
/{sinh(kh;) [coth (kfy )&, + coth(kh,) o, ;

&, exp(wt + ikx);
0 )

W, (x,z,1) {[z 6,Ey, —0,Ey, )+
+(0,Ey. —6,E,,.) coth(khy)| sinh [k (z — h,)]/
/{sinh(kh, ) [coth (ki) o, + coth(kh,) o, |;

&, exp(ot —ikx).

To derive the disturbances of the flow potential, we
substitute the first, second, and fifth equations of sys-
tem (6) into the kinematic boundary conditions (3).
As a result, we obtain:

o+ikU, "
ksinh(khy)
xcosh [k (z+ k)| €, exp(or + ikx);

o+ikU, "
ksinh(kh, )
xcosh [k(z - hz)]é0 exp (ot + ikx).

q)l(xazat) =

(10)
D, (x,z,t) =—

The contribution of the acoustic field to the pressure is
determined in the same way as in [14; 15]: p.=p,g ﬂﬁo
xexp(wt + ikx) (where 8p=8~ QU cos(£) is the effec-
tive acceleration; Q and U are the frequency and ampli-
tude of the acoustic ex01tat10n Substituting (9) and (10)
into the dynamic boundary condition (3) and perform-
ing subsequent transformations, taking into account that
atz=0: o, =0,k , E, leads to the follow-

. 1£012 = O2F 02> = By
ing dispersion equation:

a,® +2(a, +ib)) o+ a, +ib, = 0;
a, = p, coth(kh,) + p, coth(kh,);
a, = p,v,k* coth(kh,) + p,v,k* coth(kh,);
b, = p,U,k coth(kh) + p,U,k coth(kh,);
a, ==k*[ pU} coth(kiy) + p,U? coth(kh, ) |+
+vk* + (p, —P2) gk +

ree k> (o) _Gz)Ezzo,r B
0% | coth(khy ) o, + coth(kh, ) o,

o5 (o, — o,) coth(kh, ) coth(kh, ) E5,
o} [coth(kh )5, + coth(kh,) o, |

(1D
(o, — ©,) coth (k) coth(kh, ) E3,,

+e,8.k> -
coth(k# )o, + coth(kh,)o,

_ (51 - 62)E220x .
coth(kh ), + coth(kh,)o, |

b, = {alsokzcz(cl —o,) [coth(kh,) + coth(kh, )] x
x Ezoszoz} / {61 [coth(kh) o, + coth(kh,)o, ]} +
+ {8280/(2(0'1 —0,) [coth(kh) + coth(kh,) | x
X Esg, B, |/ {coth(khy) o, + coth(khy ) o, | +
+ 2k°[pv,U, coth (k) + p,v,U, coth(kh,)].
To analyze equation (11) while considering the influ-

ence of weak acoustic fields, we adopt the approach used
in [14; 15]. According to this method:

d’f L df .
a()?+2(a1 +lb1)E+ (a, +ib,) f =0;
a, =c—C, cos(Q1); C,. =(p,—p,)Q%kU,;

c=—k* |:p1U12 coth(k# ) + p2U22 COth(khz)J * Yk} "

(51 - Gz) E220x

coth(kh ), + coth(khy)o,)

+(py —pa) gk +e,80k” l:

12
o5 (o, — o, ) coth(kh) coth(kh, ) E3,, . (12)
o} [coth(khy)o, + coth(kh,)o, |
ek’ (o, — ©,) coth(k#y ) coth (kh, ) E5,., B
coth(kh)o, + coth(kh,) o,

(61 - 62)E220x }

- coth (k%) o, + coth(kh, ) o,
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where [ is a time-dependent function and repre-
sents the sum of a “slow” disturbance component
A,(0) = fiexp(w?), and a “fast” disturbance component,
A,(1) = f,cos(Qf), which corresponds to acoustic vibra-
tions. Here Q is the frequency of the acoustic influ-
ence [14; 15]. Substituting this sum into equation (7) and
discarding the cosine and sine terms, considering that
f,=-C, A /(a, Q% [14], we obtain:

2
Caéz =0. (13)

a0 +2(a, +ib)o+c+ib, to
0

The solution of equation (7) takes the form:

a, +ib,
o =———+
a
2 C?
a, +ib) —a,| c+—%—+1ib
J(l I oy
+ ;
o (14)
a, +1ib,
0, =— -
ay
2 C?
a, +ib) —a,| c+—%—+ib
Jlany e o
aO '

The second root of equation (8) has no physical sig-
nificance and is therefore not considered. The growth rate
of disturbances at the liquid interface is determined as
o = Re(m,). Consequently, we obtain:

C2
az—ﬂ+L{2(af+bf—ao)— a |

a, 2a, o’

1/2

2
C2
+2 [af+bf—a0c—25) + (2ah —bya,)* | . (15)

2

The data for calculations using equation (9) are pre-
sented in the Table.

- RESEARCH RESULTS AND DISCUSSION

Air-water system

In Fig. 2, a, the dependencies of the growth rate
of disturbances at the air—water interface on the wave-
number in the absence of an acoustic field under
the influence of electric fields are shown. The velocity
difference between the horizontal layers was 15 m/s. This
function has only one maximum, regardless of the pre-
sence of an electric field (curves / —3). A tangential
electric field (B =0) with a strength of approximately
3-10°V/m stabilizes the Kelvin—Helmholtz instabi-
lity, which is expressed in a decrease in o, and a shift
of the maximum mode &, toward lower values (curve 2).
A normal electric field (B =m/2) of the same strength,
on the contrary, enhances this instability (curve 3), which
is consistent with widely accepted concepts [8; 19].
At inclination angles of the electric field vector  n/6,
n/4, /3 (Fig. 2, b), an increase in k  is observed from
59,170 m™" (A, =106.19 pm) at B =n/6 to 119,709 m™!
(A, = 52.48 um) at B = n/3. The analysis of neutral curves
(Fig. 2, ¢) showed that the presence of a vertical compo-
nent of the electric field significantly narrows the range
of relative velocity differences between the fluids, within
which capillary forces and the tangential electric field
suppress the Kelvin—Helmholtz instability. It should be
noted that a similar effect was observed in [8] for the case
of inviscid dielectric liquids.

Let us consider the combined influence of weak acous-
tic and inclined electric fields on the Kelvin—Helmholtz
instability. Fig. 3, a shows the dependencies of the dis-
turbance growth rate at an amplitude value of the acoustic
oscillation velocity U, = 5 m/s. These dependencies indi-
cate that acoustic vibrations suppress the Kelvin—Helm-

Characteristics of the materials and parameters of external influence

XapakTepuCTHKU MaTepHaJIOB U NapaMeTPbl BHEIIHEro Bo3AeiicTBUS

o Characteristic values
Characteristic .

Water Air Iron Argon
Density, kg/m? 997 1.1308 6700 0.2434
Viscosity, p, Pa-s 8.94-10* 1.7798-107 4.4-1073 8.07-107°
Surface tension, 6, N/m 0.059
Specific electrical conductivity, S/m 0.01 0.001 7.52-10° 10°
Dielectric permittivity 81 1 4640 1
Velocity of the first fluid, U,, m/s 1 - 1 —
Velocity of the second fluid, U,, m/s - 16 - 101
Thickness of the first fluid, 4, m 1073 1073 1073 1073
Thickness of the second fluid, /,, m 3-1073 3-10°73 3-10°73 3-1073
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Fig. 2. Dependences of growth rate of perturbations of the air—water interface (a, b)
and neutral curves (c¢) under the influence of electric fields (notation here and in Fig. 3):
a: 1 —without field action; 2 —at E,| = 3-10° V/m and E,.,=0V/m;3—atk, =0V/mandE, =3 10° V/m;
b: I — 3 —angle of inclination of the electric field /6, n/4, and 7/3, respectively;
c: 1 — 4 —angle of inclination of the electric field n/6, n/4, and n/3, respectively
Puc. 2. 3aBUCUMOCTH CKOPOCTH POCTa BO3MYIIECHHI TOBEPXHOCTH pasziena Bo3ayX — Boaa (a, b)
U HeHTpalibHble KPUBBIE (¢) IPH BO3AEHCTBUY AIIEKTPHUYECKUX Ton1ei (0003HaUeHus 31eCh U Ha puc. 3):
a: I — 6e3 Bo3aeiicTeus nons; 2 —npu B, = 3-10°B/mu E,.=0B/™M;3-npuE,, =0B/mMuE, =3 10° B/m;
b: I — 3 — yron HaKJIOHA 3JIEKTPUYECKOro Nouis 1/6, /4 ¥ /3 COOTBETCTBEHHO;
c¢: 1 — 4 — yron HakIIOHa 3neKTpryeckoro moist 0, /6, /4 u m/3 COOTBETCTBEHHO
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Fig. 3. Dependences of the growth rate of disturbances of the air—water interface (a, b)
and neutral curves (c¢) under the combined action of electric fields and acoustic vibrations with a velocity amplitude of 5 m/s

Puc. 3. 3aBUCHMOCTH CKOPOCTH POCTa BO3MYILEHHI OBEPXHOCTH pasjieia BO3AyX —Boja (a, b)
U HeWTpasibHbIE KPUBBIE (¢) IPH COBMECTHOM BO3/ICHCTBUH JEKTPHIECKHUX MOJISH M aKyCTHIECKHX KOJIeOaHU ¢ aMITHTYIOH CKOPOCTH 5 M/C

holtz instability (curves / — 3), with the tangential electric
field amplifying this effect (curve 2), while the normal
electric field, on the contrary, weakens it. A weaken-
ing of the suppression effect is also observed at electric
field inclination angles B n/6, n/4, n/3 (Fig. 3, b), which
is confirmed by the analysis of neutral curves (Fig. 3, c).
Notably, similar suppression phenomena of the Kelvin—
Helmholtz instability were identified in [14]. However,
in that study, the application of acoustic fields resulted
in a rightward shift of £ , while the maximum growth
rate increased, indicating an enhancement of the Kel-
vin—Helmholtz instability. The discrepancy between
the results of [14] and the present study may be explained

, . C
by the fact that in [14], the ratio —* >

2a,Q
was taken with a negative sign, whereas in this study, it
was taken with a positive sign.

in equation (8)

Argon-iron system

Now, let us consider a different situation that arises in
surfacing or welding processes. In these processes, when
the electrode melts in an argon shielding gas environment,
a jet of liquid metal forms, which, under certain condi-
tions, breaks up into droplets [20]. The mode of mate-
rial transfer determines the quality of the formed coating,
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making the development of methods for controlling this
process an important task. In this system, the mutual flow
of gas and liquid gives rise to the Kelvin—Helmbholtz insta-
bility [20]. Fig. 4, a presents dispersion curves, showing
that they exhibit two maxima. According to [13], the first
maximum is hydrodynamic, while the second is viscosity-
induced (curve /). The application of a tangential elec-
tric field with a strength of 3-107 V/m leads to the near-
complete suppression of the hydrodynamic maximum
(curve 2), whereas in a normal electric field, this effect is
weaker (curve 3). As results of [19] show, the change in
the sign of the influence of the transverse electric field on
capillary instability is associated with the ratio of the spe-
cific electrical conductivities ¢ = 6,/c, and the dielectric

C

permittivities of the fluids € = ¢,/¢,. If € > o, the elect-
ric field has a stabilizing effect; otherwise, when (¢ < o)
the electric field has a destabilizing effect [19]. In the case
under consideration (see Table), for the argon—iron sys-
tem 6 ~ 0.00133, and & ~ 0.0002, which should indicate
a destabilizing effect of the normal field. However, this is
not observed (Fig. 4, a). This discrepancy with capillary
instability can be explained by the fact that, in this case,
the relative velocity of the flowing layers becomes signi-
ficant, altering the condition for the occurrence of Kelvin—
Helmholtz instability maxima [21]. A further increase in
the specific electrical conductivity ratio ¢ beyond 0.012
leads to the restoration of the hydrodynamic maximum
and the complete suppression of the viscosity-induced

500
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-100 -
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Fig. 4. Dependences of the growth rate of disturbances of the argon—iron interface (a — ¢)
and neutral curves (d) under the combined action of electric fields (notation here and in Fig. 5):
a: 1 —without field action; 2 —at E,; =3-10" V/m and E, =0 V/m; 3 —at E,; =0 B/M V/m and E, = 3-107 V/m;
b: 1 — 3 —angle of inclination of the electric field 7/6, 7/4, and 7/3, respectively;

c:atc>0.012: / — without field action; 2 —at £, = 3- 10’ V/m and 6 = 0.013, E

0, =0 V/m; 3—atk, =3 107 V/m and 6 = 0.015, E,,, =0 V/m;

d: 1 — 4 — angle of inclination of the electric field 0, /6, n/4 and 7/3, respectively

Puc. 4. 3aBUCHMOCTH CKOPOCTH POCTa BO3MYIIICHHU MOBEPXHOCTH pa3/eiia aproH—xene3o (a — ¢)
U HeWTpasibHbIe KPUBBIE (d) TIPU COBMECTHOM BO3/ICHCTBHH AJICKTPUUECKUX TT0JIeH (0003HAYCHHS 3/1eCh U Ha PHC. 5):
a: 1 — 6e3 Bosaeiicteus noss; 2 —npu £, = 310" B/Mu E, =0 B/m; 3 —npu E,; =0B/Mu E, =3-10" B/m;
b: 1 — 3 — yroy HaKJIOHA SIEKTPUYECKOTo Nouts /6, /4 u m/3 COOTBETCTBEHHO,

c:mpu 6 > 0,012: 1 — Ge3 Bosaeiictsus nons; 2 —npu E, =310 B/Mu o =0,013, E, =0B/m; 3 —npu E

1. = 3107 B o= 0,015, E, =0 B/m;

d: 1 — 4 — yron HakioHa sekrpudeckoro noist 0, 1/6, /4 u /3 cOOTBETCTBEHHO
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maximum. When ¢ > 0.015, the effect changes from sta-
bilizing to destabilizing (Fig. 4, b). The results of study-
ing the effect of inclined electric fields (Fig. 4, ¢) showed
that these fields enhance the Kelvin—Helmholtz insta-
bility regardless of the values of ¢ and e. In this case,
the maximum growth rate is viscosity-induced. At field
strengths £, < 3-107 V/m, a weakly pronounced hydro-
dynamic maximum is observed. The neutral stability
curves indicate that, as in the air—water system, a reduc-
tion in the stability region of interface disturbances is
observed (Fig. 4, d).

The combined effect of acoustic vibrations with
a velocity amplitude of 10 m/s and an electric field with
astrength of3-107 /V/mato ~ 0.00133, and € ~ 0.0002, on
the contrary, leads to the complete suppression of the vis-
cosity-induced instability maximum (Fig. 5, a, curve /)
and a sharp reduction in the maximum growth rate o
of disturbances of hydrodynamic origin. The application
of a horizontal electric field significantly weakens this

C

effect (Fig. 5, a, curve 2), while in a vertical field, this
effect, on the contrary, is amplified (Fig. 5, a, curve 3),
despite the fact that at £, =0 and E, =3-10" V/m,
the value of k is greater than E, =3-107V/m and
E,,. = 0. A change in the sign of the effect to destabiliz-
ing also occurs at 6 >0.015 (Fig. 5, b). The application
of an inclined electric field, as in the absence of sound,
enhances the Kelvin-Helmholtz instability, but o, is
somewhat lower (Fig. 5, ¢). The neutral curves (Fig. 5, d)
show an increase in the range of fluid velocities in which
capillary forces and tangential fields suppress the Kelvin—
Helmholtz instability under the influence of an acoustic
field.

[ ConcLusIONs
Inclined electric fields contribute to the enhancement

of the Kelvin—Helmholtz instability at the interfaces
of conducting fluids, regardless of the ratio of their den-

-
S
T

SO =2 N W A O O N © ©
T
~

| 10 20 30 40 50160 70 80 90
k,m
b

|
N

1200
1000
800
< 600
400

200

Ey,, 10" V/m
d

Fig. 5. Dependences of the growth rate of disturbances of the argon—iron interface (a — ¢)
and neutral curves (d) under the combined action of electric fields and acoustic vibrations with a velocity amplitude of 10 m/s

Puc. 5. 3aBHCHMOCTH CKOPOCTH POCTA BO3MYIICHHI TTOBEPXHOCTH pa3zieia apron—xene3o (a — ¢)
1 HEHTpaJIbHbIE KPUBBIE (/) IPH COBMECTHOM BO3JCHCTBHUH JIEKTPUYCCKUX ITOJICH M aKyCTHYECKHUX KOJIeOaHH ¢ aMIIMTY 10 ckopoctu 10 m/c
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sities, specific electrical conductivities, and the presence
of acoustic fields.

It has been established that the combined applica-
tion of inclined electric fields and acoustic vibrations in
the air—water system allows the formation of liquid drop-
lets in the range of 10 to 100 um, even at low gas flow
velocities. This opens up new prospects for the develop-
ment of accelerated cooling technologies for rolled pro-
ducts to achieve high hardness and impact toughness.

For the argon—iron system, it has been shown that a
vertical electric field at 6 ~ 10~ and & ~ 10 practically
suppresses the hydrodynamic maximum. An increase in
the specific electrical conductivity ratio ¢ beyond 0.012,
on the contrary, leads to the restoration of the hydrody-
namic maximum and the complete suppression of the vis-
cosity-induced one. At ¢>0.015, the effect changes
from stabilizing to destabilizing, regardless of the num-
ber of maxima in the dependence of the growth rate on
the wavelength. The application of a tangential electric
field completely suppresses the Kelvin—Helmbholtz insta-
bility.

The combined effect of acoustic vibrations and a
normal electric field leads to the complete suppression
of the viscosity-induced instability maximum and a sharp
reduction in the maximum growth rate of disturbances
of hydrodynamic origin, while in a horizontal electric
field, this effect is significantly weaker.
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Short report
Kpamkoe coo6wenue

ANTHOLOGY OF RAILS PRODUCED
BY JSC EVRAZ UNITED WEST SIBERIAN METALLURGICAL PLANT
IN THE 215" CENTURY

V.E. Gromov'®, S. V. Konovalov}, E. V. Polevoi?

!Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2JSC EVRAZ United West Siberian Metallurgical Plant (16 Kosmicheskoe Route, Novokuznetsk, Kemerovo Region — Kuzbass
654043, Russian Federation)
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Abstract. JSC EVRAZ United West Siberian Metallurgical Plant is the main manufacturer of rails in the Russian Federation. The work traces the evolu-
tion of the plant’s rail assortment over the past quarter century. A brief review of publications on modern concepts of the formation of structural and
phase states of defective substructure and properties of volumetrically and differentially hardened pre-eutectoid, trans-eutectoid and bainite rails
during production and subsequent long-term operation was performed. The service life of rails is determined by many factors: metal purity, structure,
phase composition, operating conditions, heat treatment technology, etc. Special attention is paid to a new type of rail products — rails of the DT400IK
category with increased wear resistance and contact endurance made of eutectoid steel, designed for use in difficult conditions. The paper considers
the promising areas of rail assortment expansion.

Keywords: rails, volumetric quenching, differential quenching, structure, properties, operation
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AnHomayusa. AO «EBPA3 O0bennHenHblit 3anaaHo-CHOMPCKUIT METAIUTypru4ecKuii KOMOMHATY SIBIISICTCS. OCHOBHBIM ITPOHM3BOIUTEIIEM PEIIbCOB
B Poccuiickoit ®@enepaunn. B pabote mpociiesxkeHa BOIIOLHUS PEILCOBOIO COPTAMEHTa KOMOWHATA 3a MOCIEAHIOI YeTBEPTh BeKa. BhINoiIHEH
Kparkuii 0030p myOnuKanuii Mo COBPEMEHHBIM MPEACTABICHUSIM (HOPMUPOBAHUS CTPYKTYpPHO-(DA30BBIX COCTOSIHUIA, Ae()EKTHOWU CYOCTPYKTYpPbI
1 CBOMCTB 00beMHO ¥ AU(PEPEHIIMPOBAHHO 3aKAIECHHBIX JIOIBTEKTON/IHBIX, 3a9BTEKTOMIHBIX M OCHHUTHBIX PEIECOB IPH IIPOU3BOJICTBE U HOCIIE-
JIYIOILEeH JUIMTENBHOM dKcruryaTauu. Cpok CyKObl pelibcOB ONPENeNsIoT MHOTHE (haKTOphl: YUCTOTA MeTalla, CTPYKTypa, (a30BbIi COCTaB,
YCIIOBHS OKCIUTyaTalluy, TEXHOJIOTHs TeMooOpadoTku u aAp. Ocoboe BHUMAHUE YIEICHO HOBOMY BHJIY PElIbCOBOW MPOAYKIUH — peibcaM KaTe-
ropuu JIT400MK noBbIlIIeHHOM H3HOCOCTONKOCTH M KOHTAKTHOW BBIHOCIMBOCTH U3 329BTEKTOUHOM CTANHU, IPETHA3HAYECHHBIX JUIs OKCIUTyaTal[li
B CJIOKHBIX yCJIOBHSIX. PacCMOTpEHBI EpCIIEKTHBHBIEC HAIIPABJICHUS PACIIMPEHHs PEIbCOBOTO COPTAMEHTA.

Kniouesule ca08a: penbebl, 00beMHast 3aKaika, 11 GpepeHnpoBaHHas 3aKalka, CTpyKTypa, CBOHCTBA, SKCILTyaTalus

Jnsi yumupoeanus: I'pomos B.E., Konosanos C.B., [Tonesoii E.B. Antonorus pensbco npoussojctsa «EBPA3 O0bennnennslit 3anaano-Cubupce-
kuit Mmerasutyprudeckuii komounar»y XXI Beka. Mzeecmus ay3o6. Yepnas memannypeus. 2025;68(1):40-43.
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Currently, railways account for up to 85 % of global
freight turnover and more than 50 % of passenger trans-
portation. In recent years, there has been a significant
increase in the intensity of railway transport operations
and traffic load, which necessitates high service durabi-
lity of rails. To address these challenges, technologies
for volumetric and differential quenching of 100-meter
rails have been implemented, with production in Rus-
sia commencing in 2013 [1]. The processes of formation
and evolution of the structural and phase states, as well
as the properties of rail surface layers during long-term
operation, constitute a complex set of interrelated scien-
tific and technical issues. The importance of research in
this area lies both in the depth of understanding it pro-
vides of fundamental issues in physical metallurgy and
heat treatment, and in its practical significance [2].

A review of the literature [3 — 5] shows that the ser-
vice life of rails is influenced by a range of factors, includ-
ing metal purity, structure, phase composition, operating
conditions, and heat treatment technology. In modern
high-speed railway systems, high contact pressures
cause significant structural changes in the surface layers
of rails, even after relatively low accumulated tonnage.
These changes are characterized by abnormally high
microhardness and the decomposition of cementite. Over
prolonged periods of operation, various defects accumu-
late in the rails, triggering processes such as segregation,
relaxation, homogenization, recrystallization, and phase
transitions. These processes can lead to the deterioration
of the rails’ physical and mechanical properties, ulti-
mately resulting in rail failure.

Research aimed at understanding the physical mecha-
nisms of hardening and the development of structural and
phase states in rails during long-term operation highlights
that this remains one of the key challenges in the fields
of physical metallurgy, heat treatment, and condensed
matter physics.

In 2018, JSC EVRAZ United West Siberian Metal-
lurgical Plant (EVRAZ ZSMK) launched the production
of a new type of rails made from trans-eutectoid steel
of the DT400IK category. These rails are characterized
by enhanced wear resistance and contact endurance,
specifically designed for use on straight railway sec-
tions at speeds of up to 200 km/h and on curved sections
without restrictions on load intensity [6].

At EVRAZ ZSMK, considerable attention is devoted
to researching the wear resistance of rail steel under
abrasive conditions [7] and in rolling contact condi-
tions using specialized equipment, including to meet
the requirements of international customers. The influ-
ence of microstructure and chemical composition on tri-
bological properties has been thoroughly studied while
maintaining comparable levels of mechanical properties
and hardness. Based on the results of these studies, a new

generation of general-purpose rails with a higher hard-
ness category — DT370 — has been developed, offering
a combination of superior physical, mechanical, and per-
formance characteristics.

The study presented in [8] examines the evolution
of approaches to the formation of structure and proper-
ties in rails of various structural classes produced by
EVRAZ ZSMK over the past 25 years, covering all stages
from rolling and heat treatment to long-term operation.
Using modern methods of physical metallurgy, particu-
larly transmission electron microscopy, a detailed layer-
by-layer analysis was conducted. This analysis identified
quantitative parameters of the dislocation substructure,
internal stress fields, and structural-phase states formed in
the rail head along the central axis and gage corner after
volumetric and differential quenching, as well as their
evolution during long-term service. A comparative assess-
ment of the tribological properties of rails after volumet-
ric and differential quenching and extended operation was
carried out. The physical mechanisms responsible for rail
metal hardening during prolonged service were identified,
along with their quantitative characteristics.

Another study focused on methods for improving
the fatigue life of rails through magnetic and plasma
hardening, as well as electron beam treatment. Resource-
efficient technologies, along with heat treatment and roll-
ing modes for EVRAZ ZSMK rail production, were ana-
lyzed. Additionally, studies on the kinetics of austenite
transformation were conducted to optimize the chemical
composition and heat treatment processes of rail steels,
including for the production of butt-welded joints [9].

The production of rails from bainitic steel remains
a relevant challenge. Studies of promising bainitic steels
have demonstrated the advantages of rails made from these
steels in terms of a comprehensive set of physical and
mechanical properties compared to rails made from tradi-
tional pearlitic steel. Based on the results of computational
modeling, a new R71 rail profile has been developed, fea-
turing an increased mass per meter to support heavy-haul
freight operations in the Russia’s Eastern Railway Net-
work. These new rails are designed to meet the growing
demands of modern rail transport, including higher railway
capacity, increased load intensity, and enhanced reliability
of rail track superstructure components. The introduction
of R71 rails marks an important step towards creating
a reliable, low-maintenance railway track in Russia for
heavy-haul applications. In collaboration with representa-
tives from JSC Russian Railways (RZD), an acceptance
commission was held, and technical specifications were
developed and approved. Field tests at the experimental
ring of Railway Research Institute (JSC VNIIZHT), along
with the certification process for these rails, are scheduled
for the third quarter of 2025 [10].

The plant manufactures various types of switch rails
and continuously expands its product line. A certificate
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has been issued for a new type of switch rail — OR65
of the NT320VS category. These special-purpose rails are
designed with enhanced strength and are intended for use
in the construction of track superstructures on high-speed
and mixed-traffic railway lines.

Key areas of development include the rolling
of 800-meter-long rail strings with differential hardening,
as well as improving the mechanical properties of diffe-
rentially heat-hardened rails through the addition of modi-
fying elements, particularly rare-earth metals. These
technological innovations are expected to make railway
tracks significantly quieter and reduce maintenance costs.

As part of the Strategy for the Development
of the Metallurgical Industry of the Russian Federation
through 2030, approved by the Russian Government
at the end 0f 2022, a key objective has been set: to develop
and implement technology for producing differentially
heat-hardened rail strings 800 meters in length. These
rails are expected to maintain uniform properties along
their entire length and support an accumulated traffic ton-
nage of 2.5 billion gross tons, along with rail fastenings
designed to offer comparable durability. The development
of these advanced rails is already underway at EVRAZ
ZSMK, with heavy-duty rails likely to be used in the pro-
duction of the 800-meter-long rail strings at the plant.

As railway infrastructure continues to develop and
expand, the demand for rail products is steadily rising.
With each passing year, the speed and weight of rolling
stock increase, resulting in greater load intensity on rail-
way networks. EVRAZ ZSMK’’s rail production is well-
equipped to meet the growing demands of 21%-century
rail transport.
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INFLUENCE OF HEAT TREATMENT MODES
ON THE PROPERTIES OF 56 DGNKH (CU20N120MN2CR) ALLOY

M. Yu. Belomyttsev! ©, M. A. Mikhailov?, D. A. Kozlov?,
A. M. Mikhailov?, I. I. Karavatskii!

! National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)
2LLC Scientific and Technical Centre “Technologies of Special Metallurgy” (Office 181, 2 Institutskii Drive, Mosrentgen Village,
Moscow 108820, Russian Federation)

& myubelom@yandex.ru

Abstract. Alloys of the Cu—Ni—Mn system are used in many areas, and for some applications (watchmaking, dentistry, precision mechanics) they
must have high hardness. A state of high hardness can be achieved by two-stage heat treatment — quenching and subsequent aging. To obtain a good
set of performance characteristics, decomposition of the solid solution must proceed through a continuous mechanism, which can be regulated
by additional alloying (for example, chromium) and aging parameters. In this work, we studied the influence of quenching and aging modes on
microhardness of S6DGNKh (Cu20Ni20Mn2Cr) alloy. It was shown that quenching from temperatures of 700 — 750 °C provides higher micro-
hardness values than quenching from 800 °C. By varying the temperature and duration of aging, it was found that the maximum microhardness is
observed at aging temperatures of 475 — 500 °C. Metallographic analysis shows that in this case, the supersaturated solid solution of Mn, Ni and Cr
in copper decomposes into a less supersaturated solid solution and the precipitation of MnNi intermetallic particles occurs according to a conti-
nuous mechanism. The change in microhardness of 56DGNKh alloy depending on the aging time is multi-stage: its increase at short exposures is
replaced by a subsequent decrease at increasing exposure with a clearly defined maximum or “plateau” between these two parts of the graph, and
this type of dependence is observed at all aging temperatures. X-ray diffraction phase analysis shows that during the aging process, concentra-
tion of the solid solution decreases and MnNi particles are formed, the crystal lattice period of which differs from the period of the solid solution
by 50 pm. The observed patterns of changes in hardness during the aging process are explained from the standpoint of the general theory of decom-
position of supersaturated solid solutions. The maximum increase in microhardness (up to 450 kgf/mm? versus 130 — 160 kgf/mm? in the state
after quenching) is achieved at a coherent or semi-coherent interface between MnNi particles and a Ni-based solid solution. This is observed after
quenching from 750 °C and aging at 475 °C for 10 h.

Keywords: copper alloy, heat treatment, quenching, aging, microhardness, structure, X-ray phase analysis, decomposition of solid solution

For citation: Belomyttsev M.Yu., Mikhailov M.A., Kozlov D.A., Mikhailov A.M., Karavatskii I.I. Influence of heat treatment modes on the properties
of 56DGNKh (Cu20Ni20Mn2Cr) alloy. Izvestiya. Ferrous Metallurgy. 2025;68(1):44-50. https://doi.org/10.17073/0368-0797-2025-1-44-50

MUCCNEQOBAHUE BIMAHUA PEXXUMOB
TEPMUYECKOW OEPABEOTKWU HA CBOUCTBA CIMJIABA 56rHX

M. 10. BesiombrTeB! ©, M. A. Muxaitios?, 1. A. Kosios!,
A. M. MuxaiisioB?, U. U. KapaBankmii®
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AnHomayus. Crinasel cuctembl Cu—Ni—Mn HaxoAsT NpUMEHEHHE BO MHOTHX OONACTSAX M Ul HEKOTOPBIX W3 HUX (YacoBOE MPOU3BOJICTBO, CTOMA-
TOJIOTHSI, TOYHASE MEXaHHKa) JODKHBI 00J1a1aTh BBICOKOH TBEpAOCThI0. COCTOSIHHE C BHICOKOH TBEPAOCTHIO JOCTUTACTCS JBYXCTAAUITHON TEPMHU-
YeCcKoil 00paboTKOW — 3aKaJKOW W MOCISAYIONMM CcTapeHueM. J{JIs MojydyeHus XOpOIIero KOMIUIEKCA HKCIUTYaTallMOHHBIX XapaKTEePHUCTHK
pacmaz TBepAOro pacTBOpa JOJDKEH HITH [0 MEXaHHU3MY HEMPEpBIBHOTO pacrajga, YTO MOXKHO PErylHpOBATh JOMOIHUTEIBHBIM JIETHPOBAHHEM
(HampuMep, XpOMOM) M TTapaMeTpaMy peXXuMa crapeHus. B pabore n3yueHo BIUSHUE PSKUMOB 3aKaIKi M CTAPEHUsI HA MUKPOTBEPJIOCTD CILIaBa
56/I'HX. IToka3ano, uto 3akanka ot temreparyp 700 — 750 °C obecrieunBaeT OOJIbIINE 3HAYCHUS MUKPOTBEPAOCTH, 4eM 3akaika oT 800 °C.
BapbupoBaHueM Temreparypsl M JUIMTEIBHOCTH CTaPEHUs HaliIeHO, 4TO MAKCHMYM MHKPOTBEPIOCTH HAOIIOAASTCS P TEMIIEpaTypax cTapeHus
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475 — 500 °C. Meramnorpaduieckuii aHaiIu3 MOKA3bIBACT, YTO TIPU HTOM TIPOUCXOJUT paciia]] IepechIeHHOro TBepaoro pactsopa Mn, Ni u Cr
B ME/IM Ha MEHEe IePEeChICHHBIN TBEP/IbIil PACTBOP M BBIICICHHE YacTHIl HHTepMeTaiuinaa MnNi UIeT 1o MeXaHH3My HEeNpPEepPhIBHOTO PacIaia.
W3menenne mukporBepaoctu ciuiasa S6/ITHX B 3aBUCMMOCTH OT BpEeMEHH CTapeHMsi MHOTOCTauiHO. Ee pocT mpu HeOOIBIINX BBLICPKKAX
CMEHSIETCSI TIOCIISTYOIMM CHI)KSHHUEM NP YBEITMYCHUH BBLICPIKKU C OTUCTIMBO BBIPAKEHHBIM MAKCHMYMOM JIHOO «IUIATO» MEX/LY STHMH JBYMS
yacTsiMu rpaduka. Takoi xapakrep 3aBUCHMOCTH HaOJIIOIaeTCsl TIPH BCEX TEMIIEpaTypax CTapeHus. PEHTTeHOCTPYKTYpHBIH (a30BbIil aHAIN3 ITOKA-
3BIBACT, YTO B IIPOIIECCE CTAPEHHUS IIPOUCXOUT YMEHbIICHNE KOHIIEHTPALIMU TBEPIOT0 pacTBopa U 00pazoBanue yactui; MnNi, meproj KpucTaiu-
YECKOW PELIeTKH KOTOPBIX OTIIMYAeTCs OT Mepruojia TBepaoro pacteopa Ha 50 nM. HabmonaeMblie 3akOHOMEPHOCTH U3MEHEHHUSI MUKPOTBEPIOCTH
B TIPOIIECCE CTapeHHs: OOBSCHEHBI C TIO3UIMH OOIIeH TEOPHH paciaja MepechlieHHbIX TBEPIbIX PACTBOPOB. MaKkCHMyM HPHPOCTa MHKPOTBEP-

noctu (1o HV 0,5 = 45 kre/mm? nporus HV 0,5 = 130 —

160 krc/MM? B 3aKaJ€HHOM COCTOSIHUM) JIOCTHTAETCs NP KOTEPEHTHOM MM MOJTyKOTe-

PEHTHOI! rpanune pasnena dactuir MnNi U TBepIoro pacTBopa Ha OCHOBE HHKeJsl. DTo HalmogaeTces nocie 3akaiku ot 750 °C u crapeHus npu

475 °C B Teuenue 10 4.

Katoyesvle cn08a: crinaBbl M, TepMUYecKas 00paboTKa, 3aKajka, CTapeHHe, MUKPOTBEPAOCTb, CTPYKTYPa, PEHTICHOBCKHUH (ha30BbIi aHAH3, paca

TBEPABIX PACTBOPOB

st yumupoeanus: benomerriies M.1O., Muxaiinos M.A., Koznos /I.A., Muxaitnos A.M., Kapasarknii U.1. VccnenoBanne BIMSHUS PEKUMOB
TepMuyeckoil 00paboTku Ha cBoiicTBa ciutaBa SO{THX. Uszeecmus 6ys306. Yepnas memannypeus. 2025;68(1):44-50.
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- INTRODUCTION

Alloys of the Cu—Ni—Mn ternary system are used
in watchmaking for the manufacture of high-precision,
small-sized components. They are also employed as
high-temperature brazing alloys for brazing components
with a high coefficient of linear expansion (CLE), such
as glass. Additionally, they are used as dental materials
for crowns and bridges due to the similarity of their CLE
to that of tooth tissues. For application in some of these
fields, they must possess sufficiently high hardness [1].

Despite the existing research on the Cu—Ni—Mn ter-
nary system, some of its alloys remain insufficiently stu-
died. At present, they are considered promising for appli-
cations in precision mechanics, electronics, and medicine
due to their excellent corrosion resistance, stable coeffi-
cient of linear expansion (CLE), adequate elasticity, and
valuable aesthetic properties.

The aim of this study is to investigate the effect of va-
rious heat treatment modes on the mechanical properties
of 56DGNKHh alloy.

Alloys of the Cu—Ni—Mn system can exist in two
states: metastable and stable [2; 3]. After rapid cooling
from temperatures not exceeding 910 °C they exhibit
the structure of a supersaturated solid solution of nickel
and manganese in copper and remain in a metastable
state. Heating the metastable state leads to the forma-
tion of a stable two-phase structure, consisting of a solid
solution of nickel and manganese in the copper lattice
and a 0-phase, which is a homogeneous ordered solid
solution that can be represented by the general formula
MnNi [4; 5].

Fig. 1 shows a segment of the isothermal section
of the Cu—Ni—Mn ternary phase diagram at 450 °C.
The line of equal mass fractions of nickel and manganese
also represents the line of minimal copper solubility in
the MnNi compound. In alloys with compositions lying
on this line, the amount of 6-phase is at its maximum.
Based on this, alloys with equal nickel and manganese

contents, specifically 60 % Cu — 20 % Ni —
considered technically promising [6; 7].

20 % Mn, are

An important factor influencing the structural strength
of the S6DGNKh alloy (i.e., the favorable combina-
tion of strength, ductility, and hardness) is the structure
of the 0-phase. Depending on the temperature at which
it forms, the 0-phase may develop either through a dis-
continuous decomposition mechanism or a continuous
decomposition mechanism of the supersaturated solid
solution [8]. Continuous decomposition results in a fine-
dispersed structure uniformly distributed throughout
the original copper grain, whereas discontinuous decom-
position promotes the growth of 6-phase precipitates
from the grain boundaries, which reduces the mechanical
properties of S6DGNKh alloy [9 — 12].

All processes based on the phenomenon of diffusion-
driven decomposition of a solid solution are governed
by the rate of this phase transformation. Proper alloy-
ing enables the acceleration of these processes without

50

40

Cu 10 20
Mn, %

Fig. 1. Isothermal section of phase diagram
of the Cu — Ni — Mn system at 450 °C [7]

Puc. 1. V3otepMmuueckuil pazpes 1uarpaMMbl COCTOSIHUS
cucrembl Cu — Ni — Mn nipu 450 °C [7]
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degrading the structural characteristics of the precipitated
particles. As calorimetric studies have shown [13], addi-
tional alloying of the Cu—Ni—Mn system with chromium
in an amount of 1.8 — 2.2 wt. % allows for the highest rate
of initial decomposition of the supersaturated solid solu-
tion and promotes the continuous decomposition mecha-
nism. During continuous decomposition, a large number
of MnNi particles exceeding 5 nm in size forms within
the grain at the initial stage of the process, effectively
preventing the growth of discontinuous decomposition
regions from the grain boundaries [14; 15]. It should
also be noted that regardless of the type of decomposi-
tion occurring, equilibrium is not fully reached even after
prolonged aging treatments of more than 100 h [13; 16].

The aim of this study is to determine the optimal aging
parameters for S6DGNKh alloy to maximize hardness
under conditions that promote the continuous decompo-
sition of its supersaturated solid solution.

[ EXPERIMENTAL METHODOLOGY

This study examined samples of 56DGNKh alloy,
whose chemical composition is presented in the Table.
The alloy was produced by induction melting in a protec-
tive atmosphere. The material was not subjected to homog-
enization annealing. Rods with a diameter of approxi-
mately 40 mm were obtained by hot forging of the ingot.

The samples used for testing measured approxi-
mately 5x5x7 mm. Their heat treatment was conducted
in two stages: quenching and aging, both performed in
vacuum inside an evacuated quartz ampoule. Quench-
ing was carried out from temperatures ranging from 700
to 800 °C, with a 30-min holding time under a vacuum
of approximately 102 mmHg. Cooling involved remo-
ving the ampoule from the furnace and allowing it to cool
without air admission. Under these conditions, the samp-
les cooled from the heating temperature to approximately
150 °C in 2.5 min, followed by further cooling in air.
The effect of quenching on the formation of a homoge-
neous solid solution was confirmed by the low hardness
of the samples and the microstructure, which corres-
ponded to a solid solution with approximately equiaxed
grains ranging from 25 to 45 pm, with some annealing
twins, this was also supported by X-ray phase analysis
results. The decomposition of the metastable supersatu-
rated solid solution was achieved through the thermal
aging process. Aging was performed in a muffle furnace
in air for 2, 7, 10, 12, and 25 h at temperatures ranging

Chemical composition of S6DGNKh alloy, wt. %

Xumnueckuii cocras ciiiapa S6AI'HX, mac. %

Cu Ni Mn Cr
55-57 20-22 20-22 | 1.8-22
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from 375 to 525 °C. After aging, the samples were cooled
in air. Three samples were tested for each aging mode.

Microhardness measurements and microstructural
analysis using metallographic methods were conducted
on sections located at least 1 mm from the sample sur-
face. The polished samples, prepared using standard
surface preparation techniques, were etched with aqua
regia [17] for 30 — 60 s. Microhardness (HV, in kgf/mm?)
was measured using a PMT-3 microhardness tester fol-
lowing the Vickers method under a 500 g load. Variations
in microhardness values between samples (up to 90 HV)
due to liquation heterogeneity significantly exceeded
the measurement error for an individual sample (maxi-
mum 11 HV). Therefore, the graphs present the average
microhardness values obtained for each sample, without
indicating the measurement spread.

The phase composition of the alloy was analyzed
by X-ray phase analysis using a DRON-3M diffractom-
eter with CoK | radiation.

[ RESEARCH RESULTS

The microhardness of the 56DGNKh alloy samp-
les after quenching is relatively low, measuring
HV 0.5 =100 — 130 kgf/mm?. The microstructure at this
stage does not contain any second-phase inclusions
(Fig. 2, a).

During aging, the change in microhardness follows
a multi-stage pattern: an initial increase at short aging
times is followed by a subsequent decrease with increa-
sing aging time, with a clearly defined maximum or a pla-
teau between these two stages of the graph.

Fig. 3 presents data on the microhardness values
obtained after different heat treatment modes.

Analysis of these dependencies reveals the following.

The maximum microhardness of 56DGNKh alloy
achieved through aging is HV 0.5 = 456 kgf/mm?, which
is 3.5 — 4.5 times higher than the initial value.

When quenching temperatures are in the range
of 700 — 750 °C, the microhardness attained after aging
is at its highest. Increasing the quenching temperature
to 800 °C leads to a reduction in maximum microhard-
ness (Fig. 3, a). Therefore, the optimal quenching tem-
perature should be considered 750 °C.

The maximum microhardness is observed at aging
temperatures of 475 — 500 °C for aging durations of 7
to 12 h. This temperature and time range should be used
for the aging process.

With varying aging times, the pattern of microhard-
ness changes remains the same for all aging temperatures,
but the degree of hardening achieved differs. The common
characteristic of these dependencies is that microhard-
ness increases with aging time up to a certain point, after
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Fig. 2. Microstructure of S6DGNKh alloy after quenching (a),
aging by intermittent decomposition at 525 °C for 2 h (b)
and aging by continuous decomposition at 475 °C for 10 h (¢)

Puc. 2. Muxkpoctpykrypa ciutaa S6/I'HX B coctostHuu mocie
3aKaJky (), CTapeHH s 10 MEXaHU3My HPEPBIBUCTOTO pacraia
rpu 525 °C B Tedyenue 2 4 (b) U cTapeHus 0 MEXaHU3MY
HenpepsIBHOTO pacnaza npu 475 °C B reuenue 10 4 (¢)

which it begins to decrease. The rate of decrease is higher
at higher aging temperatures. The aging time after which
microhardness starts to decline shortens as the aging tem-
perature increases (Fig. 3, b). The optimal aging mode
for achieving the maximum increase in microhardness in

400

350 |

300 +

HV 0.5, ., kegfimm’
—

250 :
700 750

T,

quench *

800
°C

500

400

300

HV 0.5, , kgf/mm’

200

t,h

Fig. 3. Dependence of microhardness of S6DGNKh alloy
on the quenching temperature (a) and aging duration
at temperatures °C:
1—475;2—-425; 3 —-475;4-500; 5 — 525, quenching from 750 °C (b)

Puc. 3. 3aBucuMocTb MUKpoTBepaocTH ciiasa S6AT'HX
OT TeMIIePATyPhl 3aKaJIKU (@) ¥ TPOAOKUTEIBHOCTH CTAPCHUS
IIpu Temneparype crapenus, °C:
1—475;2—-425;3—475;4—500; 5 — 525, 3akanka ot 750 °C (b)

56DGNKh alloy is heating to 475 °C with a 10 h hold-
ing time. Under these conditions, the microhardness
increases to HV 0.5 = 450 kgf/mm?.

Phase and structural analysis of 5S6DGNKh alloy in
different states revealed that after quenching, X-ray dif-
fraction (XRD) patterns show only lines corresponding
to a solid solution based on copper with an FCC lat-
tice. No effects of isomorphic regions in the matrix with
a similar lattice parameter are observed in diffraction
lines, even for reflections with large indices (e.g., (220))
(Fig. 4, a), confirming the homogeneity of the quenched
solid solution. For this solid solution state, a slight shift
in diffraction lines from the tabulated values characteris-
tic of pure copper is observed, which is caused by lattice
distortions due to the high concentration of nickel and
manganese in the solid solution.

The essence of the aging process is the formation
of MnNi compound particles, which leads to a decrease
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in the concentration of alloying elements (Mn, Ni, Cr) 1 a
in the solid solution. The early stages of this process
are not detected by X-ray diffraction analysis because
the amount of the precipitated hardening phase is still
low, and the lattice parameters of the copper-based solid
solution and the MnNi compound are very similar. How-
ever, this process can be observed metallographically: if
the phase transformation follows a discontinuous decom-
position mechanism, dark precipitate bands of the MnNi 200

second phase begin to form along the grain boundaries 220
of the a-solid solution present in the alloy after quenching
(Fig. 2, b). When a sufficient amount of the MnNi phase WJ
has precipitated, its formation is indicated by changes in N
the shape of diffraction lines [18] on X-ray diffraction pat- 45 50 55 60 65 70 75 80 85 90 95 100
terns (Fig. 4, b, ¢).

Intensity

220
) ) ) ) ) b
The absence of this effect in the first diffraction lines

with low indices is explained by the close lattice para-
meters of the tetragonal 0-phase and copper. The observed
shift of the primary (220) line from 26 = 87.5° (Fig. 4, a)
toward higher angles (almost 26 = 90°, Fig. 4, b) indi-
cates that the lattice parameter of the solid solution is
approaching the equilibrium lattice parameter values
characteristic of pure copper (tabulated 20 = 88°54").

Intensity

According to the general theory of supersaturated
solid solution decomposition, the two-stage nature
of hardness changes during aging can be explained
by the structural and crystallographic characteristics
of the alloy [10; 19; 20]: 84 8 8 8 8 89 90 91

— during the initial hardness increase, the amount
of precipitated MnNi phase is small, but the particles J
remain coherent with the matrix, leading to a gradual
hardness increase as their volume fraction grows;

— as the number of precipitated particles increases, they
begin to lose coherence with the matrix, but their increa-
sing volume fraction results in maximum hardening;

Intensity

— at later aging stages, as the particle size continues
to grow and coherence with the matrix is lost, their harde-
ning effect diminishes due to an increased interparticle
distance, despite their continuing increase in volume
fraction.

With increasing aging temperature, the described . . . . . .
sequence of transformations exhibits a wave-like pat- 84 85 86 87 88 89 90 91
tern. At higher aging temperatures, MnNi intermetallic

. .. . . 20, de
particles precipitate rapidly and quickly lose coherence &
with the matrix. As a result, the maximum microhard- Fig. 4. X-ray diffraction pattern of 56DGNKh alloy
ness is reached sooner, but the overall hardening effect after quenching from 800 °C for 30 min (a);

the third diffraction maximum of this pattern, corresponding
to the <220> line of the copper lattice (b) and the same line
for the alloy after quenching and aging at 475 °C for 25 h (¢)

is lower. At lower aging temperatures, the precipitation
process occurs more slowly, and the number of MnNi
particles increases at a slower rate. The loss of coherence
also progresses gradually, shifting the hardness peak Puc. 4. Pentrenorpamma crasa 56 JTHX nocne saxanku ¢ 800 °C
to longer aging times while allowing for a higher overall B Tezerme 30 upH (); TpeTHi ANGPAKIHOHHEI MAKCHMYM

¢ theni ffect. Based on this analvsis. th timal pentrenorpammsl crasa S6II'HX mocne 3akanku ot 800 °C
S rf:ng enll_‘lg cltect. sed © S . ysis, the op ¢ BBIIEPKKOH B Teuenue 30 MUH, COOTBETCTBYIOIMH TuHuH (220)
aging conditions are those that provide the longest pos- petetku Meu (b); Ta ke JTMHUS U1 CILIaBa I0CIe 3aKajlKku

sible coexistence of coherent copper-based a-solid solu- u crapenus pu 475 °C B Tedenne 25 4 (c)
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tion regions and MnNi hardening phase particles. This is
achieved at aging temperatures of 475 — 500 °C.

- CONCLUSIONS

In the quenched state, the microhardness of S6DGNKh
alloy ranges from 100 to 130 kgf/mm?, which is charac-
teristic of a homogeneous copper-based solid solution.

As the aging temperature increases from 375 to 475 °C,
the microhardness exhibits a monotonic increase from
HV 0.5 =156 — 190 kgf/mm? to HV 0.5 = 440 — 456 kgf/
mm?, with higher temperatures leading to a faster attain-
ment of peak hardness; however, the ultimate hardness
value depends on the specific aging temperature.

At 500-525°C, a sharp drop in maximum
attainable microhardness is observed, reducing it
to HV 0.5 =250 - 290 kgf/mm?, indicating overaging
of the alloy. The microhardness dependence on aging time
follows a curve with a distinct peak across all quenching
and aging temperatures.

The optimal two-stage heat treatment for this
alloy consists of quenching, which involves heating
to 750 °C, holding for 30 min, and cooling at a rate
of no less than 300 °C/min, followed by aging by rehea-
ting to 475 °C, holding for 10 h, and subsequent cool-
ing in air. After this treatment, the microhardness reaches
HV 0.5 = 450 kgf/mm?.
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EFFECT OF THERMAL CYCLES ON FORMATION
OF PEARLITIC HEAT-RESISTANT STEEL STRUCTURE
UNDER WIRE ARC ADDITIVE MANUFACTURING

I. V. Vlasov ©, A. 1. Gordienko, V. M. Semenchuk

Institute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. The authors investigated the microstructure and mechanical properties of a model wall manufactured by arc wire 3D printing. 3D printing
was performed using heat-resistant pearlitic steel wire in coldArc reduced heat input mode. Stationary thermal imager was employed to analyze
the thermal cycles during layer deposition. Compressed air cooling to 200 °C was applied before each layer deposition to reduce heat accumulation.
The high temperature gradients between the molten metal and the cooled layer resulted in areas with non-uniform structure, typical of welded joints
after arc welding. Such areas with non-uniform structure were formed during the printing of each new layer and repeated throughout the wall height.
It was observed that each solidified layer undergoes cyclic thermal effects during the deposition of subsequent ten layers. Intensive heating from
deposition of two to three new layers leads to partial structural-phase transformations in the underlying layer. Deposition of the next 7 — 8 layers
leads to heating similar to the “tempering” thermal operation. Microstructure analysis across different areas of the wall revealed acicular bainite
with a small proportion of lath ferrite, bainitic ferrite, and martensitic-austenitic constituents. A slight increase in the width dimensions of acicular
structure laths was observed with increasing wall height compared to the lower layers. The highest microhardness values were observed at the wall
and substrate fusion zone (320 + 7 kgf/mm?) due to rapid heat conduction and high cooling rates during the initial stages of printing. In the wall bulk,
microhardness values ranged from 260 to 300 kgf/mm?. The scatter of values and the periodic nature of the microhardness curve are associated with
the formation of areas with non-uniform structure within each deposited layer of the wall. The wall material exhibits high strength characteristics
(up to 800 MPa) and relative elongation (9 — 12 %).

Keywords: additive technology, WAAM, GMAW, pearlitic heat-resistant steel, microstructure, mechanical properties, thermal cycling
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BAUAHUE TEPMUYECKUX LUKNOB HA ®OPMUPOBAHUE CTPYKTYPbI
XXAPOMPOYHOMU CTAIU NEPJIMTHOTO KNACCA B YC/IOBUAX
MPOBOJIOYHOIO 3/NIEKTPOAYIOBOTO AAAUTUBHOIO NPOU3BOACTBA

U. B. BiacoB®, A. . Topauenko, B. M. CeMeHYyK

HuHceruTyT PU3uKH npoyHocTy U MatepuasoseneHuss Cudupckoro orneiaenuss PAH (Poccus, 634055, Tomck, Axkagemudec-
Kuii mp., 2/4)

&) viv@ispms.ru

AHHomayus. B pabote nccienoBaHbl MUKPOCTPYKTYpa U MEXaHUUECKHUE CBOMCTBA MOJEIBbHON CTEHKH M3 KapOIPOYHOM CTalU MEPJIUTHOTO Kiacca,
H3TOTOBJICHHOI C HMCIIOJIb30BaHUEM 3JIEKTPOAYTOBOI MPOBOIOYHOH 3D-meyaTtn B pexxuMe CHIJKCHHOTO TeIuIoBIokeHHs coldArc. [lns aHanmsa
TEIJIOBBIX LIMKJIOB PY HAHECEHUM CJIOEB MCIOJIL30BAJICS CTalMOHAPHBIN TernoBu3op. Ilepen HaHeceHNEM KaxK10To CJ10si IPUMEHSIIOCh OXJIaX-
JeHHe cKaThIM Bo3LyxoM 10 200 °C, 4ToObI yMEHBIINT HAKOILICHHE TEIIa. BEICOKHE TpaJHeHTHI TeMIIEpaTyp MEK/Y PACILIABICHHBIM METa/LIOM
¥ OXJIQKICHHBIM CJIOEM IPHUBEIH K 00Pa30BaHMIO YYaCTKOB C HEOJHOPOJHON CTPYKTYpPOH, CTPOCHUE KOTOPBIX TUIIMYHO JUISi CBAPHOTO IIBA MOCIIE
3IEKTPOIYroBOil cBapku. Takue y4acTKH ¢ HCOTHOPOXHOU CTPYKTYpOil (OPMUPYIOTCS IIPU II€YaTH KaXKIOTO HOBOIO CIOS U IOBTOPSIOTCS IO
Bceil BbicoTe cTeHKH. OOHApYKEHO, YTO KaK/Iblil 3aKPUCTA/UIM30BABILUNCS CIIOH MO/IBEpraeTcs MKINUYECKOMY TePMUUECKOMY BO3IACHCTBHIO TIPU
HAHECCHHUH MOCIIENYIOMNUX ACCATH CII0eB. BRICOKHIT HATpeB OT HAHECCHHS IBYX-TPEX HOBBIX CIOEB IPHBOIHUT K YACTHYHBIM CTPYKTYPHO-(ha30BBIM
NpEBPAIEHUAM B HUKEIexkKalleM cioe. Hanecenue nocneayromux CeMd — BOCbMH CJI0EB NMPUBOJAMT K HArpeBy, aHaJIOTMYHOMY TEPMHUYECKOH
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Baacos H.B, lopduenko A.H., Cemenyyk B.M. BiusiHue TepMUYECKUX IIMKJIOB HA OPMUPOBAHNE CTPYKTYPhI 3KaPONPOYHON CTANH ...

ornepanuu OTiyck. [Ipu aHaiM3e MHKPOCTPYKTYpHI B Pa3HbIX YYacTKaX CTEHKH BBISBICH MTOJBYATHIA OCHHHUT ¢ HEOOJBIIONW I0JEeH PeedHOro
1 OeHHUTHOTO (eppHTa W MAPTEHCUTHO-AyCTEHHTHON cocTaBisitomeil. [10 Mepe yBelMUeHHs BBICOTHI CTEHKH HaOIIFOManoCch HE3HAYMTEINHHOE
YBEJIMUCHUE IIMPUHBI PEEK MIOJBYATHIX CTPYKTYP IO CPABHEHHIO C HIKHHUMH CIIOSIMH cTeHKH. Hanbosiee BbICOKHE 3HAYEHHs MUKPOTBEPIOCTH
HaOIIONANCh B MECTE CILIABIEHHUS CTEHKHU U TOMTOKKH (320 £ 7 kre/Mm?) B pesynibTare GbICTPOTO TEIIOOTBOIA U BHICOKOH CKOPOCTH OXJIAKIEHUSI
Ha HayaJbHBIX JTaNax rneyatd. B 0CHOBHOM 00beMe CTEHKH 3HAYEHHs. MUKPOTBEPAOCTH M3MEHSUIMCh B auanasoHe 260 — 300 kre/mm2. Pasbpoc
3HAYCHHH 1 MIEPUOIMICCKUI XapaKTep KPUBON MUKPOTBEPAOCTH CBs3aH ¢ (GOPMHUPOBAHMEM YUIACTKOB C HEOIHOPOIHOW CTPYKTYpOH B Tpemeax
Ka)KI0T0 HAHECEHHOTO CJIOsl CTCHKH. Marepuall CTEHKH XapaKTepU3yeTCsl BHICOKHUMH 3HAYEHHSIMH MTPOYHOCTHBIX XapakTepuctuk (1o 800 MIla)

1 OTHOCHUTENBHOTO yautuHeHus (9 — 12 %).

Knouesule caoea: anautusHas texnonorus, WAAM, GMAW, sxaporpouHasi cTajib NEPIUTHOTO KJIacca, MUKPOCTPYKTYpa, MEXaHUUECKUE CBOMCTBA,
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[ INTRODUCTION

Additive manufacturing technologies are catego-
rized into three main groups based on the energy source
used: laser-based, electron beam-based, and arc-based
methods [1]. Compared to laser- and electron beam-
based processes, the use of an electric arc provides
higher energy efficiency and greater 3D printing speeds,
with material deposition rates reaching approximately
4 -9kg/h [2]. A key advantage of wire arc additive
manufacturing (WAAM) in a shielding gas environment,
based on the Gas Metal Arc Welding (GMAW) process,
is the ability to produce large-scale components [3].
However, a major disadvantage of WAAM technolo-
gies is excessive heat accumulation within the manufac-
tured part [4; 5]. This occurs because heat dissipation
becomes more difficult as the number of deposited layers
increases [6]. The reduction in cooling rate leads to more
complex thermal history during layer deposition, changes
in bead width and geometry [7 — 9], and, consequently,
results in non-uniform microstructure and property varia-
tions across different sections of the part, along with
reduced dimensional accuracy.

One approach to mitigating heat accumulation in
WAAM is the application of reduced heat input tech-
nologies, such as Cold Metal Transfer (CMT) (develo-
ped by Fronius) and coldArc (developed by EWM) [10].
These techniques involve short arc welding, characterized
by alternating cycles of short circuiting and arc burning.
In [11], it was demonstrated that walls manufactured
under reduced heat input conditions exhibit improved
mechanical properties and reduced surface roughness.
B.P. Nagasai and co-authors [12] identified that compo-
nents fabricated using CMT technology exhibit a finer-
grained microstructure and higher mechanical charac-
teristics compared to those produced under standard arc
welding modes in shielding gases.

Monitoring and controlling interlayer temperature
(the temperature of the top layer before the next layer
is deposited) is another method for managing heat accu-
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mulation in the manufactured part. Studies [6; 13] have
shown that interlayer temperature increases up to 550 °C
as the number of deposited layers grows. To monitor
temperature during 3D printing, thermographic infrared
cameras [6] or thermocouples [8] are commonly used.
To maintain consistent interlayer temperature, the intro-
duction of pauses between layer depositions has been
proposed [13; 14]. However, extending the time intervals
reduces productivity, as achieving the required interlayer
temperature through passive cooling significantly increases
the overall manufacturing time. Therefore, active cooling
methods are employed to minimize pauses between layers
while maintaining geometric accuracy. The simplest and
most versatile approach is CO, jet cooling, which was
investigated in [15] for the production of a titanium alloy
wall. However, more complex yet highly efficient cooling
systems also exist. In [16], a thermoelectric cooling sys-
tem was proposed for 3D printing of walls. Its operating
principle involves direct heat removal through contact
plates that move as the wall grows.

Low-alloy pearlitic heat-resistant steels are an impor-
tant class of structural steels [17]. These steels are widely
used in heat exchangers and steam heaters [18]. The cor-
relation between thermal cycling and microstructural
changes (grain morphology and size, phase composition)
in pearlitic heat-resistant steels during wire arc additive
manufacturing remains insufficiently studied.

Thus, this study aims to investigate the effect of cyclic
heating during wire arc additive manufacturing of pear-
litic heat-resistant steel on the formation of microstruc-
ture and mechanical properties. To minimize heat accu-
mulation in the printed wall and prevent excessive bead
spreading during printing, the coldArc reduced heat input
mode and forced air cooling were applied.

- RESEARCH MATERIALS AND METHODS

For 3D printing of the model wall, a 1.2 mm diame-
ter OK Autrod 13.14 welding wire (ESAB Corpora-
tion, USA) with a carbon content of 0.06 — 0.10 % was
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used. A 10 mm thick plate of 12Kh1MF steel served as
the substrate. According to the quality certificate, the car-
bon content in 12KhIMF steel was 0.12 %. This steel
has a chemical composition similar to that of the wire
and is commonly used for components operating
at 540 — 580 °C. The main alloying elements in this steel
are chromium, molybdenum, and vanadium.

The 3D printing process was performed using the Gas
Metal Arc Welding (GMAW) arc deposition method in a
shielding gas environment. The shielding gas consisted
of a mixture of 82 % Ar and 18 % CO,. The movement
of the welding torch was controlled using a FANUC
AM-100iD robotic arc welding system (FANUC, Japan)
with an R-30iB Plus controller. A stationary FLIR A305sc
thermal imager was used for temperature monitoring and
control.

The manipulator operated in conjunction with an
EWM Titan XQ R 400 power source (EWM, Germany).
Layer deposition was carried out in the coldArc reduced
heat input mode, a modification of the GMAW pro-
cess. The coldArc mode allows for reduced heat input
by employing short arc welding.

The torch angle relative to the substrate was 10°
(Fig. 1, @). The 3D printing parameters were as fol-
lows: current — 118 A, voltage — 169V, wire feed
rate — 3000 mm/min, torch travel speed — 350 mm/min.
The wall had a height of approximately 70 mm and con-
sisted of 42 layers (Fig. 1, b).

In a previous study [19], the authors investigated
the microstructure and mechanical properties of model
walls printed using the same wire without additional cool-
ing. It was shown that heat accumulation negatively affects
the mechanical properties of the printed walls. In the pre-
sent study, to reduce heat buildup, each layer was cooled
to 200 °C after deposition. Compressed air cooling was
applied using a compressor. Additionally, the substrate
was preheated to 100 — 150 °C to reduce the temperature
gradient and improve fusion zone uniformity.

Samples for mechanical testing and microstructural
analysis were extracted from the bulk of the wall. All samp-
les had identical geometry and were polished using abra-
sive papers of varying grit sizes (80 —2000) to achieve
a mirror-like surface finish. A cross-section of the wall
was prepared for microstructural examination and micro-
hardness measurements (Fig. 1, ¢). Microstructure analy-
sis was conducted using a Carl Zeiss Axiovert 25 optical
microscope and a LEO EVO 50 scanning electron micro-
scope (Carl Zeiss, Germany) at the NANOTECH Shared
Research Facility of the Institute of Strength Physics and
Materials Science, Siberian Branch of the Russian Aca-
demy of Sciences. Microhardness measurements were
taken along the entire height of the cross-section using
a PMT-3 microhardness tester with a Vickers pyramid
load of 0.98 N (100 g).
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Fig. 1. Schematic representation of layer-by-layer deposition («),
appearance of the printed wall (b), sample cutting scheme (c)

Puc. 1. Cxema HaHeceHUs ClI0eB (a), BHEIIHUI BUJT
HareyaTaHHo! cTeHKH (b), cxema BhIpe3KH 00pa3LoB (¢)

Tensile test samples had a dog-bone shape (Fig. 1, ¢)
with a gauge section of 5x1x30 mm?. Tensile testing was
performed on an Instron 5582 electromechanical testing
machine at a crosshead speed of 1 mm/min.

[ EXPERIMENT RESULTS

Thermal cycle analysis

Thermal radiation intensity was measured imme-
diately after the deposition of a new layer until the hottest
region of the wall cooled down to 200 °C. The measure-
ment results, presented in Fig. 2, a, b, reflect the ther-
mal evolution following layer deposition and do not
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represent the maximum heating values occurring during
the 3D printing process.

Thermal imaging was conducted across the entire
visible surface of the wall. For ease of data interpretation,
two reference points were selected for analyzing tem-
perature variations during wall formation. The locations
of these points corresponded to the areas of maximum
heating — one at the edges of the lower section of the wall
(5" layer), where heat dissipation to the substrate and
welding table was high, and another in the middle sec-
tion of the wall (21 layer). Monitoring the temperature
at these points allowed for an assessment of the attenua-
tion of cyclic thermal heating within an individual layer
as new layers were deposited on top of it.

At the completion of the fifth layer, the maximum
recorded temperature reached ~900°C (Fig. 2, a).
The cooling rate of this layer reached 85 °C/s (Fig. 2, b).

As subsequent layers were deposited, the peak rehea-
ting temperature and cooling rate of the fifth layer gradu-
ally decreased. The temperature range necessary for poly-
morphic transformations (above 700 °C) was reached
during the deposition of the sixth and seventh layers
(Fig. 2, a). The cooling rate at these elevated tempera-
tures decreased to 40 — 50 °C/s. Further layer deposition
resulted in heating of the fifth layer to temperatures below
700 °C, which could lead to tempering of the material.
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When the layer was heated below 700 °C, the cooling rate
varied between 10 and 1 °C/s (Fig. 2, b).

A similar pattern was observed when analyzing
the thermal history of the 21 layer. Heating above
700 °C was achieved during the deposition of the next
three layers. Thus, it can be concluded that only the top
two to three layers exert a significant thermal effect
on the underlying layer, leading to (oo — y) phase trans-
formations.

Metallographic examination

The wall surface exhibits waviness (Fig. 1, b), which
becomes more pronounced after the deposition of four
to six layers. This effect is caused by the spreading beha-
vior of each deposited layer during printing and is cha-
racteristic of this manufacturing technology.

Microstructural analysis was performed on a cross-
section of the wall (Fig. 1, ¢). At the wall and substrate
fusion zone, the fusion boundary and the heat-affected
zone (HAZ) are clearly distinguished. A bainitic-marten-
sitic structure formed at the fusion boundary. Moving
away from the fusion boundary, the substrate structure
within the HAZ transitions from bainitic to ferritic-
bainitic, and finally to a ferritic-pearlitic structure in
the substrate material.
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Fig. 2. Changes in temperature (a) and cooling rate (b) in separate layers during the wall printing,
microhardness of the wall cross-section (c), graphs of static tension (d)

Puc. 2. VI3meHeHune TeMiieparypbl (a) U CKOPOCTH OXJIaxaeHust (b) B BBIOPAHHBIX CJIOSIX B MPOLIECCE MEYaTH CTEHKH,
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The wall consists of regions with a non-uniform
microstructure (Fig. 3, a), which form due to new layer
deposition and phase transformations occurring during
heating and cooling. Owing to arc oscillation and layer
spreading, the height of these regions varies between 1.3
and 2.2 mm. Each region can be divided into five distinct
structural zones.

Zone I consists of large elongated grains (Fig. 3, b),
with widths reaching 100 — 150 pm. The grain boundaries
correspond to those of the former austenite grains. Within

these large grains, a predominantly acicular ferrite (AF)
structure is observed. The average width of acicular fer-
rite laths was 1.78 £ 0.2 um. In SEM-images, dark inter-
layers can be observed at grain boundaries, consisting
of a matrix with dispersed inclusions ranging in size from
0.18 to 0.70 um (Fig. 3, 7).

The microstructure of Zone 2 also contains large
grains (Fig. 3, ¢), but they exhibit a quasi-equiaxed
shape. In Zone 3, the grain size with distinct bounda-
ries is significantly smaller, ranging from 17 to 40 um,

Fig. 3. Optical images of microstructures obtained from the wall cross-section (a — /), SEM-images (i, /)

Puc. 3. OnTuueckue H300paskeHNUst MUKPOCTPYKTYP, HOIYYCHHBIX C IIOIEPEYHOTO CCUCHUS CTeHKH (a — i), POM-u306paxenus (i, j)
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and the interlayers at the grain boundaries become thin-
ner (Fig. 3, d) compared to Zones / and 2. It appears that
the layer boundary is located within Zones / and 2.

Zone 4 consists of a fine-grained ferritic-bainitic
structure (Fig. 3, d). The size of the quasi-polygonal fer-
rite grains is 4.41 £ 1.1 um. The bainitic structure in this
zone is represented by acicular ferrite. The prior austenite
grain boundaries are no longer distinguishable in Zone 4.

Zone 5 exhibits the highest refinement of the micro-
structure and is primarily composed of acicular ferrite
(Fig. 3, e), with a small proportion of lath bainite (LB)
and bainitic ferrite (BF) (Fig. 3, f). The average width
of acicular ferrite laths in Zone 5 is lower than in Zone /,
measuring 1.69 = 0.22 um. Within bainitic ferrite grains,
elongated interlayers are observed, which may cor-
respond to martensitic-austenitic (M—A) constituents
(Fig. 3, ). Studies [20; 21] indicate that the martensitic-
austenitic constituent is a product of incomplete austenite
decomposition during bainitic transformation [20; 21].
The width of the martensitic-austenitic interlayers is
0.25+0.11 pm.

As the wall height increases, a slight increase in
the width of acicular structure laths is observed, reaching
1.86 £0.3 um in Zone / (Fig. 3, g) and 1.81 £ 0.44 um
in Zone 5, compared to the lower layers of the wall
(Fig. 3, b).

In the upper section of the wall (~5 mm from the top),
no distinct regions with characteristic zones are observed.
The structure is more uniform and consists of acicular
ferrite (Fig. 3, h).

B Microhardness measurements

The orientation scheme of the wall cross-section for
microhardness measurements and the microhardness
distribution graphs are presented in Fig. 2, c¢. The fusion
boundary between the wall and the substrate is taken as
the zero reference point on the x-axis. The microhardness
curve corresponding to the measurements in the wall lies
in the positive range of the x-axis, while the microhard-
ness values of the substrate, including the weld-fusion
area, fall within the —8 to 2 mm range.

Moving away from the flat surface of the substrate (in
contact with the welding table), the microhardness initially
increases gradually and then rises sharply. This increase
is associated with the thermal effect on the substrate dur-
ing the deposition of the first layers of the wall. There-
fore, the region of sharp microhardness increase corres-
ponds to the HAZ. At the wall and substrate fusion zone,
microhardness increases to 320 + 7 kgf/mm? (Fig. 2, ¢).
As the number of deposited layers increases, the average
microhardness values gradually decrease up to a wall
height of ~47 mm (down to ~275 kgf/mm?), and then
increase again to 300 kgf/mm? at the top of the wall.
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A significant scatter in microhardness values was
observed. This variation is attributed to differences in
microhardness across regions with non-uniform micro-
structure (Fig. 3, a). A more detailed graph of microhard-
ness variations measured at a distance of 20 mm from
the base of the wall is shown in the inset of Fig. 2, c.
The microhardness values were correlated with corres-
ponding microstructural zones. The highest microhard-
ness values (up to 300 kgf/mm?) were recorded in Zone 5,
which corresponds to a region with non-uniform micro-
structure (Fig. 3, a). The lowest microhardness values
(down to 260 kgf/mm?) were found in Zone /, which is
characterized by coarse grains. Zones 2 — 4 exhibit inter-
mediate microhardness values. Since such structurally
non-uniform regions are repeated throughout the wall,
the microhardness distribution curve exhibits periodicity
(Fig. 2, ¢, inset).

[ Static tensile testing

Fig. 2, d presents the loading diagrams for sam-
ples extracted from the substrate (12Kh1MF steel) and
the printed wall. The loading curve of the substrate sam-
ples exhibits a yield plateau, whereas no such plateau
is observed in the wall samples. The yield strength and
ultimate tensile strength of the wall samples are ~40 and
~34 % higher, respectively, compared to the substrate
material, while their ductility is reduced by a factor of two
(see Table). The strength characteristics of the wall sam-
ples also exceed the mechanical properties of the wire
specified in GOST 2246-70 (see Table). The ductility
of samples extracted in the vertical direction is ~20 %
lower compared to those cut in the horizontal direction.

[ DISCUSSION OF RESULTS

The study of thermal cycling during 3D prin-
ting of the model wall allowed for an investigation
of the effects of diminishing cyclic heating with succes-
sive layer deposition and its influence on the microstruc-
ture and mechanical properties of the material.

Forced cooling of the wall before depositing a new
layer prevented excessive heat accumulation and ensured
a high cooling rate for the deposited and underlying
layers (Fig. 2, b). As a result, regions with a non-uni-
form structure are present throughout the entire height
of the wall (Fig. 3, a). While underlying layers undergo
reheating, the lower peak temperatures and accelerated
cooling limit diffusion processes and recrystallization.

The zones observed within the wall regions (Fig. 3, a)
correspond to typical zones formed in welded steels.
Zone [ represents the rapid solidification zone from
the molten state, as indicated by the presence of large
grains elongated in the crystallization direction (Fig. 3, b).
Zone 2 corresponds to the coarse-grained heat-affected
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Results of static tensile test

Pe3yabTaThl HCHBITAHUI HA CTATHYECKOE PACTSIKeHHe

Sample type Cutting direction | 6,,, MPa | 6 ,MPa | ¢, %
Substrate - 410+£20" | 530+30 | 202
OK Autrod 13.14 Wire (GOST 2246-70) - 600 700 16
Wall Horizontal 70030 | 800 +40 | 12+£2
Vertical 700£30 | 810£40 [9.5+£2
* Yield plateau observed

zone, where the previous layer was reheated above
the austenite recrystallization temperature.

The broad interlayers with internal particles at
the boundaries of large grains in Zones / and 2 indicate
that during thermal cycling, heating reached (o — 7v)
phase transformation temperatures, allowing for partial
diffusion-driven redistribution of carbon at grain boun-
daries. Due to the lack of prolonged holding time and
rapid cooling, intermediate/bainitic structures formed
at the grain boundaries.

The reduction in grain size in Zone 3 (Fig. 3, d) sug-
gests that this region (fine-grained HAZ) experienced
heating above the Ac, temperature. In Zone 4, prior aus-
tenite grain boundaries are no longer visible, and a higher
proportion of a bright phase with a quasi-equiaxed shape
is observed (Fig. 3, d). This suggests that heating in this
region occurred within the (o +vy) phase temperature
range [22]. Zone 5 experienced the least thermal expo-
sure, both in terms of heating temperature and duration.
As aresult, this zone retains a microstructure most similar
to that formed during the initial solidification of a depo-
sited layer (Fig. 3, h).

Thus, during cooling after layer deposition, Zone /
with large elongated grains forms in the lower portion
of the layer, followed by the formation of an acicular fer-
rite structure in the remaining volume of the layer due
to a decrease in cooling rate. Zones 2 — 5 (Fig. 3, a) rep-
resent heat-affected regions in the previously deposited
layer. With the deposition of additional layers, the under-
lying layers undergo cyclic thermal exposure at varying
temperatures (Fig. 2, a).

Cooling the wall to 200 °C before depositing a new layer
led to higher microhardness values (up to 305 kgf/mm?,
Fig. 2, ¢) compared to air cooling (210 kgf/mm?), as pre-
viously shown in [19]. The decrease in microhardness
along the wall height (Fig. 2, ¢) is attributed to thermal
cycling and structural “tempering” effects. At the ini-
tial stages of printing, the substrate and welding table
acted as additional heat sinks, but their influence dimi-
nished as the number of layers increased. The formation
of a non-uniform structure in the wall resulted in signifi-
cant microhardness variation. The higher microhardness

values in the upper section of the wall are associated with
the absence of thermal cycling from subsequently depo-
sited layers (Fig. 2, ¢).

Potential approaches to improving structural uni-
formity include increasing the preheating temperature
before depositing a new layer and optimizing cooling
rate ranges to allow sufficient time for recrystallization
processes to occur.

- CONCLUSIONS

The microstructure and mechanical properties
of a model wall fabricated using wire arc additive manu-
facturing in a shielding gas environment under coldArc
reduced heat input mode were studied.

The use of forced cooling between layer deposi-
tions to 200 °C effectively limited heat accumulation in
the wall during 3D printing. Due to the high temperature
gradient, the cooling rate of the deposited layer reached
85-90 °C/s. It was shown that each solidified layer
undergoes cyclic thermal exposure during the deposition
of the subsequent ten layers. Heating from the deposi-
tion of two to three new layers leads to structural-phase
transformations in the underlying layer. The next seven
to eight layers result in heating comparable to an “tem-
pering” thermal operation.

As a result of rapid cooling after printing, combined
with recurrent thermal exposure, regions with non-uni-
form microstructure formed throughout the entire height
of the wall. These regions include: a rapid solidification
zone with large elongated grains, a coarse-grained zone,
a fine-grained zone, intercritical heat-affected zones.

The microstructure across different areas of the wall
consisted primarily of acicular bainite, with a small frac-
tion of lath bainite, bainitic ferrite, and martensitic-aus-
tenitic constituents.

A significant scatter in microhardness values was
observed along the wall height, ranging from 275
to 320 + 7 kgf/mm?, which is attributed to the non-uni-
form microstructure. The strength properties of the wall
material reached 800 MPa, with relative elongation ran-
ging from 9 to 12 %.
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INFLUENCE OF HEAT TREATMENT ON STRUCTURE,
PHASE COMPOSITION, HARDNESS AND ELECTRICAL CONDUCTIVITY
OF VZhL14N-VI NICKEL SUPERALLOY
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Abstract. The phase composition of VZhL14N-VI nickel superalloy was analyzed in a wide temperature range — from room temperature to 1600 °C
by means of CALPHAD (CALculation of PHAse Diagrams) calculations. In light of the findings, the authors devised potential heat treat-
ment modes for VZhL14N-VI superalloy. The impact of different heat treatment modes on the grain size, hardness, and electrical conductivity
of VZhL14N-VI superalloy samples produced by ceramic mold casting was investigated, as well as the effect on the alloy of high-temperature
annealing at 1070 — 1170 °C for 1 — 4 h. The alloy heat treatment resulted in a notable increase in grain size and a decrease in hardness. The influence
of artificial aging temperature after high-temperature annealing and quenching on the hardness and electrical conductivity of the alloy in the range
of 610 — 810 °C was studied. At 810 °C, the alloy exhibits the most pronounced aging effect, accompanied by a rapid increase in hardness, reaching
approximately 370 HV. In contrast to the observed changes in hardness, the electrical conductivity of the alloy exhibited minimal variation during
the aging process. The proposed heat treatment conditions diverge from those recommended by the OST 1 9012685 Russian standard for this alloy.
The developed heat treatment mode includes the alloy heat treatment at a temperature of 1170 + 10 °C for 4 h, followed by air cooling and aging
at a temperature of 810 + 10 °C for 10 — 14 h, followed by air cooling. The proposed heat treatment mode is expected to result in an increase in hard-
ness of VZhL14N-VI superalloy castings by 10 — 20 HV in comparison to the samples subjected to the standard heat treatment mode.

Keywords: VZhL14N-VI nickel superalloy, investment casting, heat treatment, castings
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BAWUAHUE TEPMUYECKOU OBPABOTKU HA ®A30BbINA COCTAB,
CTPYKTYPY, TBEPAOCTb U SZIEKTPONPOBOAHOCTDb
HUKENEBOTO XXAPOMPOYHOIO CN/ABA BXX/114H-BU
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AnHomayus. B pabote npoananu3upoBaH (a30BbIil COCTAB HUKEIEBOTrO xapomnpounoro cruasa BXKJI14H-BUY B mipokom TeMiiepaTypHOM uara-
30HE — OT KOMHATHOH Temnepatypsl 10 1600 °C ¢ nomouibio pacueros 1o nporpamme Thermo-Calc. Ha ocHOBaHMH MOJIyYEHHBIX JJaHHBIX aBTOPBI
pazpaboTtanu BO3MOXKHBIE PEKUMBI TepMO0OpaboTKH sxapornpounoro cruiasa BXXJI114H-BU. MccnenoBano BiusHEE pa3InIHBIX PEKUMOB TEPMO-
00paboTKM Ha pa3Mep 3epHa, TBEPAOCTh M 3JIEKTPOIPOBOAHOCTL 00pasoB kaporpoyHoro crutasa BXXJ114H-BU, noixy4eHHBIX METOIOM JINTHS
B Kepamudeckue (DOpPMBI, a TaKXKe BIUSHHE HAa CIUIAB BBICOKOTeMIeparypHoro omxwura mpu temmeparype 1070 — 1170 °C B Teuenue 1 —4 .
Tepmuueckas 06paboTka cruiaBa IpUBENa K 3aMETHOMY YBEIMYEHHIO pa3Mepa 3epeH U CHIDKSHHIO TBEPAOCTH. bblIo M3yueHO BIMSHHE TeMIle-
paTypbl HCKYCCTBEHHOTO CTApPEHMS 1OCIIE BHICOKOTEMIIEPATYPHOTO OT)KHIA M 3aKaJIKH Ha TBEPJAOCTh M AJIEKTPOIPOBOIHOCTH CIUIABA B THAIa30He
temreparyp 610 — 810 °C. ITpu Temneparype 810 °C cruiaB nposiisieT Hanbosee BeIpaKeHHBIN 3P (EKT cTapeHs, COPOBOKAAIOIINICS OBICTPBIM
MOBBINICHUEM TBEPOCTH, JOCTHTAOIIMM pubiu3utensro 370 HV. B omniune oT TBEpAOCTH, SIEKTPOIIPOBOIHOCTD CIIIaBa B MPOIIECCE CTAPCHUS
M3MEHsUIaCh He3HauuTeabHO. [Ipenaraemblil pexxum TepMuueckoil 00paboTkK oTIMYaeTcst oT pekoMennoBanHoro cranaaprom OCT 1 90126-85
[utst oToro cruiaBa. OH BiimodaeT oTxkur mpu Temneparype 1170 = 10 °C B Tedenue 4 4 ¢ MOCIASAYIOMIM OXJIKICHAEM Ha BO3AYXE U CTAPEHUEM
npu temneparype 810 + 10 °C B reuenue 10— 14 4 ¢ mocuenyomuM oxJaxaeHneM Ha Bosayxe. [IpeuioxxenHas TepMooOpaboOTKa 1103BOJISAET
MOBBICUTH TBEPAOCTh OTIHBOK U3 crutaBa BXKJI14H-BU na 10 — 20 HV mo cpaBHeHHU 0 ¢ 00pa3namu, MOJBEPTHYTHIME TEPMOOOPAOOTKE MO CTaH-
JAPTHOMY PEKHMY.

Kawouesvle cnosa: nukenesblii sxaponpounsbiii cruias BJXKJ114H-BU, nuthe 1o BBITIaBISIEMBIM MOZICIISIM, TEPMHUYECKast 00paboTKa, OTIIMBKH

BaazodapHocmu: Pabota BeinonHeHa npy (MHAHCOBOH moiepkke MUHHCTEPCTBA HAyKHU 1 BbICIIero oopaszosanust Poccuiickoit denepanun B pamkax
IMocranosnenns [IpaButenscrsa Ne 218 1o commamenuo o npexocrapieHuy cyocuaun Ne 075-11-2022-023 ot 06.04.2022 . «Co3aHue TeXHOIO-
T'HM M3TOTOBJICHHS YHMKAIBHBIX KPYIHOraOapUTHBIX OTIMBOK M3 XKAPONPOYHBIX CIUIABOB JUISl Ia30TypOMHHBIX JIBUTaTelcH, OpUEHTHPOBAaHHON Ha
HCIOJIB30BaHIE OTCYCCTBCHHOTO 000PYIOBAHKS H OPraHM3aIHIO COBPEMEHHOTO pecypco3((GeKTHBHOTO, KOMIIBIOTEPOOPUEHTHPOBAHHOTO IUTCHHOTO
HPOU3BOJICTBAY.

Jna yumuposanus: Konteirua A.B., baxenos B.E., benosa A.A., CannukoB A.B., JIsickoBuu A.A., benos B./1., llleapun E.}O. Bnusaue tepmu-
4yeckoil 00paboTku Ha (a30BbIii cOCTaB, CTPYKTYPY, TBEPAOCTh U AEKTPONPOBOAHOCTH HUKEIEBOTO skaponpounoro criasa BXJI14H-BU. Hsgec-
must 6y306. Yepnas memannypeus. 2025;68(1):60-68. https.//doi.org/10.17073/0368-0797-2025-1-60-68

molybdenum, and niobium. A key feature of these alloys
is their substantial y' phase content (a face-centered cubic

- INTRODUCTION

Currently, a wide range of nickel-based heat-resistant
cast superalloys have been developed and successfully
applied for the production of heat-resistant structural com-
ponents in aircraft engines [1; 2]. In Russian aircraft engi-
neering, VZhL14N-VI alloy (OST 1 90126-85; base —
Ni; up to 0.08 % C'; up to 20.0 % Cr; up to 5.0 % Mo;
up to 1.5%Al; up to 2.9%Ti; up to 2.8 % Nb;
up to 10 % Fe) is widely used for large-scale structural
castings, particularly in combustion chamber compo-
nents. This alloy primarily contains chromium and iron as
major alloying elements and has no direct foreign equiva-
lents. The closest in composition are Inconel 718 (ASTM
Ni B670) and Inconel 718Plus (UNS NO07818) alloys.
These belong to the second generation of superalloys,
characterized by a high chromium content, often with
cobalt, as well as refractory elements such as tungsten,

! Here and throughout the text, unless otherwise stated, element
contents are given in wt. %.

ordered Ni,(Al, Ti) phase) [1; 3; 4]. The primary require-
ment for combustion chamber structural components,
which operate at moderate temperatures of 500 — 900 °C
and pressures up to 45 atm, is high strength combined with
good ductility across the entire temperature range [5]. This
is achieved through the complex alloying of the Fe—Ni
alloy with solid-solution strengthening and carbide-form-
ing elements. Chromium is a component of the Ni-based
solid solution, contributing to its strengthening, while also
being involved in carbide formation. This significantly
enhances the oxidation resistance of the Ni—Fe alloy
at operating temperatures [4 —6]. Aluminum and tita-
nium promote the formation of the y' phase and strengthen
the alloy during heat treatment. Molybdenum, tungsten,
and niobium are added as carbide-forming elements
responsible for the formation of fine-dispersed carbides,
which enhance the alloy’s high-temperature strength.
They also strengthen the solid solution, while niobium,
in addition, participates in the formation of strengthening
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precipitates in the nickel-based solid solution slightly
reducing the processability of the alloy by impairing
the weldability and machinability of castings [7; 8].
The addition of iron reduces the overall cost of the alloy
due to the lower cost of iron compared to nickel, replacing
part of the nickel content. At a moderate iron content, as in
VZhL14N-VI alloy, its long-term strength at the operating
temperatures of combustion chamber components remains
at an acceptable level.

The operational properties of VZhL14N-VI alloy
castings are strongly influenced by the quantity of alloy-
ing elements, the carbide and strengthening phases they
form, and their distribution within the alloy structure.
While the impact of individual alloying elements and
structural components on the operational properties
of VZhL14N-VI alloy has been well studied [1 - 5],
the effect of structure and phase composition forma-
tion conditions on the mechanical properties of cas-
tings remains insufficiently explored. This often results
in deviations of the alloy’s properties from expected
values [9; 10]. It is crucial to consider both the formation
of'the as-cast structure and the structure obtained after heat
treatment [1; 10; 11]. The operational properties of cast
components are determined by the combination of grain
size and metal structure. The hardening of VZhL14N-VI-
type alloys is primarily governed by the formation of vy’
strengthening precipitates within the y matrix phase.
These precipitates exhibit greater thermal stability com-
pared to y” (a body-centered tetragonal ordered Ni;Nb
phase), which forms in other heat-resistant nickel alloys.
Additionally, the hardening of the alloy is influenced by
the precipitation of & (orthorhombic Ni;Nb), n (hexa-
gonal Ni,Ti), and o (hexagonal CrFeMoNi, CrMoNi,
(Cr, Mo),Ni) phases, along with carbide phases such
as MeC, Me,,C, and Me,C (Me.C, is rarely observed).
These phases have a face-centered cubic lattice and limit
grain growth in the alloy [11 — 14]. By adjusting the heat
treatment modes to control the formation of these phases,
the mechanical properties of cast components can be
modified within a relatively broad range.

This study examines the effect of heat treatment modes
on the macro- and microstructure, phase composition,
and hardness of VZhL14N-VI alloy samples produced
by ceramic mold casting to determine their influence on
alloy hardening.

]l MATERIALS AND METHODS

The test samples were cut from cast plates measu-
ring 100x100%10 mm. The castings were produced using
ceramic mold casting technology. Fused quartz of vari-
ous fractions, manufactured by DINUR (Pervouralsk,
Russia), was used as the filler for the slurry and stucco
coating. To prepare the refractory slurry, Ultracast One+
and Ultracast Prime binders (Technopark LLC, Moscow,
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Russia) were used. Pre-alloyed VZhL14N-VI, produced
by VIAM (Moscow, Russia), was used as the charge
material. The melting and pouring of the alloy were per-
formed in a vacuum induction melting and casting unit
(VAKETO, Moscow, Russia) using a mullite-corundum-
zirconium crucible manufactured by ELEMET (Elekt-
rogorsk, Russia). From the obtained castings, samples
measuring 4x9x56 mm were cut. The alloy samples were
subjected to heat treatment in a muffle furnace in air
at temperatures of 1070, 1120, and 1170 °C. The duration
of high-temperature treatment ranged from 1 to 4 h, with
I h increments. The samples were quenched by air blow
cooling. For aging, samples quenched after 4 h of high-
temperature soaking were used. The aging process was
studied under three heat treatment modes, involving
soaking at 610, 700, and 810 + 10 °C for 2 to 14 h.

The microstructure of the alloy was examined using
a TESCAN VEGA 3 SBH scanning electron microscope
(SEM) equipped with an Oxford energy-dispersive micro-
analysis system and a Carl Zeiss Axio Observer DIm
optical microscope. To reveal the grain structure, metal-
lographic samples were etched using Marble’s reagent
(20 g Cu,SO,, 100 mL hydrochloric acid, 100 mL etha-
nol) [15]. To examine the microstructure, an acid mixture
(30 mL nitric acid, 0.5 mL hydrochloric acid, 70 mL acetic
acid) was also used for etching [16]. The phases present in
the microstructure were identified using energy-dispersive
X-ray spectroscopy (EDS), based on literature data con-
cerning possible compounds in heat-resistant nickel-based
alloys [14; 17] and phase composition calculations.

The electrical conductivity of the alloys was mea-
sured using a non-contact eddy current conductometer
VE-27NC3 (SIGMA, Russia), with a measurement range
of 0.5-2.5 MS/m.

Vickers hardness (HV 10) was determined using
a NEMESIS 9001 universal hardness tester (INNOVA-
TEST) under a 10 kgf load, with a loading time of 12 s.

The equilibrium phase composition of VZhL14N-VI
alloy in the temperature range of 20 to 1600 °C was cal-
culated using the Thermo-Calc software with the TCS Ni-
based Superalloys Database (TCNIS).

[ RESULTS AND DISCUSSION

To achieve a more precise phase identification,
the phase composition of the VZhL14N-VI alloy was
calculated in the temperature range of 20 to 1600 °C
using Thermo-Calc software. The results of the equilib-
rium phase composition calculation, based on the average
composition of VZhL14N-VI alloy in accordance with
OST 1 9012685, are presented in Fig. 1.

It can be observed that from the equilibrium solidus
temperature (approximately 1280 °C) down to 1050 °C,
the alloy is almost single-phase, consisting primarily
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Fig. 1. Calculated phase composition of VZhL14N-VI superalloy
(average composition) at temperatures from 20 to 1600 °C:
1-L; 2~ 0(Cr,Mo),Ni; 3 - Ni,Fe; 4 —y; 5 — P(NiCrMo); 6 — Ni,Nb;
7—Cr,,Cq; 8—7'5 9= Ni,Cr; 10 - Ni,Fe; 17 — (Cr); 12— (Nb,Ti)C

Puc. 1. PacuetHslii (ha3oBblii cocTas cruaBa BXXJ114H-BU
(cpennuii cocraB) npu temreparypax ot 20 1o 1600 °C:
1-L; 2 —-0(Cr,Mo),Ni; 3 —Ni,Fe; 4 —y; 5 — P(NiCrMo); 6 — Ni,Nb;

7= Cr,,Cq; 8—7'; 9= Ni,Cr; 10 - NijFe; 17 - (Cr); 12— (Nb,Ti)C
of the y phase. Below 1050 °C, the main strengthe-
ning phase for this alloy, y’, begins to precipitate [18].
At approximately 980 °C, the ¢ phase starts to form,
which is commonly observed in heat-resistant nickel-
based alloys containing iron and typically appears as
irregularly shaped globules. With a further decrease in
temperature, the volume fractions of y' and ¢ phases gra-
dually increase. At approximately 850 °C, carbide inclu-
sions of Me,,C, start to appear in the structure, where Me
is primarily chromium, along with iron and molybdenum.

Intensity

At 600 °C, the equilibrium content of y' and o phases
reaches its maximum. When the temperature drops below
600 °C, unwanted particles with a chromium-based solid
solution lattice begin to appear in the equilibrium struc-
ture. Below 500 °C, the ¢ phase completely disappears,
and other undesirable phases emerge in the structure.
Additionally, the equilibrium volume fractions of y and '
phases decrease significantly below 400 °C. Thus, within
the operating temperature range of combustion chamber
cast components in aircraft gas turbine engines made from
VZhL14N-VI alloy (750 — 950 °C) [19], the equilibrium
phase composition consists of the y phase, with dispersed
v" and o phase particles, where the y' phase predominates.
Additionally, a small number of carbide particles are
present in the structure, primarily Me,,C, carbides, with
occasional occurrences of MeC carbides.

The as-cast structure of VZhL14N-VI alloy, pro-
duced by ceramic mold casting, is shown in Fig. 2, a.
The microstructure consists of a nickel-based solid
solution matrix (y phase) with finely dispersed carbide
precipitates containing niobium, titanium, and a sig-
nificant amount of molybdenum, in addition to carbon
(Fig. 2, b). According to the calculated phase composi-
tion of the alloy (Fig. 1), these carbides begin to precipi-
tate directly from the liquid phase. During heat treatment
at temperatures below 850 °C, they are expected to trans-
form into Me,,C-type carbides.

Fig. 3 presents the microstructure of VZhL14N-VI
alloy after heat treatment following the mode specified
in OST 1 90126-85 for this alloy. The treatment includes
annealing at 1120 + 10 °C for 3 h, followed by air cool-
ing, and aging at 700 + 10 °C for 16 h, with subsequent
air cooling.

As seen in Fig. 3, a, heat treatment led to a reduction
in dendritic segregation of elements, although complete
chemical homogenization was not achieved. Despite ther-

Scan distance, pm
b

Fig. 2. Microstructure of VZhL14N-VI superalloy obtained by ceramic mold casting (@) and element distribution profile based on EDS results (b)

Puc. 2. Muxpoctpykrypa cmtasa B)KJ114H-BU, nomy4eHHOro ITUThEM B 000I0YKOBYI0 KepaMHUUECKYI0 hopMy (a),
1 npoduIIb pacnpeseseH s HIEMEHTOB 110 Pe3yIbTaTaM MHKPOPEHTIeHOCIIeKTPaibHOro ananusa (b)
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Fig. 3. Microstructure of VZhL14N-VI superalloy after heat treatment including annealing at 1120 + 10 °C for 3 h followed by air cooling
and aging at 700 + 10 °C for 16 h followed by air cooling (a) and element distribution profile based on EDS results (b)

Puc. 3. Muxpoctpykrypa crutasa BXJ114H-BH nocie repmuueckoit 00pabOTKH 110 PEKUMY, BKIIOUAIOLIEMY OTXKUT
npu Temneparype 1120 + 10 °C B Teuenue 3 4 ¢ MOCIEAYIONINM OXJIKISHHEM Ha BO3AyXe u cTapeHueM mpu temmeparype 700 + 10 °C
B TeyeHUe 16 4 ¢ MOCIIeNYIOMUM OXJIMKACHUEM Ha BO3IyXe (@), ¥ IPOQHIb pacIpe/IeICHHS JIEMEHTOB 10 Pe3yJIbTaTaM
MHUKPOPEHTIeHOCIIEKTpaibHOro aHamu3a (b)

modynamic calculations predicting that niobium and tita-
nium carbides should dissolve during high-temperature
annealing and be replaced by ultrafine chromium-based
Me,,C, carbide precipitates during aging, niobium and
titanium carbides were still observed in the alloy struc-
ture after heat treatment. Additionally, some carbide par-
ticles exhibited increased nitrogen content, which most
likely inhibits their dissolution.

It is well known that, according to the Hall-Petch
effect, the grain size of polycrystalline nickel-based alloy
castings significantly affects their mechanical proper-
ties [20]. The influence of various high-temperature heat
treatment modes on grain size was studied. Fig. 4, a shows
the grain structure of samples solidified under identical
cooling conditions in the as-cast state and after heat treat-

a

2

Number of grains, 1/cm

ment. Grain coarsening occurs during annealing. Fig. 4, b
illustrates the effect of high-temperature heat treatment
duration on the grain density on the polished sample
surface. During 4 h of annealing, the number of grains
per 1 cm? in the metallographic section decreased by
approximately 2.6 times, regardless of the annealing tem-
perature. Thus, high-temperature annealing significantly
increases the grain size of the alloy, which is a negative
factor that reduces the mechanical properties of cast
components. Therefore, excessive annealing time is
undesirable. Changing the annealing temperature within
the studied range (1070 — 1170 °C) had virtually no effect
on the grain size of the alloy (Fig. 4, b).

Fig. 5 presents the effect of heat treatment on
the hardness and electrical conductivity of VZhL14N-VI

50
—e— 1070 °C
—=— 1120 °C
401 —— 1170 °C
)
30
20
D
10 1 1 1
1 1 2 3 4
Time, h

Fig. 4. Grain structure of VZhL14N-VI superalloy in as-cast condition and after high-temperature heat-treatment at 1170 °C for 4 h with following
air cooling (a) and dependence of the number of grains per 1 cm? in the metallographic section on temperature and time of annealing (b)

Puc. 4. Makpoctpykrypa ciuiaa BXXJI14H-BU B nutom coctosiHMM 1 TIOCIIE BBICOKOTEMIIepaTypHoro orxura pu 1170 °C
B TeueHue 4 4 ¢ MOCIEAYIOIUM OXJIAKIEHHEM Ha BO3/yXe () U 3aBUCHMOCTh KOJIMYECTBA 3epeH Ha | cM? moBepxHocTH nutuda
OT TeMIepaTypbl U BpeMeHH oTXura (b)
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Fig. 5. Influence of temperature and time of holding during high-temperature annealing on hardness (a)
and electrical conductivity (b) of VZhL14N-VI superalloy

Puc. 5. Biusinue TemiiepaTypbl 1 BpeMEHH BBIICP)KKH B IIPOLIECCE BHICOKOTEMIIEPATYPHOTO OTKUra Ha TBEPAOCTD (&)
1 3nekTpornpoBoaHocTs (b) cruaBa BXKJ114H-BU

alloy samples. The temperature of high-temperature
annealing within the examined range had a negligible
effect on hardness (Fig. 5, a) after quenching. During
high-temperature annealing, the hardness of the alloy
rapidly decreased from 336 to ~280 HV for all tempe-
ratures used. The influence of high-temperature annea-
ling on the electrical conductivity of the alloy was even
smaller (Fig. 5, b). It can be assumed that the electri-
cal conductivity of the alloy remains unchanged during
annealing. However, it should be noted that the electrical
conductivity measurement method used in this study is
relatively crude. Given the small variations in measured
electrical conductivity values observed for VZhL14N-VI
alloy, the measurement error is relatively high. It is pos-
sible that more precise measurement techniques could
detect changes in electrical conductivity.

The temperature and duration of artificial aging had
a much stronger effect on alloy hardness than the annea-
ling temperature prior to quenching (Fig. 6). The most sig-
nificant increase in hardness was observed at the maximum
aging temperature of 810 °C. At this temperature, the hard-
ness of the alloy reached its near-maximum value of approx-
imately 370 HV within just 2 h of aging. Lower aging
temperatures did not result in such significant hardening.
The lowest hardness values were observed at 610 °C, where
the hardness of the alloy continued to increase throughout
the aging process, indicating incomplete decomposition
of the supersaturated solid solution. It is evident that this
temperature is insufficient for achieving maximum strength
through artificial aging. An intermediate hardness level was
obtained after aging at 700 °C. The maximum hardening
effect, achieved at 810 °C, was practically independent
of the annealing temperature before quenching (Fig. 6, d),
showing consistent results.

The degree of supersaturated y-phase decomposition
can be indirectly assessed based on changes in electri-
cal conductivity [19]. For the VZhL14N-VI alloy, a weak
dependence of electrical conductivity on aging tempera-

ture and duration was observed (Fig. 7). However, while
the electrical conductivity of samples aged at 610 and
700 °C was nearly identical, at 810 °C, a significant dif-
ference exceeding the measurement uncertainty interval
was detected. The electrical conductivity of samples aged
at 810 °C was higher than that of samples aged at 610 and
700 °C. This suggests that at 810 °C, y phase decomposi-
tion occurs at a higher rate. At the same time, the electri-
cal conductivity of alloys subjected to high-temperature
annealing for solid solution treatment at different tem-
peratures varies insignificantly during aging (Fig. 7, d).

Thus, the highest hardening effect was achieved in
VZhL14N-VIalloy samples that were annealed at 1170 °C
for 4 h and then artificially aged at 810 °C for 10 — 14 h.
The proposed heat treatment mode differs slightly from
the current standard specified in OST 1 90126-85 and
results in a small hardness increase of 10—20 HV in
VZhL14N-VI alloy. This mode may be of interest for heat
treatment of cast components operating at temperatures
above 800 °C.

[ ConcLusions

The as-cast grain structure of VZhL14N-VI alloy
primarily consists of a y phase solid solution with
(NDb, Ti, Mo)C carbide inclusions.

During heat treatment, which includes high-tempe-
rature solution annealing followed by artificial aging,
anoticeable reduction in coring of alloying elements within
the y phase solid solution is observed. However, the mor-
phology of niobium and molybdenum carbides, identified
through X-ray microanalysis, remains unchanged.

Thermodynamic calculations have shown that aging
at temperatures below 600 °C may lead to the formation
of undesirable phases in the alloy structure, while aging
above 850 °C results in a reduction in the volume fraction
of hardening y' and o particles and inhibits the precipita-
tion of Me,,C-type carbides.
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Fig. 6. Influence of high-temperature annealing at 1070 (a), 1120 (b), 1170 °C (c) and aging temperature on hardness of VZhL14N-VI superalloy,
and effect of changing the annealing temperature on hardening of the alloy during aging at 810 °C (d)

Puc. 6. Biiusinue temiiepatypbl BeIcokotemneparyproro omkura 1070 (a), 1120 (), 1170 °C (¢) u Temneparypsl cTapeHus Ha TBEpIOCTb CILIaBa
BXJI14H-BU 1 u3MeneHus Temneparypbl OT’KMIa Ha TBEp/bIi pacTBOP Ha yrpouHeHue cruiasa rnpu crapenuu mpu 810 °C (d)
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Fig. 7. Influence of high-temperature annealing at 1070 (a), 1120 (b), 1170 °C (c) and aging temperature on electrical conductivity of VZhL14N-VI
superalloy, and effect of changing the annealing temperature on electrical conductivity of the alloy during aging at 810 °C (d)

Puc. 7. Biusinue temrneparypbl BeicokoTemrneparypHoro omxura 1070 (a), 1120 (b), 1170 °C (¢) u Temneparypbl cTapeHHs1 Ha 3JIEKTPONPOBOAHOCTh
croraBa B)KJI14H-BY u n3MeHeHHS TeMIlepaTypbl OTXKUTA Ha 3IEKTPOIPOBOIHOCTS cIlIaBa mpu crapeHud npu 810 °C (d)
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It has been established that the highest hardening effect
is observed in alloys aged at 810 °C, ensuring the most
complete decomposition of the supersaturated y phase
solid solution. At the same time, within the studied range
0of 1070 — 1170 °C, the solution annealing temperature has
a significantly smaller effect on the hardening of the alloy
compared to the aging temperature. The maximum hard-
ness during aging is reached within 4 — 6 h and remains
practically unchanged up to 10 — 14 h.
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CONSTRUCTION OF LIQUIDUS SURFACE
OF Fe—B—-Mn—-C-Cr FIVE-COMPONENT DIAGRAM

G. A. Kazakevich®, A. Yu. Popov

B Russian University of Transport (9, bld. 9 Obraztsova Str., Moscow 127994, Russian Federation)

&) KazakevichG@mail.ru

Abstract. The authors used the technique of constructing the schemes of multicomponent diagrams (n > 3) in traditional coordinates “temperature — concen-
tration”, the basis of which are n — angles with a divergent coordinate grid at n > 4, to construct the liquidus surface of the Fe—B—Mn—-C—Cr
five-component system. Choice of the system was determined by the need to harden the surfaces of parts made from a large number of low-alloy
steels by boriding. The critical points of the liquidus surface were melting points of the alloy chemical elements, melting points of borides and
melting temperatures of eutectics of the phase diagrams, which are the sides of a pentahedral prism. Individual experimental melting temperatures
of the steels and calculated melting temperatures of new eutectics during the interaction of eutectics of double phase diagrams were also taken into
account. The latter were determined according to the eutectic reaction rule, which provides for the use of only melting temperatures of the initial
eutectics in the calculation. At the same time, phase composition of the multicomponent boride eutectics of the system was determined. The resulting
liquidus surface shows the temperature at which crystallization begins and the phase composition of the layer during boriding of casting mold
coatings for surface hardening of castings. The calculated melting temperatures of eutectics form the solidus surfaces of the system. In accordance
with the concentration values of the elements, especially boron, five solidus surfaces are formed in the system at 1571, 1451, 1394, 1105 and
978 °C. These melting temperatures of eutectics are the boundaries between the diffusion and diffusion-crystallization mechanisms of formation
of boronized layer in solid and solidifying states of treated surfaces, therefore, they determine the mechanism of formation of boronized layer, their
phase composition, structural morphology and properties.

Keywords: liquidus surface, five-component system, calculation of eutectic temperatures, divergent grid, phase diagram, steel, boriding
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NMOCTPOEHMUE NOBEPXHOCTU NIUKBUAYC
NATUKOMMNOHEHTHOMW CXEMbl AUATPAMMbI Fe — B - Mn - C-Cr

I. A. KazakeBuu “, A. 10. [lonios
| Poccuiickuii yausepcuteT Tpancnopra (Mocksa, 127994, yn. O6pasuosa, 9, ctp. 9)

&) KazakevichG@mail.ru

AHHOmayus. JIns nocTpoeHus MOBEPXHOCTH JIMKBHIYC ISITUKOMIIOHEHTHOH cucteMbl Fe—B—Mn—C—Cr npumeHsuiach METOAMKAa MOCTPOCHUS
B TPAAULHOHHBIX KOOPJMHATAX «TEMIIEpaTypa — KOHIEHTPALHD) CXeM MHOTOKOMIIOHEHTHBIX JHUarpaMM (71 > 3), OCHOBaHHEM KOTOPBIX SBJIAIOTCS
n-yroJabHUKU C JUBEPreHTHOH KOOPJMHATHOW CeTKoi mpu n > 4. BeiGop cucreMbl 00yciIoBIeH HEOOXOIAMMOCTBIO YIPOYHEHUs ITOBEPXHOCTEH
JeTanel, M3rOTOBICHHBIX H3 OOJBIIOr0 KOIMYECTBA HHU3KOJIECTMPOBAHHBIX cTajeil OGopupoBaHMeM. KpUTHYECKHMM TOYKAMH HOBEPXHOCTH
JIMKBUJYC SIBIISUTICH TEMIEPATyphl IUIABJICHNS! XUMUYECKHX 3JIEMEHTOB CIUIaBa, OOPUJIOB M 9BTEKTUK JBOMHBIX JHArpaMM COCTOSIHHS, KOTOpbIE
ABIIIOTCS. CTOPOHAMH IIATUTPAHHON HpH3Mbl. IIpHHMManIuCh BO BHUMAHHE TAaKKe OTAEIBbHBIC KCIEPHMEHTAIbHBIC TEMIIEPATypPhl ILIABICHHSA
CTaJiell M pacCYMTaHHBIC TEMIICPATYpPhl IUIABICHHUS HOBBIX 9BTCKTHK, OOPasyOIIMXCS NP B3aUMOICHCTBUM 9BTEKTHK IBOMHBIX AMArpamMm
cocrosHus. [locnennue onpenensnuck Mo IPaBIIy 3BTEKTHYECKON PEaKIy, IpeayCcMaTpPUBAOIIEMy HCIIOIb30BAHIE IPH PAcyeTe TOIBKO TeMIIe-
paryp IUIaBJIEHUS] HCXOAHBIX BTEKTHK. OIHOBPEMEHHO Onpenelsuics U (a3oBblii COCTaB MHOIOKOMIIOHEHTHBIX OOPUIHBIX IBTEKTUK CHCTEMBI.
IMomyueHHass MOBEPXHOCTh JHKBHIYC MOKA3bIBAacT TEMIIEpaTypy Hadala KPUCTaUTH3anuX U (a3oBBIl COCTaB CI0A HPH HMPOBEACHHU OOPUPO-
BaHUS U3 00Ma30K JIUTEHHBIX (OPM I TTOBEPXHOCTHOTO YINPOUHEHHs OTIMBOK. PaccuMTaHHbIE TeMIepaTyphl IUIAaBICHHUs DBTEKTHK 00pas3yloT
MOBEPXHOCTH COJUIYC CUCTEMBL. B COOTBETCTBUH ¢ KOHIIEHTPAIIMOHHBIMHU 3HAUCHHUSAMH 3IE€MEHTOB, U OCOOCHHO 0opa, B cHCTEeMe 00pasyroTcs
IATh NOBepXHOCTeH conuuyc npu 1571, 1451, 1394, 1105 u 978 °C. lanHble TeMIiepaTyphl IUIABICHUS SBTEKTHK SBIISIOTCS TPAaHULIAMH MEXILY
nuddy3rnoHHBIM ¥ TU((Y3HOHHO-KPUCTATUTU3ANMOHHBIM MeXaHn3MaMu (HOPMUPOBaHKs OOPUPOBAHHBIX CIIOCB B TBEPIAOM M 3aTBEP/ICBAIOIIEM
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COCTOSHUSIX 00pabaTbiBaeMbIX MOBepXHOCTeH. Clie/IoBaTeIbHO, OHHU ONPEASIISIOT MEXaHu3M (POPMHUPOBAHHST OOPHPOBAHHBIX CIIOEB, UX (Ha30BbIH

COCTaB, CTPYKTYPHYIO MOP(OIOTUIO B CBOICTBA.

Kawuessle caoea: TIOBEPXHOCTDL JIMKBUAYC, IIATUKOMIIOHCHTHAsI CUCTEMA, PACUYCT SBTCKTHYCCKUX TEMIICpATyp, AUBEPIeHTHAsA CETKa, AUarpaMMbl CO-

CTOSIHMS, CTaJIM, OOpPUPOBAHHE

Jna yumupoeaHus: Kazakesuu [ A., [TonoB A.1O. ITocTpoenue moBepxXHOCTH JUKBUIYC MATUKOMIIOHEHTHON cxeMbl quarpamMel Fe—B—Mn—C—Cr.
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- INTRODUCTION

Phase diagrams of alloys serve as essential reference
tools for both theorists and practitioners in metallurgy,
materials science, metal forming, casting, various fields
of mechanical engineering, and the operation of technical
equipment.

Taking into account that most of the steels and alloys
used are multicomponent (n > 3), in many cases certain
difficulties arise in determining the conditions for per-
forming technological processes, the phase composition
and properties of alloys, since there are no constructed
state diagrams in the temperature-concentration tradi-
tional coordinates [1 — 3]. Typically, binary and ternary
diagrams, their isothermal sections, tetrahedral represen-
tations for specific temperatures, and practical research
findings are used to describe these processes [4 — 6].

In particular, binary and ternary phase diagrams have
been widely applied to describe the boriding process and
the properties of boronized layers [7 —9]. These dia-
grams refine the concentrations of compounds and solid
solutions, define phase transformation temperatures, and
reveal new compounds. A key finding is the confirmed
existence of iron borocarbide [8; 9], which has the for-
mula Fe ,(C, B),. In other complex carbides found in
steels, alloying elements typically substitute for iron.

It has been established that at 1000 °C, up to 80 %
of the carbon in cementite can be replaced by boron,
modifying the formula to Fe,C,,B,. This substitution
alters the crystal lattice parameters, leading to compres-
sion along the a and ¢ axes and expansion along the b axis
of the orthorhombic lattice. Additionally, as boron content
increases, the saturation magnetization and Curie tempe-
rature also rise. This phenomenon is crucial in explaining
the properties of borided components, where borocarbide
inclusions form beneath the boride layer [10; 11].

Study [8] demonstrated that borocarbide Fe,,(C, B), is
isomorphic to cubic chromium carbide Cr,,C, (structure
type d84). As the composition shifts from carbon-enriched
to boron-enriched, the lattice parameter a increases from
1.0594 to 1.0628 nm. When heated to 800 °C Fe,,(C, B),
melts congruently. Isothermal sections at 700, 800, 900,
and 1000 °C indicate that the Fe,,(C, B), phase has a com-
position corresponding to Fe,,(C,.,B,,,), and is in equi-
librium with borocementite Fe,(C, B) and Fe . The phase
Fe,,(C, 1,B;5¢)s 18 in equilibrium with Fe,B and Fe,(C, B).
An analysis of the section at 800 °C shows that Fe,,(C, B),
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exists over a wider range of carbon and boron concentra-
tions, between Fe ,(C 1B (), and Fe,.(C ..B ;)¢ and is
in equilibrium with FeY and Fe,(C, B). Ithas been determined
that Fe,,(C, B), remains stable up to 965+ 5 °C [12 — 14].
These findings refine the phase composition of phase dia-
gram regions and the properties of borided layers, as boro-
carbide inclusions exhibit high hardness [15 — 17].

In the study of multicomponent phase diagrams (n > 3),
the thermodynamic method, which incorporates the cha-
racteristics of binary phase diagrams, has been widely
used [18]. Specifically, a four-component Fe—Mn—Si—C
phase diagram was developed by calculating thermo-
dynamic constants at the phase transformation tempera-
tures of compounds, followed by triangulation of the sys-
tem and its subsystems. This resulted in a tetrahedral phase
diagram consisting of 16 elementary tetrahedra containing
congruently and incongruently melting compounds [19].

The Bukke-Schout method [20] represents the sys-
tem’s composition or state as a tetrad on a plane, though
it is derived from a four-dimensional figure. However,
the systems described in studies [21; 22] create geometric
representations of multicomponent compositions in two
dimensions, making them less suitable for practical appli-
cations. The refinements of the general approach discussed
in studies [23; 24] do not produce practical working dia-
grams but instead generate planar projection systems after
double projection, which are also difficult to use as work-
ing schematics in technological process development.

To determine the temperatures of eutectic reactions
and the compositions of eutectic alloys, differential scan-
ning calorimetry [25; 26], metallographic studies [27; 28],
and X-ray diffraction analysis [29] have traditionally been
used. These methods, however, are labor-intensive, leading
to the increasing use of analytical and statistical approaches
for predictive calculations of these characteristics.

A statistical method has been proposed for calcula-
ting eutectic temperatures and concentrations in metallic
multicomponent systems (n > 3), where the only input data
are the melting temperatures of the components forming
the eutectic or the calculated eutectic melting temperatures
resulting from their interaction. In this context, a tempera-
ture rule for eutectic reactions has been formulated [30; 32].

The methodology proposed in study [32], based on
a developed database incorporating calculation programs
and a recursive algorithm, is applicable to simple systems.
However, it does not account for the formation of chemi-
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cal compounds in multicomponent systems, the presence
of multiple eutectics in binary systems, or the formation
of solid solutions. A more advanced method that consi-
ders atomic electric charges and their interactions [33]
also has these limitations, while further complicating
theoretical justification and calculations.

Another approach involves calculating eutectic and
peritectic temperatures and compositions in binary sys-
tems using approximation techniques to model the rela-
tionships between these characteristics. These calcula-
tions are performed using fractional-linear and power
functions, relying only on the melting temperatures
of the components [34], or by applying linear geometry
to determine the eutectic composition of a binary system
based on the known melting temperatures of its compo-
nents and eutectic [35].

One method for constructing schemes of multi-
component (n>3) phase diagrams in traditional
temperature — concentration coordinates is the approach
proposed in studies [36—38]. This method uses
the Krukovich divergent coordinate grid to determine
the distribution of alloying elements over the diagram’s
base area — a concentration n-gon, where the number of ver-
tices corresponds to the number of chemical elements
in the alloy. The sides of the polyhedral prism represent
binary phase diagrams. These phase diagrams, referred
to as diagram schemes, omit certain combinations of alloy-
ing elements in the concentration polyhedron. Specifically,
alloys with equal proportions of three elements are absent
in a four-component system, four elements in a five-com-
ponent system, and so on. Nevertheless, these schemes
provide a highly illustrative representation and can serve as
a technological reference diagram for analyzing alloy states.

Thus, this study aims to construct the liquidus surface
for the multicomponent Fe—B—-Mn—-C—Cr system, fol-
lowing the recommendations from [36 — 38] to determine
saturation temperatures and explain the structural for-
mation processes that occur during boriding in different
aggregate states of treated surfaces.

[l RESULTS AND DISCUSSION

A wide range of steel grades and alloys, including
(AISI)C1020,5140,L6,D3, 430, SCSiMn2 (Japanese), W
1-0.8 C EXTRA, and others, undergo boriding to enhance
wear resistance. Many structural steels are characterized
by a combination of Fe—Mn—C—Cr elements. Compo-
nents made from these steels are borided in both the solid
state and the liquid state within casting molds, as well
as through partial remelting of the hardened surfaces
(in the presence of both liquid and solid phases) when
using concentrated heat sources. In such cases, knowledge
of melting temperatures involving boron is essential, lea-
ding to a system represented as Fe—Cr—Mn—C—B, where
the sequence of elements is chosen arbitrarily.

The construction of the liquidus surface for the five-
component Fe—B—Mn—C—Cr phase diagram, with
the selected sequence of elements, was carried out by
analyzing the structural formation of binary phase dia-
grams of alloys. This process incorporated experimental
critical points of several alloys in the system, as well as
calculated temperatures and concentrations of eutectic
interactions. In particular, when determining boriding
conditions for alloy steels and alloys, both binary and
ternary phase diagrams containing iron were analyzed,
along with binary diagrams that included only alloy-
ing elements and boron. To predict the type of borides
and their degree of alloying, the isomorphism of boride
crystal lattices and the solubility of borides within each
other were considered. It can be assumed that the forma-
tion of a particular primary boride during alloy saturation
with boron depends on the affinity of the elements for
boron and the amount of the base element in the alloy.
Therefore, in this case, the shape of the liquidus surface
is determined by the concentration distribution of boron.

Fe - Cr - B system: at 1000 °C, the phases in equilib-
rium with y-Fe include a-Fe and Fe,B, while those in equi-
librium with the a-phase include y-Fe, Fe,B, Cr,B, and Cr B.
The Fe,B and, particularly, Cr,B phases form extensive
regions of solid solutions [36]. It has been established that
within the boriding temperature range of 700 — 1250 °C, no
ternary phases are formed in this system.

Cr - Mn - B system: at 800 °C, an unlimited series
of solid solutions (Cr, Mn)B,, (Cr, Mn),B,, and between
Cr,B and MnB borides has been identified [36].
The degree of mutual solubility of borides is as follows:
CrB; dissolves 0.08 mass fractions of Mn.B, boride,
while CrB dissolves 0.20 mass fractions of MnB; MnB
dissolves 0.4 mass fractions of CrB.

An alternative interpretation of the binary phase dia-
gram for the Mn—B system suggests the existence of an
unlimited series of solid solutions (Cr, Mn),B instead
of the Cr,B—Mn,B system at 1025 °C. Study [39] deter-
mined the compositions of solid solutions of chromium and
manganese monoborides: Cr, ,,Mn ,B and Mn ( Cr, , B.
The region between the solid solutions based on CrB and

MnB corresponds to the Cr Mn, B boride.

It should also be noted that isomorphic borides of Fe
and Mn (FeB and MnB, Fe,B and Mn,B) exhibit unli-
mited mutual solubility.

According to the selected technique for constructing
schemes of multicomponent phase diagrams, each element
of the system is distributed within the volume of the pen-
tahedral prism from two faces and across the base area
(a pentagon) from two sides. For example, carbon is dis-
tributed from the C—Cr and C—Mn sides (Fig. 1). The con-
centration distribution of any element across the penta-
gon’s surface, calculated using the divergent coordinate
grid, is non-uniform. The divergence angle of each coor-
dinate line was determined by the formula
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Fig. 1. Basis of the five-component phase diagram with a divergent coordinate grid (a)
and concentration distribution of carbon in wt. % () (distribution stencil for any element)

Puc. 1. OcHOBaHME CXEMBbI MATHKOMIIOHEHTHOM AUarpaMMbl COCTOSTHHI C AMBEPTEHTHON CETKO# KoopauHaT (a)
1 KOHLICHTPALMOHHOE paclpe/iesieHne yriepoaa, Mac. % (6) (Tpadaper pacripeaeneHus st TF000r0 HIeMEHTa)

( 4) 180
oa=|1-—|—,
n) c
where 7 is the number of components in the system (i.e.,

the number of polygon sides), and ¢ is the number of divi-
sions on the uniform concentration scale.

In this case, the divergence angle of each coordinate
line from the previous one is 3.6° for ¢ = 10. The shaded
area enclosed by the coordinate lines (Fig. 1) represents
the carbon content at point M, expressed as a percentage
of the pentagon’s total area. This area was determined
geometrically. The calculated concentrations at multiple
points allowed for the construction of iso-concentration
lines across the base of the pentahedral prism, collec-
tively forming a stencil for element distribution.

To determine the concentration of another element at
point M (e.g., boron), the stencil is rotated so that 100 %
aligns with vertex B (boron). The intersection of point M

Fe
Cr 90) B
70\
M 60
50
% 40
5 10
' 4
2
A\
C Mn

Fig. 2. Determination of boron content at point M/

Puc. 2. Onipenenenue conepxanus 6opa B Touke M
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with the corresponding iso-concentration line indicates
the boron content (Fig. 2), which, in this case, is 10 wt. %.

The liquidus surface for the selected element arrange-
ment is formed by a set of critical points, including
the onset of crystallization of chemical elements and
solid solutions, the melting temperatures of congruently
melting phases, the melting points of binary eutectics
from phase diagrams of alloys, and their interactions
leading to the formation of new multicomponent eutec-
tics. The two observed peaks correspond to the formation
of alloyed chromium borides (Cr, Fe, Mn)B (~2100 °C)
and (Cr, Fe, Mn)B, (~2200 °C) at these boron and chro-
mium concentrations (Fig. 3).

At high boron concentrations, high-temperature eutec-
tics from the Fe—B and Mn—B binary phase diagrams

15391177 (y-Fe + Fe,B)
1590 (FeB + FeB,)
1690 (FeB, + FeB,,)

1730 (MnB, + B(Mn))

1750 (Mn,B, + MnB,)
1510 (Mn,B + MnB)
1207 (-Mn + Mn,B)

C Mn
1246

Fig. 3. Liquidus surface of the Fe—B—Mn—C—Cr system
with indicated temperatures, phase composition of eutectics
and lines of their interaction (top view)

Puc. 3. IToBepxHocTs nukBuayc cucreMsl Fe—B—-Mn—C—Cr
¢ 0003HaUCHHBIMHI TEMIIEpaTypaMH, (pa30BbIM COCTABOM 3BTEKTHK
Y JIMHUSIMH MX B3aUMOJCHCTBHS (BUJL CBEPXY)



IZVESTIYA. FERROUS METALLURGY. 2025;68(1):69-75.
Kazakevich G.A., Popov A.Yu. Construction of liquidus surface of Fe - B - Mn - C - Cr five-component diagram

interact, forming a new eutectic mixture FeB, + FeB,, +
+ Mn,B, + MnB, + B(Mn) with a calculated melting tem-
perature of 1571 °C. In the presence of a sufficient amount
of chromium and a boron concentration in the range
of 27.92 — 90.0 wt. %, the formation of a eutectic contain-
ing (Fe, Mn)B, + FeB,, + Mn,B, + B(CrMn) + CrB, pos-
sible, with a calculated melting temperature of 1394 °C.

At Dboron concentrations between 16.25 and
27.92 wt. %, the interaction of FeB + FeB, and Mn,B + C
eutectics results in the formation of a eutectic mixture
(Fe, Mn)B + FeB, + Mn B with a calculated melting
temperature of 1451 °C.

At boron concentrations between 0.01 and 10 wt. %,
the interaction of the y-Fe—-Fe,B and 6-Mn + Mn,B
eutectics leads to the formation of a new eutectic mixture
y-Fe + Fe,B + 6-Mn + Mn,B a calculated melting tem-
perature of 1105 °C. At chromium concentrations above
40 wt. %, another eutectic may form (y-Fe + Fe,B +
+6-Mn + Mn,B) + Cr(B) + Cr,B with a melting tempe-
rature of 978 °C. The phase compositions resulting from
eutectic interactions are presented without considering
the mutual solubility of borides.

The melting temperatures of congruently melting
borides FeB, FeB,, Mn,B, Mn,B,, MnB, Mn3B4, MnB,
and their 1nteract10ns are not included in the 11qu1—
dus surface visualization for clarity. The temperature
of the liquidus surface is crucial for boriding castings in
molds coated with a boriding mixture, as well as for pre-

dicting the phase composition of the boronized layer.

The calculated melting temperatures of new eutectics
represent the lowest temperatures at which alloy melting
begins, i.e., the solidus surface temperature. This tempe-
rature defines the boundary for the formation of boronized
layers through a diffusion mechanism in the solid state
of treated surfaces and a diffusion-crystallization mecha-
nism in the solidifying state of surfaces.

Eutectic temperatures were calculated in accor-
dance with Krukovich’s eutectic reaction rule [17; 30;
31; 36 — 38; 40] using the following formulas:

— for an even number of eutectic components (21)

K}’l/2

eut = eut

— for an odd number of eutectic components (2n + 1)

n+l g

— 2
eul Keut ZT+Keut n’

K., =0.497 exp(—O. 2657X);

-]
_I<igj<n

&

B

where T represents the melting temperatures of eutec-
tic phases or the melting temperatures of binary (or ter-
nary) eutectic interactions, which form the components
of a new eutectic mixture, K; K,  is the eutectic tempera-
ture coefficient, and X is a temperature scaling parameter.

According to the eutectic reaction rule, when calcula-
ting the eutectic temperature of a new eutectic, the melt-
ing temperatures of binary eutectics or previously cal-
culated eutectics (whose components also form part
of the new eutectic mixture) were used.

The phase composition, structural morphology,
and properties of boronized layers depend depend on
the content of alloying elements in the steel, the satura-
tion temperature, and the saturation potential of the envi-
ronment. Specifically, during the boriding of 5140 steel
(AISI), which contains contains 0.36—0.44 % C,
0.17-0.27 % Si, 0.5-0.8% Mn, and 0.8-1.1 % Cr,
at a saturation temperature of 950 °C in a boriding mix-
ture ensuring a boron concentration of ~17 %, layers
based on alloyed borides (Fe, Cr)B + (Fe, Cr, Mn),B
are formed. When the melting temperature is exceeded,
heterogeneous layers develop, where dispersed alloyed
borides are embedded in an a-solid solution.

[ ConcLusIONs

The divergent coordinate grid was used to determine
the element distribution within the volume of the penta-
hedral prism by constructing a concentration stencil.

Using the eutectic reaction rule, eutectic temperatures
were calculated, and the phase composition of interacting
eutectics in the Fe—B—Mn—-C—Cr system was deter-
mined.

To analyze the structural formation mechanisms dur-
ing boriding in the liquid, crystallizing, or solid states
of treated surfaces, it is recommended to use the const-
ructed liquidus surface of the five-component phase dia-
gram scheme for the Fe—B—-Mn—-C-Cr system, along
with the calculated eutectic melting temperatures, which
define the solidus surface of the system.
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Abstract. The paper considers the historical development of scientific views on the structure of oxide and metal melts. The authors, using the research
of the Ural Scientific School and their own works as examples, examine the evolution of approaches based on the polymer (ionic) theory of oxide melts
and the cluster theory of liquid metals. The possibility of using a polymer model to determine the boundary of slag transition from a homogeneous
state to a heterogeneous one and conditions for the formation of a homogeneous slag with maximum refining properties is shown. Al,O, can exhibit
both basic and acidic properties. It was found that with Al,O, content of up to 16 % in oxide melts corresponding to the slags formed in ladle furnace
unit, alumina exhibits basic properties, and when its content exceeds more than 16 %, it begins to exhibit acidic properties. Additional information
on activities of the oxide melt components allows us to determine the parameters of the slag with the best properties for non-metallic inclusions absorp-
tion. Metal melt is characterized by a “critical” temperature at which the melt during heating transitions from hereditary cluster-type disequilibrium
to a state of thermodynamic equilibrium, i.e., the melt “homogenizes”. Nonequilibrium melts temporarily retain elements of the structures of the initial
phases. Overheating of the metal above the “critical” temperature during thermal-time treatment makes it possible to improve and stabilize the quality
of products. Modification of the melt leads to a significant decrease in the amount of necessary overheating and acceleration of the homogeneous melt
formation. Fundamental studies of the properties and structure of metal liquids showed the development of a new applied direction under the general
name “thermal-time treatment”.

Keywords: polymer model, oxide melt, refining properties, cluster, liquid metal, thermal-time treatment
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AnHomayus. B paboTe cenaHa 1ornsITka aHaIn3a HCTOPHYECKOTO Pa3BUTHS HAYYHBIX B3IJISI0B HA CTPOCHHE OKCH/IHBIX M METAJTMYECKHUX PACIIIIaBOB.
ABTOpBI Ha TIpUMEpPE Pa0dOT YpasbCKON HAYYHOW HIKOJIBI M COOCTBEHHBIX HCCIIEI0BAHHI PACCMATPUBAIOT 3BOJIOIMIO MOAXOI0B HA OCHOBE MOJIH-
MEpHOH (MOHHOM) TEOPUU OKCHIHBIX PACIUIaBOB M KJIACTEPHOW TEOPHH JKHJIKUX METayuIoB. [loka3saHa BO3MOKHOCTH IPHMEHEHUS MOJIMMEPHOIT
MOJISITH JUIS OTIPEJIeTICH s IPAHUILIBI [IEPEX0/ia IIIAKa U3 TOMOT€HHOTO COCTOSIHUS B TETEPOreHHOE U YCIIOBHH (DOPMHUPOBAHMS TOMOTEHHOTO LIJTaKa,
00J1a/1a1011€T0 MAKCHMAJILHBIMU PaUHUPYIOMUMHU CBOMCTBaMu. B paccmarpuBaeMbix ycioBusx okcu Al,O, MOXET IPOSBIATH KaK OCHOBHBIE,
TaK W KUCIOTHbIE cBoiicTBa. [Tpu conepxkanun AlL,O, 10 16 % B OKCHHBIX pacIUlaBax, COOTBETCTBYIOIIMX HLIaKaM, GOpMUPYeMBbIM B arperare
KOBII —I1€Yb, NINHO3EM HPOSIBIISICT OCHOBHBIC CBOWCTBA, a NPH cojiepkaHuu Oosee 16 % OH HauMHACT MPOSBIIATH KUCIOTHBIE CBOICTBA. JlomomHn-
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TCJIBHO HHQ)OpMaLII/IS{ 00 aKTMBHOCTSX KOMIIOHEHTOB OKCHIHOT'O paciiiaBa IO3BOJIACT OINPEACIUTL MapaMETpPhI 1JIaKa, 06na21a}0mero OITUMaJb-
HBIMHU CBOMCTBaMHU JJISL TIOTTIOIICHUSA HEMETAJUINYCCKHUX BKJIFOUCHUI. MeTalmnaecKuit paciiaB XapakTepusyeTcs <(KpHTquCKOﬁ>> TeMnepaTypoﬁ,
npu KOTOpOﬁ OH B XO/I€ Harpepa nepexoauT oT HaCJ'Ie]ICTBeHHOﬁ HEPABHOBECHOCTU KJIACTECPHOI'O THUIIA B COCTOAHUE TEPMOJUHAMHUYCCKOI'O paBHO-
BeCus, T.C. IIPOUCXOAUT IOMOICHU3alMs paciljiaBa. HepaBHOBCCHHC paciuiaBbl BDEMEHHO COXPAaHsIOT B cebe DIIeEMEHTHI CTPYKTYP UCXOAHBIX (1)3.3.
HeperpeB METaJljia BBIIIC ((KpI/ITI/IquKOI\;I» TEMIIEPaTypbl B X0 TepMOBpeMeHHOﬁ 06pa60T1<1/1 ITO3BOJISCT JIO6I/ITLC9[ IOBBIIICHUSA U CTa6I/IJ'[I/13aI.II/IPI
KaqyecTBa MPOAYKIHH. MOHI/Iq)I/II_H/IpOBaHI/IC pacmiaBa IpUBOJAUT K CYIICCTBEHHOMY CHUIKCHUIO HeOGXO}II/IMOFO TieperpeBa U yCKOPEHUIO ITponecca
(b()pMHpOBaHI/IS[ TOMOI'€HHOI'O pacrijiaBa. Ha TIpUMEPE UCCJICAOBaHUA CBOWCTB U CTPOCHMS METAJITTNYECKUX )KPI}IKOCTCI\;I TIOKa3aHO pa3BUTHE HOBOI'O
IIPUKJIAIHOIO HAIIPABJICHUS 11O O6HII/IM Ha3BaHUEM «TCPMOBPEMCHHAsL 061:)3.60'[1(21)).
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- INTRODUCTION

The ongoing advancement of steelmaking processes
remains a pressing necessity. However, the develop-
ment of new, more efficient technologies is only possible
through a thorough analysis of experimental data and
a deep understanding of their physico-chemical nature.
Further progress in various scientific schools and research
directions must be based on refining the theoretical foun-
dations of metallurgical processes.

Metallurgical enterprises and research centers in
the Ural region have traditionally played a key role in
the development of the country’s industrial sectors.
This study aims to analyze the historical development
of research on the physico-chemical properties of oxide
and metal melts.

- RESEARCH MATERIALS AND METHODS

The structure of oxide melts, which form the basis
of steelmaking slags, can be studied both through experi-
mental methods and by evaluating the practical applica-
bility of different theoretical models. When considering
existing models of slag melt structure, we believe par-
ticular attention should be given to the polymer model.

The idea that oxide melts exhibit polymeric behavior
was first proposed by Professor O.A. Esin in 1946 [1].
Based on the ionic nature of these melts, Esin suggested
that oxide melts contain silicate-oxygen anions of vary-
ing complexity, which are in chemical equilibrium with
each other and with “free” oxygen ions.

In general, this equilibrium can be expressed as

1,030 1+ 8i0) =Si,,, 03" + 0™, (1)

Over time, this assumption became the foundation for
various polymer models of silicate melts. Some models
(non-structural) do not explicitly account for the struc-
ture of anions, whereas others (structural) focus primarily

on the arrangement of complex anions.

Pioneering studies in this field were conducted
by G.V Toop and C.S. Samis in 1962 [2], as well as

by C.R. Masson in 1965 [3]. Within the framework
of the non-structural model, they were the first to provide
a quantitative assessment of the distribution of “free”, ter-
minal, and bridging oxygen atoms in binary silicate melts
and formulated the equilibrium constant for the polyme-
rization reaction (1) as follows:

n> N

Kp=—75—, (2
n

o
where n ,_, - and n o represent the number of moles
of 0>, O~ and O°, per mole of binary silicate melt.

In studies [3 — 6], a structural model was proposed.
This model assumes that, in addition to Me™"" cations,
“free” O oxygen ions, and monomers SiOj  the binary
silicate melt contains only chain-like anions of type
Si,03Y" which may be either linear or branched.
The formation of ring and network structures is excluded,
meaning that the model applies to binary silicate melt
compositions in the MeO—SiO, system within the range
0 < Xgi0,<0,5.

The approach of C.R. Masson, [.B. Smith, and
S.G. Whiteway was examined across the entire composi-
tion range in studies [7; 8] and compared with previous
research [4 — 6]. The developed mathematical framework
demonstrated strong convergence between calculated and
experimental data throughout the investigated composi-
tion range.

A considerable number of studies in the litera-
ture have focused on extending polymer models
of binary silicate melts to multicomponent systems.
For example, in [9], the model equations were gene-
ralized for ternary systems Me'O—Me"O-Si0,, with
the assumption that Me'"" and Me""* cations are ran-
domly distributed and that the degree of melt polyme-
rization is a function of the polymerization constants
in binary silicate melts.

Alongside the development of theoretical models
describing the structure of silicate melts, experimen-
tal studies have been conducted using modern physico-
chemical methods.
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The application of the analytical method of trimethyl-
silylation in combination with gas chromatography [10]
and paper chromatography [11], as well as ultrasonic
investigations [12], confirms the presence of both comp-
lex silicate-oxygen structures (SiO,),, which represent
the ultimate form of complex anions Si,0;'t""9" (with
a self-closing number ¢ =1 for planar rings), and only
the simplest silicate anions: monomers SiO;, short linear

chains Si,08" and Si,05, as well as planar rings.

It is important to note that no isomeric forms of anions,
such as branched chains, have been identified in crystal-
line, glassy, or liquid silicates.

The findings from these studies contributed
to the development of a refined version of the poly-
mer model that accounts for the variable functionality
of the monomer [13]. According to this model, the mono-
mer SiOif is bifunctional (f =2) in chain-like anions,
meaning that only two of the four terminal oxygen atoms
in the silicate-oxygen tetrahedron participate in reac-
tions. In cyclic ions, however, the monomer SiO; is
tetrafunctional (f = 4). The polymer model suggests that
the average functionality of the monomer varies from two
(in a fully depolymerized melt) to four (in pure SiO,),
increasing progressively as the degree of polymeriza-
tion rises. Based on this model, equations were derived
to quantitatively describe the structural units and compo-
nent activities in binary silicate melts. These equations
were further applied to develop a theoretical framework
for calculating the activity of multicomponent oxide
melts containing different complex-forming elements.

In steelmaking, the theory of oxide melts is widely
used to evaluate the refining properties of slags, the for-
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Fig. 1. Activities of CaO and MgO oxides in the melt for slag
formation and their saturation activities depending on CaO/Al, 0O, ratio:
1 — activity of CaO; 2 — activity of MgO;

3 — saturation activity of CaQ; 4 — saturation activity of MgO

Puc. 1. AxtuBnoctu okcnnioB CaO u MgO B pacruiaBe
JUISL IIJTAKOOOPa30BaHusl, a TAKXKE X AKTHBHOCTH HACBIIICHUS
B 3aBrcumMocTH oT oTHowenus CaO/AlLO;:
1 — axtuBHOCTh CaO; 2 — akTuBHOCTH MEO,;
3 — akTuBHOCTb HachieHus: CaO; 4 — akTUBHOCTDH HachieHus: MgO
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mation of slag crust, and the generation of oxide-based
non-metallic inclusions (NMI).

One example of this application is the use of the poly-
mer model to analyze the characteristics of slag melts
used in ladle treatment of steel and the formation
of oxide-based NMI. To understand how the chemical
composition of slag melts (wt. %) influences the thermo-
dynamic activity of components, the melt with a fixed
content of magnesium and silicon oxides (11.11 % MgO;
16.67 % SiO,) was studied, where a portion of lime was
replaced with an alumina-based flux. The content of CaO
varied from 33.33 to 55.56 %, while Al,O, ranged from
16.76 to 38.89 %, meaning that CaO was progressively
substituted with A1,O,.

Using the polymer model, it is possible to calculate
the activity of CaO and MgO in the melt, as well as
their saturation activity (saturation limits) depending on
the CaO/Al, O, ratio (Fig. 1).

These data on the activity of CaO and MgO oxides
are particularly important for analyzing the refining pro-
perties of slags [14] and understanding the mechanisms
behind the formation of calcium- and magnesium-con-
taining aluminate NMI in steel [15].

A significant increase in CaO concentration causes
basic oxides to transition into the solid phase. Thus,
the polymer model helps determine the boundary at which
slags shift from a homogeneous to a heterogeneous state,
ensuring the formation of exclusively homogeneous slags
(Fig. 1) with maximum desulfurization capacity and an
enhanced ability to absorb NMI.

While the behavior of CaO, MgO, and SiO, oxides is
well understood, as they act as basic and acidic compo-
nents, Al,O, is an amphoteric compound that can exhibit
both basic and acidic properties. It has been established
that in oxide melts — corresponding to slags formed in
ladle furnace units and secondary steel refining sys-
tems — alumina exhibits basic properties when its content
does not exceed 16 %. However, once its concentration
surpasses 16 %, it begins to display acidic characteris-
tics [16].

Information on activity values allows for the determi-
nation of the parameters of slag melts with the highest
capacity for NMI absorption. In particular, the activity
values of AL,O, and SiO, play a key role in evaluating
the slag’s ability to absorb and dissolve aluminate and
silicate NMIs. Based on the model describing the transfer
of NMIs into slag [17], it can be concluded that the dis-
solution of NMIs in slag is a critical stage in the steel
refining process. To analyze this process, the approach,
that traditionally employed to describe the dissolution
of refractory particles in slag, is applicable [18]:

D
Q = XS(Csat - C)’ (3)
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where Q is the dissolution rate of the solid phase (refrac-
tory material or NMI) in the slag, D is the diffusion
coefficient of the solid-phase material in the slag, S is
the contact area between the solid phase and the slag, A is
the thickness of the diffusion layer, C_ is the saturation
concentration of the slag with the solid-phase material,
C is the current concentration of the solid-phase material
in the slag.

If the parameters D and A in equation (3) are expressed
in terms of their known dependencies on slag viscosity,
it becomes possible to determine the dissolution rate
of non-metallic inclusions

(4)

AlLO, and SiO, oxides are the largest and least mobile
components of the slag, forming the primary physical
mass of silicate and/or aluminate NMI. As a result, these
components are expected to control the flow behavior, dif-
fusion mechanism, and dissolution processes of the slag
components. The slag’s saturation with NMI material
should be assessed based on its proximity to saturation
with SiO, and AL,O,. The corresponding calculated data
are presented in Fig. 2.

A comparison of the calculated data suggests that
the method of oxide melt formation plays a decisive role
in determining its characteristics. This conclusion helps
explain the discrepancies observed in practical recom-
mendations regarding the optimal slag composition and
the type of deoxidizers used to achieve the desired steel
purity [18; 19].

Possible applications of experimental data in research
on the ionic theory of slags include determining optimal
slag compositions with optimal parameters, such as maxi-
mum sulfide capacity and enhanced ability to absorb non-
metallic inclusions, as well as identifying the optimal
slag compositions at various stages of the steelmaking
process.

One of the key research areas developed by the Ural
Scientific School is the study of the characteristics
of metal melts. This research has been actively pursued
since the 1950s at the Ural Polytechnic Institute named
after S.M. Kirov, within the Department of Physics under
the leadership of Pavel Vladimirovich Geld [20; 21].

According to modern concepts, the liquid state of mat-
ter occupies an intermediate position between the crystal-
line and gaseous states on the temperature scale. From
a metallurgical perspective, this task is somewhat simpli-
fied, as the liquid state of metals is typically considered
within the temperature range from the melting point 7
to approximately 1.25T . This range is close to the melt-
ing and crystallization points and is often referred to as
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Fig. 2. Activities of Al,O; and SiO, oxides in the melt
for slag formation and saturation activity of Al,O,
(saturation activity of SiO, was not detected due
to a high value of ~0.99) depending on CaO/Al,O, ratio:
1 —activity of AL,O;; 2 — activity of SiO,;

3 — saturation activity of Al,O,

Puc. 2. AKTUBHOCTH OKCUJIOB AlZO3 u SiO, B pacnnase
HpY IJIAK00Opa30BaHKH, aKTUBHOCTh Hackimenus Al,O,
(axTuBHOCTH Hackimenus SiO, He 0TOOpaKeHa U3-3a BHICOKOIO
3nauenns ~0,99) B 3aBucumoctu ot ornouenus CaO/Al,0O,:
I — aktuHocth Al O, ; 2 — akTuBHOCTS SiO,;
3 — akTMBHOCTB Hachuuenus Al,O,

the melt. Both the crystalline and liquid states are con-
densed phases in which interatomic attractive forces play
a dominant role, unlike in the gaseous phase. By defi-
nition, the gas phase is characterized by chaos, the con-
densed phase — by order, in crystals it is distant, and in
the melt it is near.

Experimental data were confirmed through studies
of the fundamental properties of metal melts, such as
density and electrical resistivity, using differential ther-
mal analysis and X-ray analysis [21; 22]. The results
indicate that the decrease in density upon melting of nor-
mal and transition metals ranges from 1 to 3 %, prima-
rily due to the formation of “voids” and cavities within
the structure. X-ray studies conducted by E.Z. Spektor
and A.V. Romanova, later supported by other resear-
chers, demonstrated that during melting, the most pro-
bable nearest interatomic distances do not increase — in
fact, they may even decrease (including in iron). This
suggests that attractive forces cause the atoms of the melt
to cluster into aggregates or sibotaxies, with free volume
distributed between clusters, containing individual atoms
of the heated melt.

To refine this concept further, clusters can be under-
stood as structures formed by the specific attractive
forces characteristic of a given type of atom. As a result,
each cluster retains a distinctive structure similar to that
of its precursor, the crystal. Meanwhile, interatomic
interactions and the intensity of thermal motion increase
by a factor of KAT, where K =1.38-102 J/K, and AT
is the absolute temperature increment. It is evident that
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quasi-crystalline order within a cluster becomes blurred
due to thermal motion, particularly at boundaries where
cavities and free volume are present. Consequently, clus-
ters lack sharply defined boundaries, gradually transi-
tioning into a disordered zone, the proportion of which
increases with temperature and becomes significant
at temperatures above 1.5T .

As a result, the transition from a pure metal to a multi-
component melt further complicates its structure. Various
interactions within the cluster — metallic, covalent, reso-
nant, or other specific types of bonding — determine
its internal arrangement and stability over time. Indi-
rect insights into these and other characteristics can be
obtained through physico-chemical analysis methods,
particularly by studying the temperature and concentra-
tion dependencies of the physical properties of melts.

One of the most significant findings is that a melt,
even if it matches the specified chemical composition,
is not always ready for casting. Over time, dangerous
defects may appear in finished products made from such
a melt, including rails, pipes, and machine components,
ultimately leading to structural failure. This thermody-
namic system is far from equilibrium, and the influence
of inherited phase components from the charge material
is quite pronounced. These components transfer their
numerous local atomic arrangements, as well as chemi-
cal and physical microinhomogeneities, to the melt.
Convective mixing and bubbling caused by rising car-
bon monoxide or argon gas bubbles can only partially
equalize these inhomogeneities on a microscopic level.
The most effective way to eliminate inherited non-equi-
librium atomic groupings is to heat the melt to its criti-
cal temperature (7 ), at which the average thermal energy
of a particle becomes comparable to the activation energy
required for it to break away from its parent associate.

According to the obtained data, the term “critical
temperature” (¢,) is used to designate specific points on
the temperature scale at which a system transitions into
a single-phase equilibrium state. These include the criti-
cal temperature of equilibrium coexistence between liquid
and vapor, the critical temperature of mutual unlimited
solubility in liquid mixtures, and the critical temperature
associated with the loss of superconductivity or super-
fluidity.

It is believed that ¢, represents the temperature at which
a melt, upon heating, transitions from a hereditary clus-
ter-type nonequilibrium state into a thermodynamically
equilibrium state. However, if a melt transitions from
a multiphase state (such as a suspension or emulsion)
to a single-phase state, the term “melt homogenization”
is more appropriate than 7_.

A reliable and convenient instrumental method for
determining 7_ is based on melt viscometry. This approach
involves detecting discrepancies in viscosity values

80

between heating and cooling cycles (Fig. 3). Such discre-
pancies appear only at a certain overheating level above
the liquidus temperature [21]. The position of the reverse
viscosity curve (obtained during cooling) depends on
the relationship between the maximum heating tempe-
rature of the studied metal sample and the temperature
at which polytherm branching begins. If the maximum
heating temperature does not reach the anomaly tempera-
ture, hysteresis (branching) does not occur; it only mani-
fests when ¢ is exceeded.

Hysteresis in melt properties reflects hysteresis
in its structure. This is why comprehensive studies
of melt properties provide insights into its structure, and
the obtained results remain independent of the sample
volume, as the observed processes occur at a kinetic scale
on the microlevel. The value of tc depends on the steel
grade, the phase composition of the charge, and the mel-
ting conditions. Heating the melt to 7, is a method of brin-
ging the system into equilibrium. However, excessive
overheating beyond tc can be technologically more detri-
mental than underheating, as it significantly increases gas
saturation in the metal and intensifies interactions with
the refractory lining, among other effects.

Thus, nonequilibrium melts temporarily retain
structural elements of their initial phases. In contrast,
the structure and properties of equilibrium, and therefore
maximally homogeneous, systems are determined not
by their history but by their chemical composition and
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Fig. 3. Viscosity of Fe — 30 % Ni melt depending on the maximum
heating temperature of its sample during the experiment:
@ — during heating; [l — during cooling;
dashed line — temperature ¢,
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temperature. Casting an equilibrium melt ensures a stable
crystallization process from one heat to another, resulting
in optimal ingot and casting structures and consistently
high product quality [21].

Fundamental studies on the properties and structure
of liquid metals have led to the emergence of a new
applied field — technologies for transitioning multicom-
ponent metal melts into an equilibrium state to improve
and stabilize product quality. This approach has become
known as “thermal-time treatment” [21].

Further research in this field has demonstrated the pos-
sibility of improving classical thermal-time treatment.
It has been established that the required overheating can
be significantly reduced, and the formation of a micro-
homogeneous melt can be accelerated through modi-
fication. For example, introducing an optimal amount
of a calcium-containing modifier into steel has been
shown to lower 7, from 1780 — 1800 to 1630 — 1640 °C,
making it technologically achievable (Fig. 4).

These findings have significant industrial implica-
tions, enabling the development of technological solu-
tions for controlling the properties of steel in both its
liquid and solid states.
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Fig. 4. Polytherms of kinematic viscosity of the melt of 20tr steel:
a —with SK15A7 treatment; b — without treatment;
@ — heating; [ll - cooling

Puc. 4. IlonmurepmMbl KHHEMAaTHYECKON BSI3KOCTH
pacrutaBa ctanu Mapku 20Tp:

a — ¢ obpabotkoit CK15A7; b — 6e3 06paboTKH;
@ — narpes; [l - oxnaxaeHue

- CONCLUSION

Building on the work of the Ural Scientific School
and the authors’ own research, an attempt has been made
to analyze the historical development of scientific con-
cepts regarding the structure of oxides and molten iron.
The study explores the emergence of methods based
on the polymer (ionic) theory of oxide dissolution and
the theory of liquid-metal clusters. The potential applica-
tions of the polymer model for determining the transition
boundary of slag from a homogeneous to a heterogeneous
state and the conditions for forming a homogeneous
slag with high refining properties are also presented.
The research confirms that under ideal conditions, AL,O,
oxide can exhibit both basic and acidic properties. When
its concentration in an oxide melt reaches 16 %, alumina
acts as a basic component. However, when its content
exceeds 16 %, it begins to exhibit acidic properties.
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Abstract. The great demand for products of the drawing industry causes the need to increase the productivity of existing equipment. There are two ways
to solve this issue: creation of new designs of drawing equipment and search for hidden organizational reserves. Increasing productivity through orga-
nizational measures requires less time and material costs for implementation. The paper considers the possibility and prospects of multi-mill servicing.
Normative models of drawing equipment operation for multi-mill servicing were developed. The prospects of using the developed models are shown
on the example of the existing production. Analysis of the drawing equipment operation made it possible to justify the processing modes for multi-mill
servicing and thereby increase productivity by 1.35 times and reduce the cost of finished products by 2 %.
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AnHOomayus. bonpiias mOoTpeOHOCTh B MPOAYKIIMH BOJIOYUIBHOTO TPOU3BOJCTBA BBI3BIBACT HEOOXOAMMOCTh YBEIMYCHHS MPOU3BOAUTEILHOCTH
JIeHCTBYIOIETO 000PYI0BaHUS. DTO MOKHO PELINTH JABYMS CIIOCOOAMU: CO3/IaHIEM HOBBIX KOHCTPYKIIMI BOJIOYHIBHOTO 000PYIOBaHHUS U TOMCKOM
CKPBITBIX OPTaHU3AIMOHHBIX pe3epBOB. [10BbIIIICHHE MPOU3BOANTEIBHOCTH 3a CUST OPraHM3aIUOHHBIX MEPOIIPUATHN TPeOyeT MEHbIIE BPEMEHH
Y MaTepHajbHBIX 3aTpaT Ha Pean3alnio. ABTOPBI pacCMaTpUBAOT BO3MOXXHOCTh U TIEPCIICKTUBEI MHOTOCTAHOBOTO o0cmyskuBaHus. [Ipn MHOTO-
CTAaHOBOM OOCITY)KMBaHHU Pa3padaThIBAIOT HOPMATHBHBIE MOJENU (YHKIIMOHUPOBAHMS BOJOUUIBLHOTO obopynoBanus. Ha mpumepe aeicTByro-
IIET0 IPON3BOCTBA ITOKAa3aHbI IEPCIIEKTHBEI IIPUMEHEHUS pa3paboTaHHbIX Mozeseil. [IpoBeieHHbII aHann3 padoThI BOJIOYHIBHOTO 000PyI0BaHUS
I03BOJISIET 00OCHOBATh PEKUMbI 0OPAOOTKH MPU MHOTOCTAHOBOM OOCITY)KHBAHUH M 33 CUET 3TOTO YBEIUYUTH MPOU3BOAUTEIBHOCTE B 1,35 pasa,
CHHM3HTH Ce0ECTOMMOCTh TOTOBOH MPOAYKIHH Ha 2 Y.
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- INTRODUCTION

The analysis of the established regulatory framework
for performance indicators within the drawing mill-wire
drawer system, which includes the duration of operations
(machine-based, machine-assisted manual, and manual),
situational operational cycles of the mills, their utiliza-
tion factors, downtime, and system productivity, has
enabled the optimization of the number of drawing mills
that a single operator can effectively service [1 — 3].

To achieve this, a standard model for the operation
of the human-technical system in a multi-mill servi-
cing mode was developed [4—6]. Initially, drawing
mills operating in rough, intermediate, and fine wire
drawing sections (over 50 units in total) were grouped
according to the degree of drawing reduction (ranging
from single-pass to seven-pass processes), the diameters
of the drawn wire, and the final drum size (750, 650,
550, or 350 mm). In single-pass drawing mills, the pro-
cess involves a single die, with the wire undergoing one
reduction in cross-section. In multi-pass drawing mills
of the magazine-type, block machines are installed, con-
sisting of multiple blocks with individual drive mecha-
nisms for each drum, where the wire stock sequentially
passes through multiple dies. Each mill is equipped with
pay-off and take-up devices, an overhead crane, welding
and pointing machines.

Rough and intermediate (single-pass and multi-pass)
drawing mills are designed to produce wire with diame-
ters ranging from 8 to 2 mm, wound into small bun-
dles (SB) weighing 100 — 250 kg, heavy bundles (HB)
weighing 1.0 or 1.5 tons, or coils (C) weighing 1.0 ton,
depending on the type of mill. The initial stock wire for
these mills consists of rod coils (RC) with diameters ran-
ging from 10 to 5 mm. Fine (seven-pass) drawing mills
(7/350) are used for producing wire with diameters from
2.0 to 0.8 mm, either in bundles (60 kg) or coils (1.0 ton),
depending on the intended application.

Each group of drawing mills was classified based on
the following criteria: type of pay-off device (horizontal
or vertical); type of take-up device (for forming wire onto
coils or heavy bundles); method of small bundle removal
(cantilever rotating crane or continuous removal instal-
lation); form of the initial stock wire (rod coil or coil);
type and weight of finished products (small and heavy
bundles, coils); diameter and regulatory standard (GOST)
of the finished wire; spatial arrangement of drawing
mills, including distances between them and their control
panels.

To determine the feasibility of a single wire drawer
servicing two or more mills, comprehensive studies were
conducted on the drawing mill-wire drawer system using
time-lapse photography and chronometric observations
over the course of 30 work shifts.

- DEVELOPMENT OF A STANDARD MODEL
FOR SYSTEM OPERATION

The standard model for determining the feasibility
of an operator servicing multiple drawing mills includes
the following parameters [7 — 9].

1. Time spent by the operator servicing a single draw-
ing mill:

=Y Sy ()
n=1 z=1
o Tl o Tz (i)
Tm,n(l) - k;’n(l) H Tov,z(l) - k:v’z (l) ) (2)
Ty ) = (s ()= ’;of(i,’)) , 3)

where 1), (i) and 1", (i) — the standard and minimum pos-

sible time required for the operator to perform the n-th
cyclic operation (or its elements) when manufacturing
one unit of the i-th product, not overlapped by machine
drawing time, h; 1, _(i) and 1y, (i) — the standard and
minimum possible time required for the operator to per-
form the n-th cyclic operation (or its elements) when
manufacturing one unit of the i-th product, overlapped by
machine drawing time, h; k; , (i) and k(i) — the stan-
dard instability coefficients for manualboperations and
their elements, considering both overlapped and non-
overlapped machine drawing times; t,, (i) — the standard
time for active observation of the drawing process by
the operator, h; 7, , (i) and ¢_, (i) — the standard and tech-
nically possible machine time for drawing wire of the i-th
diameter at the N-th drawing speed, h; k, — the regu-
lated active observation coefficient (k, = 0.1 +0.2); k; —
the standard equipment (mill) utilization coefficient.

2. Planned machine-free idle time of the operator:
Ly (D) = L (1) = {Z Tov, (1) + 7, (i)}- “)

3. Planned operator workload time when servicing S
identical drawing mills:

Ta(S,1) = Tonli) + T3S, ) (5)
mp .

w8 = ©)
Kine(S, 1)

where t; (S, i) and T{7 (S, i) — the standard and minimum
possible duration of the operator’s transition from one mill
to another, h; &, (S, i) — the standard coefficient accoun-
ting for instability in the operator’s transition route.

4. Standard transition time for the operator moving
between mills, determined through simulation modeling
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of operator actions while servicing S mills, considering
optimal routing and the number of transitions depending
on the weight and type of products.

5. Planned operator idle time during the drawing pro-
cess when servicing S mills

Lo (S5 1) = ey (i) = T3, (S, ). (7)
6. Planned operational time of the operator
Lopn (S5 1) = L () + T4 n(S). ®)

7. Operator workload coefficient

k, (S, i) = Tl D K(i); k(i) € (0.40.7). (9)
’ t;p,N(S7 l)

8. Planned number of drawing mills to be serviced by
a single operator

where &' is the overall coefficient accounting for down-
time in multi-mill servicing with S mills.

9. Operator’s production rate in multi-mill servicing
Hy n(S, 1) = P (i) x

x Sy (i) DB (S, i), Ushift; (11)

DB, (S, i) =KB, —

m
— [ Dt H 13 (i)
m=1

+l(0)

+ 15 (0) + firg(i)} (12)

where Py (i) — the standard productivity of an identi-
cal human-technical system, t/h; @B} i (S, i) — the stan-
dard working time fund of the human-technical system,

considering regulated operator breaks Zl,eg standard
m=1

downtimes due to coinciding manual operations 7, while

servicing S mills, standard downtimes due to technical z;

tec?
technological #;, and organizational ¢,  reasons, h/shift;

s . org
Sy (i) = Inen(S-7) +11(k°, (10) Sy — the standard (assigned) number of mills at the N-th
Ton(S,1) drawing speed.
A
1.0
(7] Finished wire diameter: 2.1 mm; drawing speed No. 2
2.41
[2] Drawing mill No. 5 (type 1/550) processes wire from a coil to a bundle (0.1 t)

v

S |[3 027 027] 0.27] 0.27]

E < 2.43

p=
v
=
2
s
2
o \

)
[

©

S

Z <

p=

| IDrawing mill Nol. 6 (type 1/550) processes wire frlom acoiltoa bullldle 0.11)

1 10 20

30 40 50 60

Time, min

Graphical model of the production process during servicing by the operator of two mills (fragment):
I — installation of coil; 2 — welding of wire ends; 3 — filling wire onto drum; 4 — wire drawing;
5 —removal of the finished wire coil; 6 — transfer of wire drawer to refueling;
[ - time that is not covered by machine time; [l — time overlapped by machine time; [l] — machine-free dragging time;
[l - time of active observation; — — transition of wire drawer from mill to mill

I'paduueckas Moenb MPOM3BOACTBEHHOTO MPOIecca P 00CTYKUBAHUH OTIEPATOPOM JBYX CTAHOB ((hparMeHr):
1 — ycTaHOBKA KaTyIIKH; 2 — CBapKa KOHIIOB IPOBOJIOKH; 3 — 3aIipaBKa IPOBOJIOKH Ha OapabaH; 4 — BOJIOUSHHUE TIPOBOJIOKH;
5 — cbeM MOTKa TOTOBOW MPOBOJIOKHU; 6 — MEPEXO0] BOIOYMIBIINKA K 3alPaBKe;
[l - Bpems, He nepekpsiBacMoe MamuHHEBIM; [ll — Bpemsi, nepexpeiBaemoe MamuHHbIM; [l — ManIMHHO-CBOOOIHOE BpEMsI BOJIOYCHNS;
[l - BpeMst aKTHBHOTO HAOMIONECHHS; — — MEPEXO0 BOJIOUMIIBIIMKA OT CTaHA K CTaHy

86



IZVESTIYA. FERROUS METALLURGY. 2025;68(1):84-89.
Fastykovskii A.R., Musatova A.l, Martyushev N.V. Development of models for functioning of drawing equipment for multi-mill servicing

Results of modeling the human-technical system in a multi-mill servicing mode

PesyanaTu MOAeJIUPOBaHUSA YeJI0BEKO-TeXHUYECKOi cCUCTeMbI B peKuMe MHOIOCTaAaHOBOI'O oﬁcnymusaunﬂ

Wire Standard time, min . Coefficients | Number of mills per Standard Production
diameter, s s s Operatlopal operator P work time per |  rate per
mm Ta Tw Tpe | fme,min g calculated | accepted Y| hift, bshift | shift, t/shift
Mills 1/350 process wire from a coil to a bundle (0.06 t)
1.4 2.72 13.62 | 48.83 62.45 0.22 | 0.60 3.0 2 0.039 6.08 0.474
1.4 2.08 12.98 | 36.78 49.77 0.26 | 0.65 2.5 2 0.049 6.08 0.596
1.4 1.35 12.25 | 22.88 35.13 0.35 | 0.60 1.7 1 0.070 - -
Mills 2/550 process wire from a rod coil to a coil (1.0 t)
5.0 2.74 9.44 | 24.20 3.64 0.28 | 0.88 3.1 2 1.592 6.50 20.70
5.0 1.99 8.69 17.48 26.17 0.33 | 0.88 2.6 2 2.042 6.50 26.55
5.0 1.48 8.18 12.83 21.01 0.39 | 0.87 2.4 2 2.538 6.50 33.02
Mills 3/350 process wire from a rod coil to a bundle (1.5 t)
35 7.84 | 21.10 | 68.41 89.51 0.24 | 0.77 33 2 0.875 6.67 11.67
35 5.63 18.89 | 48.53 67.42 0.28 | 0.77 2.7 2 1.150 6.67 15.34
35 4.04 17.30 | 34.18 51.48 0.34 | 0.76 2.3 2 1.515 6.67 20.27
Mills 7/350 process wire from a coil to a coil (1.0 t)
1.6 1330 | 16.70 | 119.21 135.91 0.12 | 0.82 6.7 3 0.377 7.0 7.92
1.6 9.61 13.01 | 86.07 99.08 0.13 | 0.82 6.3 3 0.518 7.0 10.88
1.6 7.72 11.12 | 68.97 80.09 0.14 | 0.82 5.9 3 0.641 7.0 13.46

The standard duration of downtime (stoppages) caused
by overlapping operations at adjacent mills was eva-
luated based on empirically observed patterns: the longer
the equipment operates and the fewer manual operations
are required, the lower the probability of mill stoppages
due to overlapping manual operations.

A graphical model of the production process for
an operator servicing two drawing mills is schematically
presented in the figure. The table provides fragmentary
results of system modeling for multi-mill servicing.

The calculations, substantiating the number of draw-
ing mills that can be simultaneously serviced by a single
operator, were presented to the management of the wire
product manufacturing plant. These calculations demon-
strated the feasibility and advantages of multi-mill ser-
vicing for certain types of mills, with computations con-
ducted for each finished wire diameter, mass, and product
form at the second, third, and fourth drawing speeds.

The modeling results for the human-technical sys-
tem showed that two drawing mills can be operated by
a single wire drawer in specific configurations:

1. Mills 6/550, 5/550, 4/550, 3/550 — processing from
a rod coil to a coil (or bundle) weighing 1 t;

2. Mills 1/550 — processing from a coil to a bundle
(0.1 t) for finished wire diameters of 2.3 — 1.6 mm; mills

1/350 — processing from a coil to a bundle (0.06t) at
the second and third drawing speeds.

The methodology for transitioning from the calculated
number of simultaneously serviced mills to the standar-
dized number was developed based on an analysis
of technical, organizational, ergonomic, and economic
factors [10 — 12].

A standardized approach was established to determine
time norms and wire drawer productivity under multi-mill
servicing conditions, considering drawing speed, finished
wire diameter and type, and the hourly productivity stan-
dards for each mill type.

Based on the developed models, measures were pro-
posed for implementing two-mill servicing in the steel
wire drawing shop, resulting in notable improvements in
technical and economic performance, including a reduc-
tion in personnel, a 1.35-fold increase in labor producti-
vity, and a 2 % decrease in production costs.
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Abstract. Ferrous metallurgy is a colossal industry with a huge number of industrial facilities and equipment built for centuries. It accounts for
approximately 8 % of current global anthropogenic emissions of CO, oxides. The future of decarbonization of these assets depends on invest-
ments by major market players in the development and implementation of breakthrough steel production technologies and operation of the carbon
units market. With careful and responsible management of companies’ climate agenda, even against the backdrop of ever-growing demand for
steel, metallurgy has every chance of reducing greenhouse gas emissions by 2.5 times in 25 years. At the same time, the implementation of indus-
trial and environmental innovations at enterprises requires an integrated approach. As part of the research, we studied the regulatory documents
of the Government of the Russian Federation regulating reduction of carbon intensity of products, growth of energy conservation and reduction
of the impact on climate of the metallurgical industry. Criteria for sustainable (including green) development projects for steel producers were
identified. The analysis of EVRAZ Group’s climate initiatives, carried out as part of the implementation of the company’s decarbonization strategy,
was conducted. The identified climatic projects of the Russian industrialists were developed with the aim of producing and selling coal units.
The formulated key directions of decarbonization of domestic ferrous metallurgy include operational methods for reducing direct and indirect
greenhouse gas emissions, transition to environmentally friendly technologies, the use of low-carbon energy sources, introduction of closed crude
cycles of ferrous metals, and optimization of the total carbon intensity of the asset portfolio. The implementation of environmental and climate
projects will ensure the sustainable development of the metallurgical industry, optimize integrated efficiency indicators, and identify a niche
in the competitive business environment.

Keywords: ferrous metallurgy, carbon intensity of steel, energy efficiency, climate project, decarbonization of metallurgy, greenhouse gas emissions,
climate agenda
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AnHomayus. YepHas MeTaJulyprusi — KOJIOCCAIbHASI OTPACIIb ¢ OOJBIIMM KOJTMYECTBOM IIPOMBIILICHHBIX 00BEKTOB 1 000PYI0BaHUS, TOCTPOSHHBIX
Ha Beka. Ha Hee npuxoaurcst npuMepHo 8 % TEKyIMX [I00aIbHBIX aHTPOMOrEHHBIX BBIOpPOCOB okcuaa yriepona CO,. bynymee nexapGonu-
3aIlMU ATUX aKTHBOB 3aBHCHUT OT MHBECTHIMH KPYITHBIX HTPOKOB PHIHKA B Pa3padOTKy M BHEIPEHUE IPOPBIBHBIX TEXHOIOT Ul IPOU3BOJICTBA CTAIH
1 OT paboTHI PHIHKA YIICPOJHBIX SAUHMUL. IIpH rpaMOTHOM M OTBETCTBEHHOM YIPABICHUU KIMMATHYECKON IOBECTKON KOMIIaHMII faxe Ha (oHe
MOCTOSIHHO PACTYILETO CHpPOca Ha CTallb Y METAUIYPrHU €CTh BCE ILIAHCHI CHU3UTH BHIOPOCHI MAPHUKOBBIX I'a30B B 2,5 paza yxe uyepe3 25 JerT.
[Tpu 3TOM peanu3zanust NpoU3BOACTBEHHO-IKOJIOTHUECKUX HHHOBALUH Ha NPEANPUIATHIX TpeOyeT KOMIUIEKCHOIo rnojaxoza. B pamkax nposeneH-
HOT'O MCCJIEZI0BAHUS U3yyalli HOpMaTHBHbBIE TOKyMeHThI [IpaButenbcTBa PO, periaMeHTHPYOIINe CHIKEHHE YIIIEPOI0EMKOCTH IPOIYKIMH, POCT
9HEProcOEpeIKEHUsI 1 yMEHBIICHHIE BO3ICHCTBHS HA KIUMAT METAJUIyPIUYeCKOl OTpPAcii. BBIABICHBI KPUTEPUH MPOCKTOB YCTOHYNBOTO (B TOM
YHCIie 3€JICHOT0) pa3BUTH ISl MpousBonuTeneit cramu. [Iposenen ananu3 knmuMarndeckux nHUatuB EVRAZ Group, mpoBOAMMEBIX B paMKax
peayi3aluny NPUHATOI B KOMIIAHUY CTpaTerny AekapOonu3anuu. OnpeneneHbl KIMMaTH4eCKUe IPOSKTH POCCHICKUX MPOMBIIUICHHUKOB, pa3pa-
OOTaHHBIX C LEJbIO BBITYCKA U NPOAAKH YrIepoaHbix eanHul. CHopMyIHpoBaHHbIE KITIOUEBbIC HANPABJICHUS A€KapOOHHU3AIMH OTEUSCTBEHHOM
YepHOU METaUTypruyl BKIIOYAIOT ONEPALMOHHBIE METOIBI CHIKEHHUS NPSAMBIX M KOCBEHHBIX BBIOPOCOB IAPHHUKOBBIX Ia30B, IIEPEX0O/] K IKOJIOTH-

90 © 0. P. Chernikova, 0. V. Afanas’eva, E. G. Afanas’ev, 2025


https://doi.org/10.17073/0368-0797-2025-1-90-97
https://fermet.misis.ru/index.php/jour/search/?subject=ferrous metallurgy
https://fermet.misis.ru/index.php/jour/search/?subject=carbon intensity of steel
https://fermet.misis.ru/index.php/jour/search/?subject=energy efficiency
https://fermet.misis.ru/index.php/jour/search/?subject=climate project
https://fermet.misis.ru/index.php/jour/search/?subject=decarbonization of metallurgy
https://fermet.misis.ru/index.php/jour/search/?subject=greenhouse gas emissions
https://fermet.misis.ru/index.php/jour/search/?subject=climate agenda
https://doi.org/10.17073/0368-0797-2025-1-90-97
mailto:chernikovaop%40yandex.ru?subject=
mailto:chernikovaop%40yandex.ru?subject=

IZVESTIYA. FERROUS METALLURGY. 2025;68(1):90-97.
Chernikova O.P, Afanas’eva 0.V, Afanas’ev E.G. Directions of decarbonization of Russian ferrous metallurgy

YECKH YUCTBHIM TEXHOJOTHSM, IPUMEHEHHE HU3KOYIIIEPOIHBIX SHEPreTHYEeCKHX UCTOYHUKOB, BHEIPEHNE 3aMKHYTBIX ChIPbEBBIX [IMKJIOB YEPHBIX
METAaJIIOB, ONTUMH3AIUIO CYMMApHOH yIIepOJOEMKOCTH HOPT(EIs aKTHBOB. Peanu3amus 3KoIorH4ecKuX U KIMMAaTHYECKIX IIPOEKTOB 00€CIIeUUT
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- INTRODUCTION

The global metallurgical industry is a consolidated
sector that produces semi-finished products for other
areas of the economy, operates with a high level of mate-
rial processing, and requires extremely high tempera-
tures to sustain technological processes [1 —3]. It is
a large-scale socio-technical system, employing over
six million people directly and generating an additional
40 million indirect jobs throughout the supply chain [4].
The industry’s global revenue is estimated at approxi-
mately $2.5 trillion, accounting for 3 % of the world’s
GDP [5]. Due to the increasing returns to scale in produc-
tion, the majority of pig iron and steel output is concen-
trated among a few major players (countries) [6 — 8].

According to the 2023 World Steel Association ran-
kings, Russia ranked among the top five steel-producing
nations, with an output of 76 million tons (4 % of global
production, totaling 1,888 million tons). Russia was sur-
passed by China (54 %, 1,019 million tons), India (7 %,
140 million tons), Japan (5 %, 87 million tons), and
the United States (4 %, 81 million tons)'. Approximately
40 % of Russia’s ferrous metallurgy output was exported,
primarily as semi-finished products intended for further
processing into sheet metal, rolled products, and other
materials.

The challenge of climate change is driving global
efforts toward carbon neutrality and industrial decarbo-
nization. Given its energy- and carbon-intensive nature,
the ferrous metallurgy sector has become a focal point for
researchers in various countries, including China [9; 10],
Japan [11], the United Kingdom [12; 13], Thailand [14],
Sweden [15; 16], Russia [17 —20], Ukraine [21], South
Korea [22], and others.

At the end of 2022, the Russian government approved
the Strategy for the Development of the Metallurgical
Industry of the Russian Federation until 2030. The stra-
tegy outlines a transition toward decarbonization through
the advancement of low-carbon technologies, moderniza-
tion of production facilities, and government support for
the development and implementation of breakthrough
technologies [23].

"'World Steel in Figures 2023. — URL: https://worldsteel.org/data/
world-steel-in-figures-2023/ (accessed on 10.01.2025).

Ferrous metallurgy primarily supplies industrial
consumers, including machine building, metalworking,
cconstruction, and railway transport. Consequently,
decarbonization of the metallurgical sector holds sig-
nificant potential for reducing indirect emissions across
other industries [24].

[ RESEARCH MATERIALS AND METHODS

The study is based on a general scientific methodo-
logy, employing methods of scientific abstraction, dia-
lectical development, abstract logic, comparative analy-
sis, and synthesis of information obtained from various
recent domestic and international publications.

- RESEARCH RESULTS AND DISCUSSION

Over the past four years, Russia has adopted a series
of regulatory documents aimed at reducing the carbon
intensity of production, increasing energy efficiency, and
mitigating climate impact. These include the Strategy
for the Socio-Economic Development of the Russian
Federation with Low Greenhouse Gas Emissions until
2050; the federal law On Conducting an Experiment
to Limit Greenhouse Gas Emissions in Certain Regions
of the Russian Federation; Government Decree No. 455
of March 24, 2022, On the Approval of the Rules for
Verifying the Results of Climate Projects; Government
Decree No. 449 of March 24, 2022, On the Approval
of the Rules for Assessing the Achievement of Target
Indicators for Reducing Greenhouse Gas Emissions; and
others.

On March 11, 2023, the Government of the Russian
Federation issued Decree No. 373, amending Decree
No. 1587 of September 21, 2021. This amendment estab-
lished criteria for sustainable (including green) develop-
ment projects for steel producers, including:

—compliance with the lower threshold of specific
greenhouse gas emissions for various metallurgical pro-
duction stages, in accordance with the Best Available
Techniques reference guide;

—reduction of actual pollutant emissions and dis-
charges by 10 % or more;

— improvement in resource and energy efficiency by
at least 10 %;
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— implementation of a closed water circulation system
without industrial wastewater discharge;

— production of carbon steel and high-alloy steel;
— adoption of advanced technologies;

—utilization of carbon capture and storage (CCS)
technologies.

In response to the growing emphasis on carbon reduc-
tion, EVRAZ Group has developed a decarbonization
strategy spanning 2020 to 2060. The strategy is structured
into three phases: short-term (until 2027), medium-term
(2030 —2045), and long-term (until 2060).

During the short-term phase, initiatives focus on CO,
emission reductions through energy efficiency projects.
The program is planned for the next two years, followed
by an annual emission reduction target of 1 %. A road-
map for decarbonization measures in the near future is
presented in Fig. 1.

In the medium-term phase, initiatives aim to reduce
CO, content in “intermediate solutions”. A list of tech-
nologies is currently being evaluated for potential imple-
mentation at the Ural and Siberia divisions, including
syngas utilization, cold briquetting, and replacing sin-
tered ore with pellets.

For long-term sustainability, the most viable produc-
tion model by 2050 is projected to be electric arc steel-
making combined with cold-briquetted iron (CBI) and
direct reduced iron (DRI) production. The key conside-
rations for these solutions include technological feasibi-
lity, investment volume, and operational costs.

At EVRAZ United West Siberian Metallurgical Plant
(EVRAZ ZSMK), Russia’s first Green Rails pilot pro-
ject has been implemented. The term “green rails” refers
to products manufactured with four times lower CO, emis-
sions compared to traditional blast furnace-basic oxygen
furnace steelmaking. The carbon intensity of the steel used
for rail production is approximately 0.5 t CO,.,, per ton.
This reduction is achieved through electric steelmaking,
renewable energy sources, and an optimized process with
a higher proportion of steel scrap in the charge.

Research is underway to implement an innovative
technology for reducing the carbon footprint using direct
reduced iron (DRI). DRI is obtained by directly reducing
iron ore (lumps, pellets, or fines) using a gas containing
elemental carbon or hydrogen. Fig. 2 presents the techno-
logical process of cold briquetting.

The key advantages of DRI include: uniform chemical
composition; low levels of harmful impurities; energy-
efficient and environmentally friendly production; no
seasonal dependence on raw material supplies; ease
of transportation and use.

To enhance transparency and justify production-eco-
logical decisions, EVRAZ Group calculates carbon inten-
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sity and carbon footprint for its products. This includes
processing client requests for steel, vanadium, and coke-
chemical products and developing methodologies for cal-
culating supply chain emissions.

The company collaborates with the Russian Union
of Industrialists and Entrepreneurs (RSPP) and the Rus-
sian Steel Association to mitigate carbon regulation risks
and advocate for the ferrous metallurgy sector. An indus-
try-wide benchmarking of CO, emissions among associa-
tion members was conducted to develop a unified metho-
dology for assessing steel production’s carbon intensity.
This initiative aims to establish a common industry stance
on the potential risks of carbon pricing mechanisms.

Companies can assess their compliance with regulated
entity status under Government Decree No. 355 of March
14, 2022, which defines criteria for classifying legal enti-
ties and individual entrepreneurs as regulated organiza-
tions. This assessment, based on Federal Law No. 296-FZ
of July 2,2021 (On Limiting Greenhouse Gas Emissions),
is available on the State Information System for Energy
Saving and Energy Efficiency Improvement. The CO,
emissions calculator for ferrous metallurgy enterprises
includes indicators listed in Table 1.

The Siberia Division is currently implementing
a greenhouse gas emissions automation project to facili-
tate mandatory reporting, particularly for the Carbon
Border Adjustment Mechanism (CBAM). Additio-
nally, efforts are underway to automate data collection
for Scope 3 emissions calculations, including develo-
ping technical specifications and conducting investment
evaluations.

The experience gained will later be applied to enter-
prises in the Ural region.

EVRAZ Group is committed to reducing its carbon
footprint, integrating climate impact and sustainability
considerations into its regularly updated documentation:

— Comprehensive Environmental Permit — from 2024,
all reports must include greenhouse gas emissions data;

— mandatory government reporting — starting Janua-
ry 1, 2025, all enterprises with emissions exceeding
50,000 tons of CO, must submit annual reports via
the State Information System for Energy Efficiency);

— quarterly CBAM reports — detailing emissions from
imported goods;

— annual corporate sustainability report.

Russian companies from various industries are actively
developing climate projects. Examples of the largest
projects by the volume of issued carbon units are listed in
Table 2. Among all projects listed in the Russian Carbon
Unit Registry, the metallurgical sector is represented only
by business entities of the aluminum company RUSAL.
There are no projects from ferrous metallurgy companies
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Table 1. Indicators of production processes of ferrous metallurgy enterprises

Ta6auya 1. Tloka3zaTe M MPOU3BOACTBEHHBIX MPOLECCOB MPEINPUSATHIT YePHOI MeTATYPIrUn

CO,-equivalent mass per | Total greenhouse gas
Greenhouse gases e . ..
. . ; unit of production process emissions
Production process emitted during . . . .
roduction indicator (conversion in CO,-equivalent,
P factor), thousand tons thousand tons

Coke production CO,, CH, 0.56 Estimated value
Sinter production CO,, CH, 0.20 Estimated value
Iron ore pellet production Co, 0.03 Estimated value
Direct reduced iron production CO,, CH, 0.53 Estimated value
Pig iron production Co, 1.50 Estimated value
Basic oxygen and open-hearth steel co, 0.13 Estimated value
production

Electric steel production Co, 0.05 Estimated value
Ferrochrome production Co, 1.30 Estimated value
Metallic silicon production CO,, CH, 5.03 Estimated value
Ferrosilicon production CO,, CH, 4.83 Estimated value
Silicomanganese production CO, 1.40 Estimated value

in the registry; however, carbon units (CUs) are avai-
lable for metallurgical enterprises, with 80,824,742 CUs
planned for issuance upon the completion of 31 climate
projects.

[ ConcLusiOoNs

The study identifies the following key directions for
decarbonizing the ferrous metallurgy sector:

1. Operational decarbonization methods, including
improvements in operational efficiency, enhanced energy
efficiency in production processes, and reduction of indi-
rect emissions from raw material and component manu-
facturing (Scope 3).

2. Transition to environmentally clean technologies,
such as: Direct Reduced Iron (DRI) — the reduction
of iron ore or pellets using gases (CO, H,, NH,) and solid

Table 2. Climate projects of the Russian companies

Tabauya 2. KnuMaTu4yecKHe NMPOeKThI POCCHIICKMX KOMITAHUIT

Compan Climate proect Carbon Units | Implementation
pany pro) Issued (CU) period
Aerial fire protection of a forest area in the Nizhne-Yeniseiskoye 19.07.2019 —
JSC RUSAL Krasnoyarsk forestry, Symskoye district forestry, Yartsevo settlement, 5,152,843 S
. . 19.10.2033
Krasnoyarsk Krai, Russia
PJSC Energy-efficient re-equipment 5.647.684 01.11.2022 -
Nizhnekamskneftekhim at PJSC Nizhnekamskneftekhim Y 31.10.2032
Improving energy efficiency in thermal energy production 08.06.2023 —
JSCRUSAL Ural at the Krasnogorsk CHP plant of the Ural Aluminum Plant 800,152 31.12.2036
Prevention of GHG (methane) emissions using mobile compressor 01.10.2019 —
LLC Gazprom MKS stations during the preparation of main pipelines for repair work 49,928,002 31.12.2029
Replacing electricity generation from coal and oil-fired power 01.05.2018 —
JSC Polyus Krasnoyarsk plants at JSC Polyus Krasnoyarsk 4,122,439 30.04.2028
Reconstruction of a cryogenic unit for deep processing B
P;fSt e(:jr {,ag eghr;?}?iid of dry de-hexanized gas with the production of new products, 1,963,434 0; 1011 222 0231 4
o Tatneftegazpererabotka Division, PJSC Tatneft o
Reduction of greenhouse gas emissions through the use of used 01.03.2024 —
JSC Delfin Group lubricating oil regeneration technology 6,187,316 28.02.2039
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carbon; Green H, DRI-EAF — the use of environmen-
tally friendly hydrogen as a reducing agent for iron ore;
Carbon Capture, Use and Storage (CCUS) — technolo-
gies for capturing, storing, and utilizing carbon, among
others.

3. Adoption of low-carbon energy sources, including
natural gas, hydrogen, biofuels, and renewable resources.

4. Implementation of circular economy principles,
such as the reuse and recycling of material and secondary
energy resources, waste processing, and a shift toward
secondary raw materials (scrap metal).

5. Optimization of total carbon intensity within asset
portfolios, which may involve divesting carbon-intensive
operations, establishing carbon farms, and acquiring car-
bon units.

When forming investment portfolios, compa-
nies should prioritize projects that have the potential
to be classified as climate projects, provided they meet
the additionality criteria.

The ongoing decarbonization processes in ferrous
metallurgy contribute to increased energy efficiency,
modernization of steel production in electric arc fur-
naces (EAFs), greater utilization of recycled metal, and
advancements in hydrogen technologies and direct CO,
capture. The implementation of such projects drives
the sustainable development of the metallurgical industry,
enhances efficiency dynamics, and strengthens its niche
in the competitive business environment.
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DEVELOPMENT OF A CONTINUOUS EXTRA-FURNACE STEEL
PROCESSING UNIT

V. A. Murashov @, K. V. Strogonov, A. K. Bastynets, D. D. Lvov
I Moscow Power Engineering Institute (14 Krasnokazarmennaya Str., Moscow 111250, Russian Federation)

&3 MurashovViacA@mpei.ru

Abstract. The increase in consumption of high-quality steel dictates the need for more steel undergoing the vacuum process, since processing the steel
melt under vacuum improves its properties by reducing gas and non-metallic inclusions in it. However, rising fuel prices and the desire to transition
to carbon-free metallurgy require the industry to reduce energy intensity and, as a consequence, reduce energy consumption. This can be achieved
by switching to continuous production, reducing the period of technological downtime of high-temperature equipment, the temperature of which
must be maintained to increase the lining service life and improve the final product quality. But the transition to continuous steelmaking requires the
development of a number of new technological units capable of functioning within the framework of the continuous steelmaking unit, including the
extra-furnace processing unit for the melt. The propose of the work was development of a theoretical basis for extra-furnace processing unit of molten
steel with a continuous degasser. A unit for extra-furnace processing of steel melt with a continuous U-shaped vacuum degasser is presented, which
is part of a unit for continuous liquid-phase iron reduction with a capacity of 10 tons per hour for production of St3 steel. The authors studied the
influence of residual pressure in a vacuum chamber on the rate of degassing and the time of a gas bubble ascent. Dimensions of the vacuum degasser
were determined taking into account the productivity of the iron reduction unit. A multilayer lining was selected, and losses to the environment were
assessed, taking into account convective and radiant heat transfer.

Keywords: energy efficiency, continuous degassing, steel, melt, vacuum, continuous steel making unit, extra-furnace processing, nonblast-furnace iron
reduction
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AnHomayus. Poct notpeOiieHNs: KAYECTBEHHOW CTallM IUKTYET HEOOXOIMMOCTD YBEIMYCHHUS KOJIMUYECTBA CTAJIH, POXOASIICH POLECC BaKyyMUPO-
BaHUsI, TaK Kak 00paboTKa CTaIbHOIO paciuiaBa Ioj BaKyyMOM YIy4IlIaeT ee CBOWCTBA 3a CYET YMEHBIICHHUSI B HEH Ta30BbIX M HEMETAIUINYECKUX
BKJIFOUeHHH. OJTHAKO POCT 1IEH Ha TOIUIMBO U CTPEMIICHUE K IEPEX0/1y Ha Oe3yrIIepoJHY 0 METAJUTYPIUI0 TPEOYIOT CHUKEHHUSI SHEPTOEMKOCTH U, KaK
CIIENICTBHE, COKpALICHHsI OTPEOICHHSI SHEPropecypcoB. JJ0CTHYL 3TOr0 MOXKHO MEPEXO0M Ha HENPEPBHIBHOE MTPOU3BOJICTBO, COKpAIIasi EPHUOJL
TEXHOJIOTHYECKOTO MPOCTOSI BHICOKOTEMIIEPATYPHOrO 000pYI0BaHMsI, TEMIIEpaTypa KOTOPOro JOJDKHA MOAACPKUBATHCS JJIsl YBEJIMUCHUSI CPOKa
cirykObl PYTEpOBKM M TOBBIIICHUS] Ka4eCTBA KOHEYHOro mpojaykra. OIHaKo JUis Mepexoga Ha HEeNpephIBHOE CTANCIUIABHILHOE MPOU3BOICTBO
Tpebyercst pa3paboTKa psiZia HOBBIX TEXHOJIOTMYECKUX Y3JI0B, CHOCOOHBIX (DYHKIIMOHUPOBATH B PaMKaX CTAJICIUIABUIILHOTO arperara HernpepbiB-
HOTO JEHCTBHS, B TOM YHCJIE U arperara BHENeuHoi 00padoTku paciuiasa. Llenbio paboTs siBisieTcst pa3paboTKa TEOPETHIECKUX OCHOB IS y3Ja
BHEMNEYHOI 00pabOTKH CTaIbHOIO PACIIaBa, BKIIOUAIOLIETo B ce0s BAKYyMaTOp HENPEPLIBHOTO IeHCTBY. B paboTe npeicTaBieH y3en BHENeYHON
00pabOTKH CTAILHOTO paciuiaBa C BaKyyMaTropOM HENpepbIBHOTO JAeicTBHs [1-00pa3HOro Tuma, sBISIOMIMIICS YacThblO arperata HelnpepbIBHOTO
YKUJKO(A3HOTO BOCCTAHOBJICHUS Keje3a MPOn3BOAUTENLHOCTBIO 10 /4 it momydenust cranu Cr3. M3ydeHO BIUSHHUE OCTATOYHOIO JaBJICHUS
B BaKyyM-KaMepe Ha CKOPOCTb Jiera3allii 1 BpeMs BCIUIBITHS ITy3bIpbKa ra3a. ['/abapuThl BakyyMaTopa orpe/esieHbl C y4eTOM IPOU3BOIAUTEILHOCTH
arperara BOCCTAHOBJICHHs jKeJie3a. ABTOPBI IIPOU3BEIH N0A00P MHOTOCIOHHON (yTepoBKH, a TaKKe IMPOBEIH OLEHKY IMOTEPb B OKPYKAIOLLYIO
Cpely ¢ y4eTOM KOHBEKTHBHOTO U JIYYHCTOTO TEII000OMEHa.

" B CBS3M C HAJIMYUEM Pa3INIHEIX MHEHUH PENEH3EHTOB, KAK OTPHIIATENBHBIX, TaK M TOJOKUTETBHBIX, NIABHBIM PEIAKTOPOM TIPHHSATO PEIIEHIE
OITyOJIMKOBATh Ty CTAThIO KaK JUCKYCCHOHHYIO.
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[ INTRODUCTION

The continuous growth of industrialization and
the global population leads to an increase in steel con-
sumption. Over the past 22 years (from 2000 to 2022),
global steel production has increased annually by an ave-
rage of 4 %. Despite a reduction in global steel production
in 2023, Russia saw a 5.6 % rise in steel output. In 2023,
global steel production reached 1,888 million tons!. With
increased production comes increased fuel consumption
and environmental emissions, particularly greenhouse
gases such as CO,. The high concentration of CO, is one
of the facto rs contributing to the rise in average surface
temperatures on Earth [1; 2]. Therefore, it is important
to reduce the energy intensity of steel products, including
improving the energy efficiency of steel production.

The transition to continuous production processes, spe-
cifically through continuous steelmaking units (CSUs),
can reduce specific energy consumption and harmful
emissions compared to traditional steel production tech-
nologies [3 — 5]. However, the transition to continuous
processes requires the development of new components
and units capable of operating continuously, including
extra-furnace steel processing units.

Extra-furnace steel processing refers to a set of tech-
nological operations aimed at producing liquid steel
of the required quality, traditionally carried out out-
side of the steelmaking unit in conventional metallurgy.
These processes take place outside the primary unit, thus
increasing the productivity of the entire technological
chain.

Extra-furnace processing of steel improves the quality
of steel, particularly its mechanical properties, corrosion
resistance, and other parameters, which is crucial in the
production of high-quality steels [6; 7].

The scientific novelty of this work lies in the deve-
lopment of a continuous extra-furnace steel processing
unit operating within a CSU, incorporating an alloying
zone and a continuous U-shaped vacuum degasser [3].
The study also involves determining the time of gas
bubble ascent through analytical and computational
methods. The practical significance is focused on reduc-
ing the energy intensity of steel during extra-furnace

I'World Steel in Figures 2022. Available at URL: https:/
worldsteel.org/steel-topics/statistics/world-steel-in-figures-2022/
(Accessed: 09.09.2024).

processing, particularly in the vacuum degassing pro-
cess, improving lining durability by reducing the number
of thermal cycles associated with technological down-
times [8], and reducing harmful emissions by lowering
exhaust gas output.

- OBJECTS AND METHODS OF RESEARCH

The object of development is the extra-furnace steel
processing zone, operating within a continuous steelmak-
ing unit (CSU) with a capacity of 10 tons of steel per
hour. It consists of two main sections: the deoxidation
and alloying zone and the degassing zone.

The deoxidation and alloying processes are essen-
tial for achieving the required composition and quality
of steel with the necessary strength properties. Dur-
ing extra-furnace processing, elements are introduced
in a sequence from weakly oxidizing to strongly oxidi-
zing, considering their affinity for oxygen, which helps
to reduce their oxidation losses. For example, manganese
oxidation loss can range from 10 to 35 %, silicon from 15
to 25 %, and aluminum from 60 to 90 %.

Based on the state of the elements being introduced,
alloying can be categorized into the following: alloying
with solid ferroalloys, alloying with liquid ferroalloys,
and alloying with exothe rmic ferroalloys.

To determine the list and quantity of elements,
it is essential to know the steel grade being produced.
The most common steel grade is St3, so the alloying sys-
tem will be developed for the production of St3.

According to GOST 380-2005 [9] St3 must have
the following chemical composition:

— carbon content: 0.14 to 0.22 %;
— manganese content: 0.40 to 0.65 %;
— silicon content: 0.15 to 0.30 %.

Since the vacuum degasser being developed is of con-
tinuous operation, a liquid-phase iron reduction unit
using natural gas [10] with a reduced capacity of 10 tons
per hour can be used as the source of reduced iron. This
choice is justified by the existing continuous metal cas-
ting system using roll-casting methods. The liquid metal
exiting the liquid-phase reduction reactor contains 99.9 %
iron [10]. The refore, for the production of St3, taking
into account the affinity of elements for oxygen, the fol-
lowing ferroalloy feeding scheme is proposed: initially,
ferromanganese is introduced into the stream of liquid
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metal exiting the reduction unit, followed by the intro-
duction of ferrosilicon during degassing. Based on expe-
rience in alloying in traditional metallurgy and the con-
tinuous nature of the process, the additives are proposed
to be introduced in solid powder form in an argon stream
under pressure, similar to calcium.

The reactions taking place are endothermic, so
to accelerate the degassing process of the melt, it is re-
commended to increase the temperature of the liquid
steel to approximately 1600 °C before degassing, either
by overheating in the reduction reactor or using elect-
rodes installed in the ferromanganese introduction zone.

The amount of alloying component required can be
determined using the formula

_ 100G, (E, - E,)

E (100-U,) ~ M

/

where G, is the mass flow of the alloying component, kg/s;
G, is the mass flow of the metal, kg/s; U, is the oxida-
tion loss of the alloying components, %; E, E, and E, are
the alloying component fractions at the end of the pro-
cess, the beginning of the process, and in the alloying
components, respectively.

The oxidation loss of the alloying components is
assumed to be around 25 %, and it is proposed to intro-
duce ferromanganese FeMn78(B) and ferrosilicon FeSi90.

After the deoxidation and alloying processes,
the steel is transferred to a continuous U-shaped vacuum
degasser [11].

For the developed unit, the internal length of the va-
cuum chamber was set at 1200 mm, considering
the expected lining thickness and the need for a constric-
tion.

Based on the unit’s capacity of 10 tons per hour and
the vacuum chamber length, the width of the vacuum
chamber can be calculated. To do this, the degassing time
of the melt must be known. One of the factors determining
degassing time is the ascent time of the gas bubble, which
depends on its ascent velocity and the height of the melt
layer. The bubble ascent velocity in Stokes’ mode (Rey-
nolds number Re < 1) can be determined by the for-
mula (2). For Reynolds numbers from 10 to 1000, it is
described by Malenkov’s equation

2
u = 2088, @
9
U=o Bz_c+£’ (3)
Dp 2

where a and B are numerical constants equal to one in
the the oretical derivation; p = 7800 kg/m? is the density
of the liquid metal at 1400 °C; R is the radius of the gas

100

bubble; n = 0.0064 Pa-s is the viscosity of the steel melt;
D is the diameter of the gas bubble; and 6 =1.25 is
the surface tension coefficient.

Let us assume a characteristic bubble diameter
of 1 mm.

Inside the vacuum chamber, a vacuum is created,
which will affect the size of the ascending bubble.
The change in diameter depending on the vacuum above
the melt surface can be determined by the formula

D =Dy3—, 4)

where D, =0.001 m is the characteristic bubble dia-
meter; P, =101.3 kPa is the atmospheric pressure above
the melt; and P, is the absolute pressure above the melt
surface.

Once the flow mode is determined, the bubble ascent
time can be calculated, taking into account the melt thick-
ness:

TZE, (5)

where 4 = 0.4 m is the height of the melt layer, assumed
based on methodological recommendations.

According to studies [12; 13], three stages of bubble
removal can be distinguished during degassing: gas
bubble formation, bubble ascent, and bubble removal
from the melt surface.

The degassing time of the liquid metal can be deter-
mined using the equation [12 — 14]

T:_Lh{[% H,]-[% H]} ©
[% H,]-[% H

eq]

where K, = 0.13 min™! is the hydrogen removal rate con-
stant; [% H,]= 1.5 ppm is the final hydrogen concent-
ration (based on industrial practice); [% H_] = 6 ppm is
the initial hydrogen concentration (based on literature
data); and [% H_ 1= 0.8 ppmis the equilibrium hydrogen
concentration (Table 1).

Fig. 1 shows the graph of the dependence of the extra-
furnace steel processing time (degassing) on the absolute

pressure in the vacuum chamber, constructed according
to equation (6) and data from Table 1.

The width of the vacuum chamber can be determined
using the following formula
b G

= L_hp T. (7)

To ensure a uniform melt flow rate in the degasser
and the reduction unit, it is necessary to balance the pres-
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Fig. 1. Dependence of degassing time on pressure
above the melt surface

Puc. 1. 3aBUCUMOCTb BPEMEHH JAeTa3allii OT JAaBICHUS
HaJl TOBEPXHOCTBIO pacIijiaBa

Table 1. Equilibrium hydrogen content depending
on the absolute pressure in the vacuum chamber

Ta6auya 1. PapHOBecHOE coep:KaHHe BOIOPOIa
B 32aBHCHMOCTH OT 20COJIIOTHOTI'O 1aBJICHUS
B BaKyyM-KaMepe

P, atm 1.0 0.1 0.01 | 0.001
[H], ppm | 256 | 8.1 2.6 0.8

sure at points on the same level in the extra-furnace
processing zone and at the entrance of the riser pipe in
the vacuum chamber. To achieve this, the pressure in
the riser pipe must be created by the melt layer. Taking
this into account, the height of the riser pipes should be
approximately 1.3 m, which is comparable to the dimen-
sions of circulation degasser [15].

Additionally, there should be a clearance between
the melt surface and the roof since large bubbles formed
during degassing can carry melt droplets, which may
damage the lining of the roof.

For ease of maintenance and replacement, the vacuum
chamber should be a quick-release component of the extra-
furnace processing unit, and it should be equipped with
nozzles for introducing alloying elements and inert gas,
which are integrated into the riser pipe.

In cases of emergency shutdowns of the steelmaking
unit, the design of the degasser must allow for easy drain-

age of the melt inside the vacuum chamber, which is why
the vacuum chamber must have a slope of at least 3°.

To ensure uniform rarefaction in the degasser,
it is proposed to have at least two nozzles connected
to the vacuum generation system.

Since the developed degasser has a relatively low capa-
city of about 10 tons per hour, the most efficient solution
is to use a vacuum generation system based on mechani-
cal pumps. According to studies [16; 17], using mechani-
cal pumps instead of steam ejector pumps reduces opera-
tional costs (variable costs) by at least 80 %. At the same
time, capital costs for low-tonnage installations remain
at the same level as for systems with steam ejector pumps.

The selection of thermal insulation materials was car-
ried out in accordance with the recommendations from
the handbook authored by I.D. Kasheev [18] as well
as lining manufacturers? and drawings of existing RH-
degassers.

Table 2 presents the structure of the vacuum degasser’s
fencing elements, including the number of layers, layer
thickness, and material. The layers are listed from
the inside to the outside.

The general design scheme of the fencing structure is
shown in Fig. 2.

Taking into account Fig. 2, the integral equation that
allows for the determination of the specific heat flux
through the fencing structure is as follows:

1" 14 1%
5 ,I ho(0)dt = S—IJll(t)dt = gtj Ay (f)dt =
1 2 out
= asum(tout - tcore)’ (8)

where o is the total heat transfer coefficient, consider-
ing both convective and radiative heat and mass transfer,
measured in W/(m?-°C), and determined by equation (9);
A is the thermal conductivity of the lining material, mea-
sured in W/(m-°C), and determined by equation (10);

2RHI Magnesita. The driving force of the refractory industry.
Available at URL: https://www.rhimagnesita.com/ (Accessed:
09.09.2024).

Table 2. Design of vacuum degasser fencing elements

Tabauya 2. KoHCTPYKIUS 3JIEMEHTOB OrPakIeHUsI BAKyyMaTopa

Fencing Number Layer characteristics: material — thickness (mm)
element of layers 1 2 3
Roof 3 PKhPP — 150 | ShL-1.0-100 | ShVP-350— 100
Wall 3 PKhPP — 250 | ShL-1.0-100 | ShVP-350— 100
Floor 1 PKhPP - 500 — -
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T. T, amb

8 8, 5,

Fig. 2. Calculation of vacuum degasser lining:
T, T, —temperature on the inner and outer surfaces
of the fence, respectively;

T, —ambient temperature;
T, — temperature between the inner and middle layer of the lining;
T, — temperature between the middle and outer layer of the lining;

3,5 6,, 8, — thickness of the inner, middle and outer layer of the lining

Puc. 2. PacuerHasi cxema (yTepOBKH BaKyymaTopa:

T, T, — Temneparypa Ha BHyTPEHHEN U HAPYIKHOU TIOBEPXHOCTH
OrpakJICHHUsI COOTBETCTBEHHO;
T, ., — TEMIIEpaTypa OKpyKaroulel cpennl; 7| — TeMIeparypa Mexy
BHYTPEHHUM U CPEIHUM CI0eM (PyTepOBKH;
T, — TeMniepatypa Mex/ly CPETHUM U HAPY’KHBIM CIIOEM (yTEPOBKH;

3,5 0,, 8, — TONIMHA BHYTPEHHETO, CPEIHETO U HAPY’KHOTO
cnost pyTepoBKH

d is the thickness of the lining layer, measured in meters;
and ¢ is the temperature, °C.

20)"; O
(10)

Ogum =M +nl(tout -

h=k,+ kit

The coefficients for the equations are presented in
Tables 3 and 4.

[ RESULTS AND DISCUSSION

According to formula (1), in order to produce steel
of the required grade, considering an oxidation loss
of alloying elements of approximately 25 %, the follow-
ing amounts need to be added:

— ferromanganese FeMn78(B) — 11.5 kg/ton;
— ferrosilicon FeSi90 — 2.9 kg/ton.

The manganese content in the steel will be 0.64 %,
and the silicon content will be 0.25 %, which meets
the requirements for St3 according to GOST [10].

The bubble ascent velocity, calculated using equa-
tions (2) and (3) as a function of bubble diameter, is pre-
sented in Fig. 3.

102

Table 3. Approximation coefficients n,

Tabauya 3. KoddduuneHThl annpoKCHMALMH 7,

Fencing n " n

element © 1 2
Roof 7.09 0.68 0.562

Side wall 7.20 0.56 0.592
Floor 7.20 0.485 | 0.614

Table 4. Properties of fencing materials

Ta6auya 4. CBoiicTBa MaTepHAJIOB OTPaKICHUS

Material Thermal conductivity coefficient, W/(m-°C)

PKhPP 25

ShL-1.0 0.35+35-10"¢

ShVP-350 0.115+9.6-107¢

From the graph, it follows that the critical gas bubble
diameter, which satisfies Stokes’ ascent, is 0.1 mm.
The refore, the velocity of a bubble with a characteristic
size of 1 mm is described by equation (3). Substituting this
into equation (4) and using it together with equation (5), we
determine that the bubble ascent time is 1.3 s. From this,
we can conclude that the gas bubble ascent velocity is not
the determining factor in steel degassing. Consequently,
according to equation (6) and Fig. 1, the degassing time
of the liquid metal will be approximately 15.5 min.

Based on the process time and the capacity of 10 tons
per hour, we calculate the width of the vacuum chamber
using formula (7), which is 0.7 m.

The specific heat fluxes through various parts of the
fencing elements, along with the surface tempera-
ture of the vacuum degasser, calculated using formulas
(8) — (10), are presented in Table 5.

The obtained values of the specific heat flux are
comparable to those for existing RH-degassers, taking

0.6
*g @ 0.5
oS & 04f 2
o & 03t / —
o 3 ||
A~ 01
1 1 1
0 0.005 0.010 0.015 0.020

Gas bubble diameter, m

Fig. 3. Dependence of bubble ascent velocity
on diameter under different ascent modes:
1 — Stokes mode; 2 — Malenkov's equation

Puc. 3. 3aBUCUMOCTb CKOPOCTHU BCIUIBITHUS y3bIpbKa
OT IMaMeTpa MPH PA3INYHBIX PEKUMaX BCIUIBITHS:
1 — cTokcoBbIit pexnm; 2 — hopmysia ManeHkoBa
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Table 5. Specific heat flux for fencing elements

Tabauya 5. YaeabHbIH TENJI0BOI MOTOK
IS DJIEMEHTOB OTPasKIeHHsI

Fencing Specific heat o
e flux, KW/m? Surface temperature, °C
Roof 1662 122
Side wall 1561 119
(=3
& o
% /|
=t 2
S | &
KE
L 7

Fig. 4. Shematic drawing of a vacuum chamber
(side cut and bottom view)

Puc. 4. DcKku3HbIN YyepTek BaKyyM-KaMepbl
(pa3pe3 cOOKy ¥ BHJ] CHU3Y)

into account radiative heat exchange. The specific heat
flux for the floor of the vacuum chamber was not deter-
mined, as the vacuum chamber floor does not directly
contact the surrounding environment.

]
X
LR R R TIITTTIILZTTIS

O R R N R TRttt o 7

0 G

A schematic drawing of the vacuum chamber, consi-
dering the previously determined internal dimensions and
lining thickness, is shown in Fig. 4.

According to Fig. 4, the external surface area of the
roof will be 3.6 m?, and the surface area of the side walls
in contact with the surrounding environment will be
7.8 m2. The refore, the heat loss to the environment will
be around 18.2 kW.

A schematic drawing of the extra-furnace processing
unit for continuous steel melt degassing is shown in Fig. 5.

The schematic drawings include a system for intro-
ducing alloying elements in an argon stream under pres-
sure into the melt stream / and a system for blowing inert
gas during degassing 2.

[ ConcLusions

Given the annual increase in steel production, inclu-
ding degassed steel, the industry faces the task of impro-
ving production efficiency and reducing fuel consump-
tion. Transitioning to continuous processes, as noted in
sources [19 — 21] allows for reduced energy consumption
in processes and lowers the energy intensity of the final
product.

This paper presents a continuous extra-furnace steel
processing unit with a capacity of 10 tons of melt per
hour, including a U-shaped continuous vacuum degasser.
The introduction of alloying elements for St3 steel was
considered: ferromanganese is introduced as a powder
under pressure into the melt stream during the transfer
from the iron reduction zone to the extra-furnace process-
ing zone, and ferrosilicon is introduced into the vacuum
degasser together with an inert gas for blowing. The alloy-
ing consumption for producing St3 steel from liquid-
phase reduced iron will be:

— ferromanganese FeMn78(B) — 11.5 kg/ton;
— ferrosilicon FeSi90 — 2.9 kg/ton.

Fig. 5. Shematic drawing of an extra-furnace melt processing unit

Puc. 5. Dcku3HBII YepTexk arperara BHEICYHOH 00pabOTKH paciiaBa
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It is proposed to create a vacuum in the vacuum

chamber using mechanical vacuum pumps, as compared
to steam ejector systems, capital and operating costs,
including energy resource consumption, will be lower.

The degassing time of the melt will be about 15.5 min

with a melt layer height of 0.4 m, and the internal width
and length of the vacuum chamber will be 0.7 and 1.2 m,
respectively. The total heat loss to the environment through
the roof and side walls, considering the multilayer lining,
will be 18.2 kW, with no losses accounted for through
the floor, as it does not contact the surrounding environ-
ment. The external surface temperature of the roof will be
122 °C, and the side walls will be 119 °C.
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