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CHANGES IN STRUCTURE, HARDNESS AND CRACK RESISTANCE
OF PLASMA-STRENGTHENED STEEL 65G
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Abstract. The present paper describes the research of structure, hardness and crack resistance indicators before and after plasma treatment of 65G steel
of a ploughshare part. As a result of plasma treatment, we obtained the modified layer with increased hardness in the range of 980 — 3558 HV with
increase in 3.6 times. Metallographic studies showed that pearlitic-ferritic structure of the original metal transforms into needle martensite with
high hardness and strength due to plasma hardening. It is recommended to determine the impact toughness by the Drozdowski method, in which
a fatigue crack is pre-created on a special vibrator. Also, before the fatigue crack was grown, lateral V-shaped notches of different depths were made
on the sample lateral surface. The relative crack length, A, varied from 0.27 to 0.65. According to the results of compression tests, it was found that
there was a small movement of cracks in the hardened samples in the range from 1.3 to 5.6 mm. The initial unstrengthened samples are in a more
brittle state than the quenched ones, and accordingly, significant fracture is observed in the conditions of artificial cracking. The evaluation of 65G
steel samples for crack resistance by impact bending tests with subsequent oscillographing showed that plasma hardening inhibits crack growth
by increasing impact toughness. Thus, the use of plasma hardening is effective in surface hardening of 65G steel, in particular ploughshares which
are constantly exposed to mechanical stresses, friction and wear.

Keywords: steel, hardness, plasma treatment, surface layer, microhardness, crack resistance assessment, impact bending test
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MOKA3ATENEWN TBEPAOCTU U TPELIJ,MHOCTOﬁKOCTM
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AnHomayus. TlpoBeqeHbI HCCIICOBAaHNS CTPYKTYpPBI, IOKa3areled TBEPAOCTH M TPEHIMHOCTOMKOCTH JI0 M IOCJE IUIa3MEHHOM 00palboTKH cTaimu
Mapku 650 nmemeriHol yactu ruiyra. B pesynbrare rmia3MeHHO# oOpabOTKM mmojtydeH MOAM(BHIMPOBAHHBIN CIOH C MOBBINICHHOH B 3,6 pa3sa
TBepAocThio B mHTepBasie 980 — 3558 HV. Meramnorpaduyeckue ncciaeoBaHUS ITOKa3aiH, YTO IEPIUTHO-(PEeppUTHAs CTPYKTYpa HCXOAHOTO
MeTaJlla BCJIEACTBUE IUIA3MEHHOMN 3aKaJIK{ IPEBPAIaeTcsl B UTOJIbYAThIi MAPTEHCUT C BBICOKUMHU TBEPAOCTBIO U IMPOYHOCTHIO. YCTAIOCTHYIO
TpELIMHY Ha 00pasiax co3aBaiy Ha BuOpartope Jpo3nosckoro. [lepen BrIpammBaHueM ycTaIoCTHON TPEIIMHEI HA GOKOBYIO IIOBEPXHOCTH 00pasna
HAHOCHJIMCh OOKOBBIE V-00pa3Hble HaJpe3bl pa3iuuHOil yOuHbl. OTHOCHTENBHAS JJMHA TPEIIMHBI A n3MeHsach B npenenax ot 0,27 no 0,65.
[lo pe3ynbraram HCHIBITAaHWH Ha CXKAaTHE YCTAHOBJIECHO HEOOJBIIOE NEpPEMENICHUE TPEIIMH B 3aKaJCHHBIX 0o0pasnax B auamasoHe 1,3 —5,6 Mm.
VicxonHble HeYyHpOUHEHHbIE 00pa3libl HAXOMATCS B O0jIee XPYNKOM COCTOSIHUM, YeM 3aKaJICHHbIC, COOTBETCTBEHHO HAOJIONAETCS 3HAYUTEIILHOE
pa3pylLIeHHE UX B YCIOBHUSIX HAHECCHUS MCKYCCTBEHHOH TpeuiuHbl. IIpoBeneHHas oreHka oOpas3moB cranmy 650 Ha TPEmMHOCTOMKOCTh IyTeM
UCIIBITAHUS HA YAAPHBIA M3rHO ¢ MOCIEAYIOMUM OCIMIIOrpagupoBaHueM I0Ka3ajia, YTO IUIA3MEHHas 3aKajka CHOCOOCTBYET TOPMOMKEHHIO
YBEJIMYCHHUS TPEIIUHBI 32 CYET POCTa yIapHOU Bsi3kocTH. TakuM 00pa3oM, IPUMEHEHUE TUIa3MEHHO 3aKaliki d((EKTUBHO MPU TTOBEPXHOCTHOM
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YIPOYHEHUH CTAJIM MapKH 65F, B YaCTHOCTH JICMEXOB ILTyTra, KOTOPbIC IIOCTOSHHO ITOABEPIraroTCsa MEXaHUYECKUM BO3ﬂeﬁCTBHﬂM, TPCHUIO U U3HOCY.
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- INTRODUCTION

In Kazakhstan today, efforts are underway to enhance
the quality of machinery and components through studies
focused on the strength properties achieved by employing
plasma hardening techniques on heavily stressed parts.
The use of the promising method of plasma treatment
appears rational for enhancing strength parameters, such
as hardness, wear resistance, and crack resistance [1; 2].
This method impacts solely on the surface layer
of the components, avoiding deformation of the metal
and facilitating the creation of a modified layer exhibi-
ting high strength characteristics on the product’s surface.
Alterations in the structure and properties of the surface
layer take place under conditions of ultra-rapid heating
and cooling rates (ranging from 103 to 10° K/s) and brief
exposure to the processed material [3 — 5].

[l MATERIALS AND METHODS

The research focused on studying steel 65G, specifi-
cally the ploughshare component of a plough, designed
to slice through soil layers and consistently subjected
to friction and wear [6; 7].

Templates were cut using a Labotom-3 cutting
machine from Struers (Switzerland). Throughout the cut-
ting process, both the sample and cutting disc were
cooled using water and a specialized lubricant to prevent
oxidation [8; 9]. Following the cutting of appropriately
sized samples, the steel’s chemical composition was ana-
lyzed to determine the presence of additives, utilizing
a Niton XL2 X-ray fluorescence analyzer (Table 1).

Plasma hardening was performed using a UDGZ-200
plasma hardening facility. This facility operates by
employing indirect plasma arc technology, enabling
the heating of a 1 —2 mm surface area without causing
internal deformations to the components [10 — 12].

The steel surface was examined using a Carl Zeiss
metallographic microscope with a 200x magnifica-
tion level.

The surface hardness of the samples was measured
using a Wilson VH 1150 Vickers hardness macro tester,
employing an indenter load of 30 kg.

Impact bending tests were conducted following
the guidelines outlined in State Standard GOST 9454-78,
incorporating measurements of impact strength. This
method involves the deliberate initiation of sample frac-
ture at a point of concentration in the middle by a single

strike from a pendulum pile driver. Impact tests were per-
formed using a KM-30 pendulum impact driver, employ-
ing impact samples sized at 6.5x11.5%55 mm. To induce
fatigue cracks on the samples, a Drozdowsky vibrator
was utilized, resulting in a relative crack length A ran-
ging from 0.27 to 0.65 [13 — 15]. Evaluation of impact
strength under assured plane deformation conditions
was conducted on samples featuring two additional late-
ral V-shaped notches, each with a depth of 1.0 mm. This
assessment of impact toughness on notched samples
allows for the determination of the specific work involved
in crack propagation during fracture under plane-strain
state (PSS) conditions [16 — 18].

[ RESULTS AND DISCUSSION

Metallographic ~ examinations  have  revealed
that the mechanical attributes such as strength, hardness,
and crack resistance of plasma-hardened components are
influenced by the configuration, dimensions, and align-
ment of subgrains (Fig. 1).

The structural-phase analysis indicated that the ini-
tial metal comprises pearlite grains and ferrite. However,
through the process of plasma hardening, these struc-
tures undergo a transformation into acicular martensite,
exhibiting heightened hardness and improved crack resis-
tance [19; 20].

Table 1

Results of spectral analysis of 65G steel samples

Tabnuya 1. Pe3ynbTarhl CIEKTPAILHOTO aHAIN3A
o0pa3uos craau 65T

S%I;ple Content of dopants, wt. % +20
1 0.840 Mn 0.122 Mn
2 0.676 Mn 0.113 Mn
3 0.757 Mn; 0.142 Cu 0.127 Mn; 0.069 Cu
4 0.640 Mn; 0.104 Cr 0.112 Mn; 0.043 Cr
5 0.551 Mn 0.102 Mn
6 0.585 Mn 0.102 Mn
7 1.03 Mn 0.130 Mn
8 0.739 Mn; 0.148 Ti 0.116 Mn; 0.064 Ti
9 0.684 Mn 0.103 Mn
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Fig. 1. Metallographic structure of 65G steel
after surface plasma hardening:
a — base metal; b — transition layer; ¢ — hardened layer

Puc. 1. Meramnorpaduyeckas crpykrypa ctainu 650
TOCJIe OBEPXHOCTHOH MIIa3MEHHOMN 3aKaJIKH:
a — OCHOBHOM MeTal1;, b — NepexoJHOI CIION; ¢ — 3aKaJICHHBIN CII0i

[l MATERIAL HARDNESS MEASUREMENT

Table 2 outlines the outcomes of hardness measure-
ments conducted both before and after the plasma treat-
ment of 65G steel.

The data presented demonstrate a notable elevation in
the hardness of 65G steel resulting from plasma quench-
ing. The average hardness value before and after hard-
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Table 2

Results of hardness measurements
on the surface of 65G steel samples

Tabnuya 2. Pe3ylbTaTbl N3MEPeHMil TBEPAOCTH
HA NOBePXHOCTH 00pa3uoB cTauu 65I

Plasma HY
Sample treatment % Average
No. at the measu- HV,,
rement site 1 2 3

; W/o treatment | 484.7 | 422.7 | 653.6 520.3
With treatment | 1519.7 | 1780.2 | 2398.5 | 1899.5
W/o treatment | 764.6 | 762.9 | 6983 741.9

’ With treatment | 3423.5 | 2476.8 | 1931.1 | 2610.5
W/o treatment | 609.0 | 640.0 | 621.0 623.3

? With treatment | 2348.0 | 1483.9 | 1766.8 | 1866.2
W/o treatment | 5534 | 3544 | 8553 587.7

! With treatment | 3554.3 | 4589.2 | 3467.7 | 3870.4
W/o treatment | 368.5 | 345.1 | 368.2 360.6
> With treatment | 554.1 | 686.0 | 900.5 713.5
W/o treatment | 418.6 | 3553 | 3444 372.8

o With treatment | 980.8 | 2418.5 28323 | 2077.2
W/o treatment | 404.5 | 3704 | 361.7 378.9

’ With treatment | 1407.2 | 960.5 | 860.7 | 1076.1
W/o treatment | 9983 | 453.1 | 12879 | 913.1

s With treatment | 11334 | 1317.6 | 2302.8 | 1584.6

ening was derived from three measurements for each
sample, showcasing an approximate 3.6-fold increase in
hardness.

Following the plasma hardening process, the crack
resistance of the steel was evaluated via impact bending
tests accompanied by oscillography. The impact strength
of the hardened samples was recorded as 127, 116, 110,
104, 98, 106, 94 and 102 J/cm?.

Fig. 2 illustrates the findings of impact strength stu-
dies correlating with crack length. Notably, a gradual
escalation in impact toughness is observed as the initiator
crack length increases.

Using the outcomes from fracture analyses, the pri-
mary dynamic test characteristic, impact strength KCT,
was calculated.

Fig. 3 displays the assessment results of impact
toughness for 65G steel samples before and after plasma
hardening. A dynamic growth of KCT following plasma
quenching is evident, signifying its role in impeding
further crack propagation by elevating the KCT. Con-
sequently, the original samples exhibit a comparatively
more brittle state than the quenched ones, highlighting a
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Fig. 2. Dependence of impact strength
on crack length (samples / — 8)
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Fig. 3. Diagram of dynamic crack resistance
of initial (M) and hardened (M) samples

Puc. 3. Jlnarpamma JMHAMHYECKOH TPEIIMHOCTONKOCTH
ucxoabix (M) u 3axkanenubix (Jll) 0Opasmos

substantial vulnerability to failure under plane deforma-
tion conditions [21; 22].

During the compression testing of samples under a
linear load of up to 120 kN, crack displacement within
the range of 1.3 — 5.6 mm was observed (Figs. 4, 5).

The observed crack movement led to a slight reduc-
tion in the live cross-sectional area of the sample. Conse-
quently, an increase in the work of fracture (Ap) is evident
(Fig. 4, 5).

- CONCLUSIONS

Metallographic examinations conducted on 65G
steel revealed that upon plasma hardening of its surface
within a hardened zone of 2 mm thickness, a gradient-
layer structure with varying hardness spanning from 980
to 3558 HV is formed. This process induces a notable

120

100

Load, kN
N [} [0}
S S (@}

T T T

N
S
T

0 1 2 3 4 5 6

Crack length, mm

Fig. 4. Cracks’ length at linear load (hardened samples / — 4)

Puc. 4. Jlnuna TpeIuH Npyu TMHEHHON HAarpy3Kke
(3akasieHHbIE 00pa3ibl / — 4)
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Fig. 5. Cracks’ length at linear load (hardened samples 5 — 8)

Puc. 5. JlnuHa TpemuH npyu TMHEHHON HAarpy3Ke
(3aKasieHHbIE 00pa3Lbl 5 — 8)

increase in microhardness, reaching up to 3.6 times,
a significantly higher enhancement compared to other
hardening methods. For example, electric plasma harde-
ning resulted in an increase in hardness by 2.16 times.

Investigations into impact toughness and the beha-
vior of impact-induced cracks indicated that plasma
arc hardening effectively impedes the dynamic expan-
sion of cracks within the surface layer.

Thus, the study outcomes affirm the viability and effec-
tiveness of employing plasma arc hardening as a means
to fortify the surface layer of heavily stressed compo-
nents, specifically exemplified in the case of 65G steel.
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INCREASING THE FATIGUE STRENGTH
OF HIGH-STRENGTH STEEL GRADES
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Abstract. The paper considers the issue of increasing the fatigue strength of high-strength steel grades. Based on the results of experimental measurements
of the fatigue strength limit (¢ ,) of spring steel grades, we analyzed the effect of tensile strength, ratio of the yield strength during shear and the
fatigue strength limit. The absence of statistical relationship between fatigue strength limit and tensile strength (c_, # f(,)) was established. The ratio
1,/6_, is the stress concentration coefficient (SCC), which is closely related to the tensile strength of steel. From the theoretical analysis, it follows that
in the presence of the same morphological type and size of non-metallic inclusions (NMI) in steel, relationship of SCC with the strength properties
of steel is functional. Spread of its actual values is associated with the presence of various morphological types and sizes of NMI in the metal. Each
morphological type of NMI is characterized by corresponding physical and mechanical properties (modulus of elasticity, tensile strength and various
SCC). SCC increases both with an increase in the strength of steel and with an increase in diameter (thickness) of NMIL. It was established that
the intensity (rate) of the increase in SCC depends on the size and elastic modulus E,,,; of NMI (ratio of mass fractions of SiO, and Al,O, oxides in
NMI). The average intensity of the change in SCC obtained by processing experimental data corresponds to similar indicators for NMI: 13 % SiO,;
87 % Al O, (4.0 pm thick); 20 % SiO,, 80 % ALO, (5.0 um thick); 25 % SiO,; 75 % AL, O, (7.0 um thick). According to the obtained connections,
dimensions of NMI and their morphology are approximately indicated, which make it possible to increase the fatigue properties of spring steels grades
in the tensile strength range from 1200 to 2000 MPa. To increase the fatigue life of steel (especially in high-strength condition), it is recommended
to use the technology of aluminum-free metal deoxidation during smelting. At the same time, a favorable morphology of NMI with SCC less than 1.0
is provided. Formation of a fine-grained structure of steel after heat treatment is obtained in the absence of aluminum during deoxidation with small
additives of vanadium, niobium or titanium.

Keywords: strength properties of steel, yield strength, stress concentration coefficient, non-metallic inclusions, fatigue strength
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AHHOmMayus. PaccMaTrpuBaeTcsi BOIPOC YBEIMYEHHs YCTATOCTHOM MPOYHOCTH CTajIeil BHICOKOIPOUHBIX Mapok. I10 pesyibraraM SKCIIepUMEHTAIbHBIX
U3MepeHHuii pe/ienia ycTanoCTHON NPOYHOCTH (G ) CTa MPYKUHHBIX MAPOK POBE/ICH aHAJIU3 BIIMSHHUS BDEMEHHOTO CONPOTHBIIEHHUS, OTHOIIECHHS]
npejiena TeKy4ecTH IpU CIBHUIe M Hpejesia YCTalOCTHOW MPOYHOCTH. YCTAHOBIEHO OTCYTCTBHME CTATHCTMYECKOW CBS3M Ipejieia yCTaJIOCTHOM
HPOYHOCTH M BPEMEHHOIO CONpoTuBieHus (6, #f(c,)). OTHomenue 1,/6 | ecTh Ko3Qpuuuent konnentpauuu Hanpsokennit (KKH), koropiit
HAXOJMTCS B TECHOM CBSI3U C BPEMEHHBIM CONPOTHBIICHHEM CTasIH. M3 IPOBEAEHHOIO TEOPETHYECKOTO aHAIM3a CIICYET, YTO [P HAJIUYHU B CTAIIH
Hemetauniecknx BriroueHui (HB) ogroro Mopdonorndeckoro tuma u 01uHAKOBBIX pa3mMepoB cBsi3b KKH ¢ mpouHOCTHBIMU CBOWCTBAME CTAITH
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¢dyHkroHanpHa. Pa3dpoc GakTHIeCKUX ero 3HaueHUH CBA3aH ¢ HanuuueM B MeTamie HB paznnunbix MOp(OIOrHYecKux THIIOB M Pa3MepoB.
Kasxprit Mopgonormdeckuii Tun HB xapakrepusyeTcst COOTBETCTBEHHBIMU (PH3HKO-MEXaHNUECKIMHE CBOHCTBAMU (MOTYNIEM YIIPYTOCTHU, IPEAEIIOM
npounoctd u pasznuunbiM KKH). Koadduirent koHenTpanuy HanpspkeHuil Bo3pacTaeT Kak ¢ pOCTOM IPOYHOCTH CTalU, TaK U C YBEIHYCHUEM
nuamerpa (tommuesl) HB. YcranosieHo, uto mHTeHCHBHOCTS (CKopocTh) noemieHust KKH 3aBucut ot pasmepa HB u ot momyns ympyroctu
E, (cootHomenne MaccoBbix noneit okeunos SiO, u ALLO, B HB). Cpennsis untencusHocTh u3mMenenust KKH, nomydennas myrem o6paGoTku
SKCTIEPUMEHTAIILHBIX JIAHHBIX, COOTBETCTBYET aHAJIOTMUHBIM MokasarensM s HB: 13 % SiO,; 87 % Al,O, (tomuunoii 4,0 mxm); 20 % SiO,,
80 % AlLO; (tomuunoit 5,0 mxm); 25 % SiO,; 75 % Al,O, (tommmuoii 7,0 mxm). ITo momydeHHBIM CBA3SM NPUMEPHO yKasaHbl pasmepbl HB
1 UX MOP(OIOrUs, MO3BOJIONINE IIOBBIIATE YCTATOCTHBIE CBOMCTBA CTajleH NPYXKHHHBIX MapoK B AHAIA30HE BPEMEHHOTO COINPOTHBICHHS
or 1200 no 2000 MITa. [Ins moBbIIeHNs] pecypca YCTaJOCTHOH MPOYHOCTH CTaidu (0OCOOCHHO B BBICOKOIPOYHOM COCTOSIHUHM) PEKOMEHIOBAHO
HCIIONIb30BaTh TEXHOJIOTHIO Oe3aIIOMIHIEBOTO PACKUCIICHUS MeTajlIa IpHU BeIILIaBke. [1pu 3Tom obecreunBaeTcs 6aaronpustHas Mopdonorus HB
¢ KKH He 6onee 1,0. @opmupoBaHre MEIKO3EPHUCTON CTPYKTYPBI CTAJIN TTOCIIE TEPMHUYECKOW 00pabOTKH MOTYyYaIOT MIPU OTCYTCTBHU aJTFOMUHHS

IIpU paCcKUCJICHUH, HEOOJIBIITUMU )106aBKaMI/I BaHaaws, HHOOUS WIH THTAHA.

Kawuessie caosa: NIPOYHOCTHBIC CBOMCTBA cTalii, npeaein TeKy4eCTH, K03(1)(1)I/II_II/ICHT KOHIICHTpAuu HaHpSDKCHHﬁ, HEMCTAJUIMYCCKNUE BKIIFOUCHUS,

npesesn yCTaaoCTHON MPOYHOCTH

Jna yumupoeanus: I1asnos B.B., Temnsnues M.B., Byxmupos B.B. YBenuuenue yctanocTHON NPOYHOCTH CTalel BBICOKOPOYHBIX Mapok. M3seec-
must 8y306. Yepnas memannypeus. 2023;66(5):522-528. https://doi.org/10.17073/0368-0797-2023-5-522-528

[ INTRODUCTION

The fatigue strength stands as a critical parameter for
metals and alloys, profoundly influencing their potential
applications as structural materials across diverse indust-
rial sectors [1;2]. Among the spectrum of structural
metal alloys, steels persist as the most prevalent choice
for fabricating a wide range of metal products and struc-
tures, especially those subjected to heavy-duty opera-
tions. In instances such as rail and spring steels endur-
ing dynamic and fluctuating loads [3; 4], the fatigue
strength assumes paramount importance, directly dicta-
ting the operational lifespan of metal products [5; 6]. It’s
noteworthy that fatigue strength isn’t solely contingent
upon the chemical and phase compositions of steel or its
structural configuration [7; 8], but also on factors such
as dimensions, non-metallic inclusion morphology, and
operational conditions of the metal products [9; 10].
Notably, strain hardening emerges as a viable method
to influence fatigue strength positively [11 — 13]. Con-
sequently, enhancing steel’s fatigue strength remains a
pressing research imperative in contemporary materials
science endeavors [14].

[ MATERIALS AND METHODS

The known relationshipo | =0.56 (where o | is fatigue
strength and o is tensile strength) is valid for steel with
the tensile strength not exceeding 900 MPa [15; 16]. Howe-
ver, as the strength surpasses this threshold, the actual
values of fatigue strength significantly deviate from
the calculated ones [17; 18] (Fig. 1). This study focuses
on exploring the correlation between fatigue strength and
tensile strength in spring steel using regression analysis
methods. The specific values of tensile strength (c,) and
fatigue strength limit (c ) used in this study are extracted
from [19 — 23] (refer to the Table).

The statistical regression model 6 | = 0.028c, + 566.4
is inadequate. Fisher’s criterion, at 0.206, falls below
the significance value (0.657), indicating a low statisti-

cal significance. Additionally, the correlation coefficient
stands at a meager 0.120.

The results of regression analysis reveal a lack
of a meaningful relationship between the function and
the parameter. Notably, there’s a noteworthy trend:
as the tensile strength of steel escalates, the disparity
between actual and calculated results widens.

Consequently, it can be inferred that the factor
affecting the reduction of fatigue strength, contingent
upon the tensile strength of the metallic matrix (MM),
is subject to alteration. Steel products are typically
designed considering the fatigue strength of steel. Under
these circumstances, it becomes challenging to fully uti-
lize the available strength potential (indicated by high o,
and o, levels), thereby limiting the potential to reduce
the material intensity of metal structures.

The papers [18; 24] demonstrate that in the non-
metallic inclusion — metallic matrix (NMI — MM) system
subjected to external impacts, shear stress occurs at their
interface within the MM, while NMIs, acting as stress
concentrators, have the potential to amplify the effects
of these impacts.

1000
900
800
700
600
500 | ® 2 °

400 L 4 '
1200 1400 1600 1800

G,, MPa

G ,,MPa

° ® \ .0.'

2000

Fig. 1. Dependence of fatigue strength limit
on tensile strength of spring steel:
1 -0, =0.50, (W, theory); 2 —c_, = 0.028c, + 566.4 (@, fact)

Puc. 1. 3aBucuMocTsb npejiena ycTanoCTHON MPOYHOCTH
OT BPEMEHHOTO COIPOTHUBIICHNUS NPYKHHHON CTaJIN:
1 -0, =0,5c, (W, reopus); 2 —o_, = 0,0286, + 566,4 (@, paxr)
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Mechanical properties of spring steel grades

Mexanunyeckne cBOiicTBa cTajell MPY:KUHHBIX MaApPOK

Steel grade Heat treatment Source | 6, MPa | 6, MPa | ¢ |, MPa E*, hPa

60G quenching 800 °C, tempering 380 °C [20] 1180 1370 529 204
[20] 1220 1470 578

65G n/a [22] 1280 1420 647 215
[22] 1440 1690 725
1050 1200 598

5582 quenching 880 °C, tempering 400 — 460 °C [19] 1300 1400 720 196
1690 1710 769
quenching 860 °C, oil, tempering 400 — 550 °C n/a 1380 490

6052 n/a [19] 1370 1580 421 212
isothermal quenching, 330 °C, 1 h, tempering 300 °C 1680 686

60S2A quenching, oil, tempering 420 °C [21] n/a 1810 637 212
quenching, oil, tempering 400 °C 1900 500

SOKhFA quench%ng 850 °C, 0¥l, temper}ng 175 °C [20] 1590 1630 666 218
quenching 860 °C, oil, tempering 500 °C [21] 1430 1570 725
quenching, oil, tempering 400 °C 1830 1980 540

60S2KhA Isothermal quenching, soaking 290 °C [21] 1720 1950 568 196
isothermal quenching, soaking 290 °C, tempering 325 °C 1430 1920 578
quenching, oil, tempering 415 °C 1810 1900 549

60S2KhFA isothermal quenching, soaking 290 °C [21] 1780 1960 588 191
isothermal quenching, soaking 290 °C, tempering 325 °C n/a 1920 613

Notes. “— data from the paper [23].

Once the stress level attains or surpasses the yield
strength under shear (t), the local regions of the NMI - MM
interface activate the Frank-Read sources [16— 18].
This activation induces local plastic deformation within
the metal. With the escalation of dislocation density in these
zones, initial cracks begin to propagate, eventually reaching
a critical size, thereby instigating material fracture.

The magnitude of resultant shear stresses is assessed
using the following equation [18; 24]:

Exwi i

' EMM ls

T=0

, (1

where 1 is shear stress; 6, is external tensile stress; E,
and E,,,, are modulus of elasticity of the NMI and the MM,
respectively; d is diameter (thickness) of the NMI; [ is
the sum of maximum lengths of the zone of shear stresses

in the MM at the boundary with NMI.

Consequently, the factor Exw 4 represents the stress
MM ‘s

concentration coefficient (SCC). The equations govern-

ing the fatigue strength limit are expressed as follows:

o, = Y orSCC =4,

SCC o,

In instances where compressive stresses affect

the NMI — MM system, shear stresses arise at their inter-

face. However, their magnitude is significantly lower com-

pared to tension scenarios [18]. Henceforth, only tensile
forces are further considered.
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A close statistical association is evident between
the yield strength and tensile strength in spring grade steels
(Fig. 2). The relationship is mathematically expressed as
o, = 1.08c, — 312, presenting the regression model’s statis-
tical parameters as follows: a standard error of 104.5 MPa;
a correlation coefficient of 0.94; Fisher’s criterion standing
at 100.86, with a significance level of 9-1078. The depen-
dences of the strength limit, yield strength under shear,
and tensile strength of the steel are derived from the equa-
tiont=0.7-0.75c,.

When 1 is divided by 6, using the corresponding values
of ¢, a statistical model of the Stress Concentration Coef-
ficient (SCC) dependency on steel strength is obtained
(Fig. 3).

The model appears as follows

SCC=0.00167c, —1.04 2)
with statistical parameters indicating a Pearson coefficient
is 0.70; a standard error of 0.31; and Fisher’s criterion mea-
suring 15.98, showing a significance level of 0.00093.

Consequently, the SCC exhibits a fairly strong statisti-
cal association with the tensile strength of steel. It suggests
that as the strength properties increase, so does SCC.

For specific thicknesses of NMIs (d) and their particular
morphology, the equation is formulated as follows [18]

MM
_ ENMIi _ ZENMI Ty
NMI®

SCC

G)

MM ‘s Eyv ©
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Fig. 2. Dependences 6,.=f(c); 1, = fG,;

> Tp=fo, for spring steel grades

Puc. 2. 3aBucumocru 6, = f(c,); T, = fo,; 15

MPY’>KUHHBIX MapOK

=/ G, V1s cTanei

where )™ represents the MM strength limit during shear
and o)™ denotes the tensile strength of the NMI.

u

[ RESULTS AND DISCUSSION

The theoretical analysis suggests that when identical
NMIs of the same morphological type and the same size
coexist within the steel, the relationship between SCC and
the steel’s strength properties becomes functional. Howe-
ver, the observed variability in the actual SCC values
(Fig. 3) is linked to the presence of diverse morphological
types and sizes of NMIs within the metal. The morpho-
logy of internally formed NMIs during the steel’s deoxi-
dation process is contingent upon the ratio of oxygen
to aluminum dissolved within it [25 — 27]. These endog-
enous NMIs exhibit varying physical properties, which
are notably influenced by the proportion of SiO, and
Al O, basic oxides present in them. This variation spans
from plastic aluminosilicates to brittle globules, which
remain non-deformable during the rolling process, up
to yielding pure alumina [28]. Each morphological type

2,6
24 r
22 |
2,0 |
1,8
1,6
1,4
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A
| | |
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1200 1400 1600

c,, MPa

1800 2000

Fig. 3. Dependence of SCC on tensile strength of steel

Puc. 3. 3aBucumocts KKH 0T BpeMeHHOT0 CONPOTUBICHUS CTAIN

of NMI exhibits specific physical and mechanical proper-
ties, such as modulus of elasticity (£, ), tensile strength
(o™ resulting in diverse SCC.

Fig. 4 illustrates the derived relationships depicting
the dependency of SCC on the tensile strength of steel
concerning three potential elemental compositions
of NMlIs, %, along with sizes of 4.0, 5.8 and 7.0 pm:

-
——
1.0 Bo—" SCC=0.00167c,— 1.04
a
3.0 1 1 1
‘ 7.0
e
s 20 F
Q
S 5.0
2
4.0
1.0 g
b
04 1 1 1
7.0
0.3
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4.0
c
01 | | |
1200 1400 1600 1800 2000
c,, MPa

Fig. 4. Calculated dependences of SCC on tensile strength
of steel for alumosilicate NMI with different concentrations
of Si0, and Al,O; oxides in them:

a—10 % Si0,, 90 % Al,O,, E = 350 hPA;

b—25 % Si0,, 75 % Al,0;, E = 320 hPA;
¢ —80 % SiO,, 20 % AlL,0,, £ =100 hPA;
solid lines — calculated values;
dashed line — experimental values;

numbers indicate thickness (diameter) of NMI (um)

Puc. 4. Pacuernsie 3aBucumoctu KKH
OT BPEMEHHOT'O COIPOTHUBIICHHUA CTaU 171 aloMOcHInKaTHIX HB
C pa3HbIMM KOHIEHTPALMAMY B HUX Okcu10B Si0, n ALO;:
a—10 % Si0,, 90 % Al,O;, E = 350 I'Tla;
b—25% Si0,, 75 % Al,0;, E = 320 I'Tla;
¢—80 % Si0,, 20 % AlL,0,, E = 100 I'Tla;
CILIOILIHbIE IMHUU — PACUETHbIE 3HAYCHMUS;
IITPUXOBAs TUHUA — DKCIIEPUMEHTAJIbHbBIC 3HAYCHUS;

mudpamu odo3HaueHa Tomuuna (auamerp) HB (Mxm)
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Fig. 5. Dependence of the rate (intensity) of increase in SCC
on the ratio of mass fractions of SiO, and Al,0, oxides in NMI

Puc. 5. 3aBucumocts ckopocTy (MHTeHCHBHOCTH) yBennuenust KKH
oT cooTHomIeHus B HB MaccoBBIX 1071l OKCHUIOB SiO2 u A1203

Group Si0,  AlLO, E, hPa
1 10 90 350
2 25 75 320
3 80 20 100

Aluminosilicates falling within groups / and 2 of high-
modulus NMIs, surpassing the typical modulus of elasti-
city within the MM (with an average value of 205 hPa, as
indicated in the Table). Conversely, aluminosilicates cate-
gorized under group 3 demonstrate low-modulus traits.

SCC escalates proportionally with the increase in both
steel strength and the diameter (or thickness) of the NMI.
The rate of this rise in SCC depends on the size and elastic
modulus £, of the NMI, dictated by the ratio of mass
fractions of SiO, and AlLO, oxides within the NMI
(Fig. 5). It’s noteworthy that the average rate of change
in SCC, calculated from experimental data using Equa-
tion (2), corresponds to analogous indicators for NMIs:
13 % Si0,; 87 % AlL,O; (4.0 um thick); 20 % SiO,,
80 % A1L,O, (5.0 um thick); 25 % SiO,; 75 % Al,O,
(7.0 um thick).

For example, in the context of producing spring grade
steels by smelting and deoxidation processes (as indi-
cated in the Table), where diverse high-modulus NMIs
are formed, these inclusions significantly impact fatigue
indicators. To enhance the steel’s fatigue strength limit,
it becomes crucial to ensure the formation of NMlIs
with a modulus of elasticity not exceeding that of MM
(Exyn < Eyyy) and a thickness (d) that does not surpass /.

As per [18], achieving involves the formation of NMIs
in steel, comprising at least 60 — 65 % Si0,, with the total
content of high-modulus oxides like AL,O,, MgO not
surpassing 35 —40 %. These NMIs, when produced
under these conditions, exhibit ductility at the heating
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Fig. 6. Dependence of the limit diameter of NMI (60 — 65 % SiO,;
35— 40 % Al,O,) on tensile strength of steel at d/l = 1

Puc. 6. 3aBucumocTs npenensHoro auamerpa HB
(60 - 65 % SiO,; 35 - 40 % Al 0O,)
OT BPEMEHHOTO CONPOTUBJICHHS CTau pu d/l = 1

temperature for metal rolling, allowing for easy defor-
mation, resulting in the formation of thin filaments. For
example, during rail rolling, aluminosilicate NMIs are
generated within the rail head, measuring approximately
4.0 — 6.0 um in diameter and having an average length
of 40 — 50 um. Fig. 6 illustrates the calculated maxi-
mum diameter (or thickness) for NMIs with the speci-
fied chemical composition and various levels of tensile
strength within the MM.

Hence, as long as the NMI thickness does not exceed
8.5 um (maintaining a d/l <1, E,,/E,,,~ 1.0 [18],
the SCC remains below 1.0, even with MM strength
reaching 2000 MPa. In this context, the fatigue strength
of'the considered steel must be equal to or exceed the yield
strength of the metallic matrix during shear.

- CONCLUSIONS

To enhance the fatigue endurance of steel, particularly
in high-strength conditions, employing aluminum-free
metal deoxidation technology during smelting proves
beneficial. This approach facilitates the creation of a desi-
rable NMI morphology, ensuring that the SCC remains
below 1.0. Achieving a fine-grained structure in steel
post heat treatment is feasible by deoxidizing without
the inclusion of aluminum, instead incorporating minimal
amounts of vanadium, niobium, or titanium.
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FOR PELLETIZING IRON ORE CHARGE IN PRODUCTION OF PELLETS
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Abstract. New possibilities of pelletizing process in pellet production can improve the production performance. The principles of induced nucleation
in the pelletizing technique expand its technological capabilities. The technical indicators of the new pellet production technology and the physical
parameters of wet pellets make it possible to increase the metallurgical properties of agglomerated raw materials. The presented technical diagrams
reflect the production capabilities of induced nucleation in the processes of forming a sprayed layer (SL) of the charge and its division by various
technical devices. The design features and technological modes of the developed technical schemes are implemented on a typical disc pelletizer.
Experimental data obtained during implementation of the developed technological schemes make it possible to change the relative values of strength,
mass and moisture content of the pellets during pelletizing of the iron ore charge. These parameters can be adjusted during loading of charge, its
spraying onto the charge shell of the pelletizer, dividing the sprayed layer of the charge into nuclei and further pelletizing of the nuclei to form a
pellet shell. An assessment of these technological schemes led to selection of the most effective solutions based on thermal power spraying of wet
charge, taking into account its adhesion, material consumption and complexity of the equipment design. For practical use, we recommend a combined
technological scheme for the production of pellets using the induced nucleation technology on the basis of SL formation of a single air-charge jet
(ACJ) containing strengthening additives, on a pre-profiled skull and dividing the SL into nuclei by a conical drum equipped with a metal string.
At the end of the technological cycle of pellet production, increased porosity with a high proportion of open pores is formed in the central embryonic
part of the pellets. The pellets have a low moisture content (®,,=0.97) and a favorable pore structure. In the forecast, they require less energy
consumption for their subsequent heat treatment. The technology makes it possible to produce pellets with the required and maximum strength
(®,=1.0) 12— 16 mm in size with higher productivity (®,, = 0.68). In the course of experiments, it was found that the technology of preliminary
nucleation has high reliability and versatility, and it can be easily introduced into the existing production.

Keywords: iron ore raw materials, equipment and technology of pelletizing, agglomerated metallurgical raw materials, iron ore pellets, thermal power
spraying of wet charge, induced nucleation
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OCOBEHHOCTU PA3BUTUA TEXHUKU U TEXHONOTMN OKOMKOBAHUA
XENE3OPYAHOM LUNXTbI B NPOU3BOACTBE OKATbILUEN

B. M. lIaBsoBen; ©

Cubupckuii rocyrapcTBeHHbINH HHAYCTpUAALHBIH yHuBepeuTeT (Poccus, 654007, Kemeposckast 06i1. — Kyszbacc, HoBokysHenk,
yn. Kupoga, 42)

&) pawlowets.victor@yandex.ru

AnHomayus. HoBble BO3MOXXHOCTH IIPOIIECCAa OKOMKOBAHHSA B IPOM3BOJACTBE OKATHINICH MO3BONAIOT YIy4LINTh HPOHM3BOJICTBEHHBIC MOKA3aTENN.
IIpuHIMITBI TPUHYAUTEILHOTO 3aPOABIIIE00pPa30BaHUs B TEXHUKE OKOMKOBAHUS PACIIUPSIOT €0 TEXHOIOIHUECKHEe BO3MOXKHOCTH. TexHuueckue
I0Ka3aTe I HOBOU TEXHOJIOTHU IPOM3BOJICTBA OKATHINICH 1 (PU3HYeCKUe TapaMeTPhl BIAXKHBIX OKAThIIICH O3BOJIAIOT IOBBICUTH METAIITy PrUUECKUE
CBOMCTBAa OKYCKOBAaHHOTO CbIpbs. IIpencTaBieHHble TEXHMYECKHE CXEMbl OTPAKalOT HPOM3BOJCTBEHHbIE BO3MOKHOCTH IPHHYIUTEILHOTO
3apopIIIe00pa3oBaHus B Iponeccax (popMUpoBaHHs HanbLIeHHOTO c1ost (HC) MUXTHI 1 ero feaeHnst pa3snuYHbIMU TEeXHHIECKUMU YCTPOHCTBAMH.
KoHcTpyKTHBHBIE OCOOCHHOCTH M TEXHOJIIOTMYECKHE PEeXHUMbI Pa3paOOTaHHBIX TEXHHYECKMX CXEM PEal30BaHbl HA THUIIUYHOM TapesibuaToM
okoMKoBarene. ONBITHbIC JAHHBIE, IOTyYCHHbIC IIPU Peaan3alii pa3padoTaHHBIX TEXHOIOTHYECKHUX CXEM, TO3BOJLIOT H3MEHATh OTHOCHTEIbHbIE
BEJINUMHBI IPOUYHOCTH, MACChI U BIAXKHOCTH OKATBIIIEH B X0/1e OKOMKOBAHMS XKEJI€30PYTHON MINXThI. DTH MapaMeTpbl MOKHO PEryJIMpOBaTh B X0O/€
3arpy3KH LIUXTHI, €€ HAIBUICHHS HA IIMXTOBBIH FAPHUCAXK OKOMKOBATEIs, JEICHUS HANBUICHHOTO CIIOS IIMXTHI HA 3apPOABIIIH U JOOKOMKOBaHHS
3apozpiuieil ¢ popMupoBaHueM 000JIOUKH OKaTbileld. OLeHKa yKa3aHHbBIX TEXHOJIIOIMYECKHUX CXeM IpuBesa K BbIOOpYy Hanbosee 3 deKTuBHbIX
peIICHNH, OCHOBAHHBIX Ha TEIUIOCHIOBOM HANBUICHHM BIAKHOH IIMXTHI C y4ETOM IIPOLEcca ee HAJIUMAHUS, MATePHAIOEMKOCTH U CIOKHOCTH
KOHCTPYKTHBHOTO OhopMiIeHHs: 000pynoBaHus. JJIst MpakTHUECKOTo MCIOIb30BaHUSI pEKOMEHJ0BaHa KOMOMHHUPOBAHHAsl TEXHOJIOTHUECKas cXeMa
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MOJIyYEHHs OKATBIIIESH 110 TEXHOJIOTHH MPUHYIUTEIBHOTO 3apo/ibliieo0pa3oBanus Ha ocHoBe popmuposanus HC oMHOUHOM BO3LYIIHOIIMXTOBOM
CTpyeH, comepxKalieil ynpouHsromue 100aBKH, Ha IPeIBAPUTEIbHO MPOGUINPOBAHHEIN rapHucax U aeneHus HC Ha 3aponslim KOHHYECKHM
0apabaHoOM, CHA0KEHHBIM METAJUINUECKOH CTPYHOH. B KOHIIE TEXHOIOIHUECKOTo LUKIIA TPOU3BOJCTBA OKATHIIICH B LIEHTPAJILHON 3apO/IbIIEBOMH
JaCTH OKATHIIIeH (pOPMHUpPYETCs MOBBIMICHHAS MOPHCTOCTh C BBICOKOM JONIeH OTKPBITHIX TOp. OKaThIN 001afal0T HOHIDKEHHOH BIAXKHOCTBIO
(©,,=0,97) u GnaronpuATHOH MOPOBO# CTPYKTYpol. B mpornose onn TpeOyIoT MEHBILMX SHEPTO3aTPaT Ha MX MOCIEAYIONLYI0 TEPMOOOPAOOTKY.
TeXHONOTUsI TO3BOJSET BBIMYCKATh OKATBIIIM HEOOXOMMMOH M MaKCHMaJbHOH IPOYHOCTH pasMepoM 12— 16 MM ¢ Ooiee BBICOKOM
MIPOU3BOJIUTENILHOCTBIO. B X0/1€ AKCIIEPUMEHTOB YCTAHOBIIEHO, YTO TEXHOJIOTHS NPEABAPUTEILHOIO 3apoJIbIIeo0pa3oBaHms 001alaeT BEICOKOH
HaJEKHOCTBIO U YHHBEPCAIBbHOCTBIO, JIETKO BHEAPSCTCS B ACHCTBYIOIIECE IPOU3BOACTBO.

Kawuessle caoea: KCJIC30PYAHOC CBIPHE, TEXHUKA U TCXHOJIOI'HSI OKOMKOBAHHUSI, OKYCKOBAHHOC METAJLUIYPIruiCCKOC ChIPHE, KEIC30PYAHBIC OKATHIIIN,
TEIJIOCUIIOBOE HAIBIJICHUE BIIAYKHOU HIUXTBI, IPUHYAUTEIBHOC 3ap0ub1meo6pa303aﬂue

Jlnsi yumupoeanus: T1asnosen B.M. OcoOeHHOCTH pa3BUTHsI TEXHUKH U TEXHOJIOTHH OKOMKOBAHUS JKEJIC30PYAHON HIMXTHI B IIPOU3BOJICTBE OKATHI-
ieit. Mzsecmus 6y306. Yepnas memannypeus. 2023;66(5):529-537. https://doi.org/10.17073/0368-0797-2023-5-529-537

[ INTRODUCTION

The process of pelletizing an iron ore charge in the pro-
duction of pellets represents the initial phase of agglom-
erating raw materials derived from iron ore. This process
facilitates the formation of a wet bulk mass, its primary
structuring, and subsequent hardening [1; 2]. The primary
objective of pelletization is to create round-shaped pellets
possessing maximum possible strength, allowing them
to withstand transportation and endure thermal operations
without softening. The wet charge forming process in pel-
let production initiates with nucleation and culminates in
the final pelletizing of nuclei. In traditional pellet produc-
tion technology, impacting the nucleation process using
existing technical means without involving auxiliary
physical fields proves challenging [3]. However, a recent
proposal aims to enhance the functionality of the pel-
letizing section by employing thermal power spraying
of the wet charge onto the pelletizer skull. This method
endows it with additional shape-generating and structure-
forming functionalities during pellet production [4; 5].
Known as the technology of induced nucleation by spray-
ing and final pelletizing (NSF) of nuclei, it significantly
transforms the processes of nucleation and pelletiza-
tion of the iron ore charge. This technology offers a diverse
array of tools to influence pellet structural properties and
the parameters of pelletizer production [4 — 6]. According
to this technology, the initial stage of raw pellets produc-
tion involves the formation of a dense sprayed layer (SL)
of the charge using an air-charge jet (ACJ) within the idle
zone of the rotating disc pelletizer. To create an embryonic
mass, the SL within the same pelletizer zone is mechani-
cally divided into solid nuclei, having shapes akin to sphe-
rocubes or spheroparallelepipeds. During the subsequent
forming stage within the pelletizer’s working zone con-
taining lumpy materials, the corners and faces of these
nuclei are crumpled to form a round shape. Simultane-
ously, the nuclei undergo final pelletizing while mixed
with moistened charge in a rolling mode, thereby forming
the pellet shell [6 — 8]. The central part of two-layer pellets
exhibits lower moisture content and is characterized by
higher porosity, featuring an increased proportion of open
pores. The low moisture content of such raw pellets,
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coupled with this porosity pattern, mitigates crack forma-
tion and significantly reduces the temperature of shock
fracture during drying [4; 5]. Consequently, the likelihood
of a decrease in strength of annealed pellets during sub-
sequent metallurgical treatment diminishes. Even after
undergoing intense firing, the structure of pellets maintains
an augmented number of permeable pores open to reduc-
ing gases [5]. This specific pellet structure minimizes
diffusion limitations during subsequent reduction pro-
cesses and enhances the reactivity of agglomerated raw
materials. Similar structural properties of pellets can also
be achieved by utilizing pore-forming biomass [7; 8]
or complementary technologies [9— 11]. Figs. 1 and 2
depict the schematic representation of NSF technology
and the macrostructure of the materials involved in wet
charge forming. Implementing the production scheme
can be readily accomplished within existing sites pos-
sessing available manufacturing areas and technical capa-
bilities. The NSF technology has laid the groundwork for
various technical solutions [4; 5] that facilitate the control
of nucleation processes, pellet formation, and their physi-
cal properties. By analyzing the operational processes
of nuclei and pellets, one can formulate the general princi-
ples governing nucleation and structurization of the lumpy
mass within this technology.

The primary aim of this paper is to analyze the techni-
cal solutions directed towards equipment and technology
development for pelletizing iron ore charge during pellet
production based on induced nucleation.

[l MATERIALS AND METHODS

Fig. 3 display technical diagrams of devices used
in pellet production, showcasing different methods
of forming the dense SL by spraying the wet charge
onto the skull. Meanwhile, Fig. 4 present schematic rep-
resentations of the diverse methods employed to divide
the SL into nuclei within these devices. It’s important
to note that the author has secured patents from the Rus-
sian Federation for the depicted technical schemes
(Figs. 3,4). For the implementation of the pellet pro-
duction technical schemes, the laboratory semi-indust-
rial disc pelletizer served as the foundational apparatus
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Fig. 1. Scheme of wet charge forming into nuclei and pellets («) and appearance of experimental installation based on a disk pelletizer
for producing pellets using the NSF technology (nucleation by spraying and final pelletizing of nuclei — b, ¢):
1 — charge flow for nucleation; 2 — charge flow for the final pelleting of nucleus; 3 — jet unit; 4 — air-charge jet; 5 — sprayed charge layer;
6 — SL divider, consisting of longitudinal (lamellar knives) and transverse (rotating drum with edges) dividers; 7 — nucleus; § — pellets

Puc. 1. Cxema GpopmooOpa3oBaHus BIXKHOMN IMXTHI B 3aPOJIBILINA M OKATHINIH (a) M BHEIIHHUIA BU/T SKCIIEPUMEHTAIBHON YCTaHOBKU
Ha OCHOBE TapesIb4aToro OKOMKOBATEIIS /ISt OTy4YeHus okarslmiei mo Texnonoruu 3H/ (b, ¢):
1 — TIOTOK HIMXTHI JUTS 3apOJbIIIc00pa3oBaHusi; 2 — TOKE JUIsl TOOKOMKOBAHUS 3apojibliiieii; 3 — CTpyHHbI anmnapar;
4 — BO3YIIHOUIMXTOBAS CTPYS; 5 — HAIBUICHHBIH CI10# mmXThI; 6 — nenurens HC, cocrosmuii n3 mpogoabHOro (INIACTHHYATBIC HOXKH)
U TIOTIepPEYHOro0 (Bpalaroluiics 6apaban ¢ pedpamu) renuTeseii; 7 — 3apoabliin; 8§ — OKaThIIIN

Fig. 2. Appearance of charge materials and sequence of pellets formation from nuclei using NSF technology:
a — fragment of SL divided into nuclei; b — nucleus 60 s after final pelletizing; ¢ — nucleus 300 s after final pelletizing

Puc. 2. BHemHuil BUJ IIMXTOBBIX MaTEPUAIOB U ITOCIIEA0BATEILHOCTD ()OPMUPOBAHUSI OKATBIIICH U3 3apoyblieii o TexHonornu 3H/I:
a — ¢parment HC, paszaeneHHoro Ha 3apofpiiu; b u ¢ — 3apozpiiu 4epe3 60 u 300 ¢ mociie T00KOMKOBaHHUS COOTBETCTBEHHO

(diameter 0.62 m, disc inclination angle y =45°, number
of revolutions n =12 rpm). The pelletizer is equipped
with a jet unit (JU) (diameter d;; = 0.02 m, charge flow
rate G, =0.03 - 0.04 kg/s, pressure P, = 0.2 MPa, comp-
ressed air flow rate ¥, =0.6 m*/min) and variously
designed devices for dividing the SL into nuclei. To imple-
ment the multi-jet technical schemes initially, three JUs,
each with a diameter of 0.02 m, were utilized, all opera-
ting under identical initial conditions and maintaining
the same charge flow rate. The wet charge employed in
this process consisted of iron-ore concentrate sourced from
the Tei deposit (¢, = 0.068 mm) and 1 % bentonite. A 5-kg
charge was sprayed over a period of 60 s onto the 30 mm
thick charge skull (CS) (p. = 2230 kg/m?, W, = 8.14 %)
present in the idle zone of the disc, positioned at ®, = 25

(®, = L/d;; — dimensionless distance, L = 0.5 m). For the
final pelletizing of nuclei and the formation of standard
pellets, an additional 5 kg of wet charge were introduced
into the pelletizer’s working zone. Average strength and
moisture content measurements were conducted for all
formed materials. The dimensions of the SL were measured
(diameter dg; , m and SL height on its axis &, m). Sub-
sequently, the embryonic mass and the array of pellets were
sieved. The sampling methodology is detailed in [4; 5].
For the technical schemes implementing of various
methods of SL formation (Fig. 3), the spraying coefficient

Cy, » %, was calculated as follows:
M, - M
CSL — sh m ,
Msh
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Fig. 3. Technical schemes of SL formation on pelletizer skull:
a —one ACJ; b — the same with moistening of the deposition zone; ¢ — moistening of the charge skull (CS); d — several ACJ with superposition
of SL along the radius; e — the same with superposition of SL along an arc; f— one ACJ with auxiliary air flow; g — one ACJ with deflecting nozzles
on the path of ACJ; & — one ACJ with hardening additives in the charge; i — additional compaction of SL with drums

Puc. 3. Texanueckue cxemsl hopmupoBanuss HC Ha rapHHCake OKOMKOBATEIIS:
a — onnoit BILIC; b — Toxe ¢ yBinakHeHHEM 30HbI HanbuieHus; ¢ — yBiaxuenue I d — neckonpkumu BIIC ¢ nanoxxennem HC no paguycy;
e — toxe ¢ HanoxeHneMm HC no ayre; f— onnoit BILIC ¢ BcmomorarenbHbIM MOTOKOM BO3yxa; g — oaHoit BIIC ¢ oTKIIOHSIOINMY HacaakaMu
Ha ytu BIIC; & — ognoii BIIC ¢ ynpounsitonMu 106aBKaMu B IUXTE; § — JONOAHUTENbHOE yiioTHeHre HC Gapabanamu

where M, is the mass of the deposited charge, kg; M is
the mass of the charge remaining after SL formation, kg.
For the technical schemes implementing various meth-
ods of SL division into nuclei (Fig. 4), the fractional compo-
sition of the embryonic mass and the nucleation coefficient

C . Y0, were determined using the following formula:
C _M“uCI_Msh_Mm_Mn
nucl Msh Msh H

where M_  is the mass of nuclei ranging from 2 to 10 mm
in size, kg; M_ is the mass of nuclei fines smaller than 2 mm
in size, kg.
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Multiple experiments were conducted for each tech-
nical scheme, enabling the acquisition of average values
for the parameters being analyzed. In order to provide
a comprehensive assessment of the NSF technology’s
efficiency and the properties of the SL, nuclei, and pel-
lets, certain experimental outcomes were presented in
dimensionless form, as discussed in [4; 5]. The relative
strength of the molded materials, denoted as ©, was
determined using the equation
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Fig. 4. Technical schemes of charge SL division into nuclei on pelletizer skull with:
a — longitudinal plate knives and drum with transverse ribs; b — the same with composite rotating drums; ¢ — division of SL by longitudinal plate

knives and rotating drum with transverse ribs at outlet from lumpy materials layer; d — plow dividers; e — conical drum equipped with metal strings;

>

f— drum equipped with ribs with semicircular cells; g — SL profiling in width and height; # — CS profiling;
i — drum with transverse ribs and system of rods

Puc. 4. TexHHMYECKHE CXEMBI JICIICHHUSI HATIBIICHHOTO CJIOS LIMXThI Ha 3aPO/IBIIIH Ha FAPHUCAXKE OKOMKOBATEJISL:
a — MPOJIOJILHBIMHU TTACTUHYATHIME HOKaMH M 6apabaHOM ¢ MONepeYHbIMU pedpamit; b — TOXKe C COCTAaBHBIMU BPAIAFOIIMMHUCS OapabaHamu;
¢ — nenerne HC npoonbHBIMU [UIACTHHYATHIMUA HOYKAMHU 1 BpaLIAIONIMMCs 6apabaHOM C MOMEpeYHbIME PebpaMy Ha BBIXOJIE U3 CIIOSI KOMKYEMbIX
MaTepHaoB; d — IUTY>KKOBBIMH JACIHUTEISIMH; ¢ — KOHHUCCKIM OapabaHoM, CHA0KEHHBIM METAUTHYECKIMH CTPYHAMIL,
f— GapabaHOM, CHAOKEHHBIM pPedpamu ¢ MOTYKPYIIIbIMHU stueiikamu; g — ¢ npodumupoBanuem HC 1o muprHe U BBICOTE;
h — ¢ mpodunupoanuem LUI'; i — GapabaroM ¢ morepeyHbIMU peOpaMu U CUCTEMON CTEPIKHEH

where S, is the average strength of samples from SL,
nuclei and pellets, kPa, S, is the average strength of pellets,
12 — 16 mm in size, kPa, and S_= 280 kPa.

The relative mass of molded materials (SL, nuclei, and
pellets) ®, was calculated using the formula

where M is the average mass of molded materials (SL, nuclei,
and pellets), kg, M, is the total mass of the charge used in pellet
production, inclusive of the charge fed for the final pelletizing
of nuclei in the pelletizer’s working zone, kg, M, = 10 kg.

The relative moisture content of the molded materials
©®,, was evaluated using the equation

@ Wav
Yow,

where W_ is the average moisture content of the samples
from SL, nuclei, and pellets, %, W is the moisture con-
tent of the deposited charge, %, set at W, = 8.2 %.

The relative duration of the processes involving
charge loading, depositing, SL division, and final pellet-
izing of nuclei, represented as ©_, was calculated using
the equation
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where 1, is the duration encompassing charge loading,
depositing, SL division, and final pelletizing of nuclei, s.
The time periods for depositing, SL division, and final
pelletizing of nuclei were to 15, 5 and 300 s, respectively.
Meanwhile T, represent the total duration of pelletization,
setatt = 380 s.

To determine the characteristics of SL (Cg;, ©,,, O,
0,,), formed in various ways (Fig. 3), the pelletizer was
operated without dividers throughout the entire spray-
ing period. In order to conduct a comparative analysis
of the performance of these diverse technical schemes, we
utilized the fundamental scheme (Fig. 3, @). This scheme
relied on a single JU operation, spraying the wet charge
onto an unprepared CS. It is noteworthy that most indust-
rial depositing technologies entail numerous performance
requirements concerning spraying devices and techniques,
as indicated in [12 — 15].

To calculate the parameters of the embryonic mass (frac-
tional composition, C_ |, ®,,, O, ©,) acquired via various
methods of SL division into nuclei (Fig. 4), the SL divider
was utilized on the pelletizer subsequent to SL formation.
For a comparative assessment of these technical schemes,
we utilized the fundamental scheme (Figs. 1 and 3, a),
which was additionally equipped with a divider featuring
longitudinal (lamellar knives) and transverse (rotating drum
with edges) dividers coated with bakelite varnish to prevent
charge adhesion (Fig. 4, ).

[ RESULTS AND DISCUSSION

Fig. 5 illustrates the typical changes in parameters O,
O, ©,, during the process of charge formation, which
includes charge deposition, SL formation, and its sub-
sequent division into nuclei, followed by pelletization.

Oy O, Oy

1.0¢

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 (C)

Fig. 5. Kinetics of changes in relative strength O, mass ©,,
and moisture content ® , of materials during charge forming
and pellets formation

Puc. 5. Kuneruka nu3MeHeHHs1 OTHOCUTENBHON IPOYHOCTH O,
Macchl O, M BIQKHOCTH © ), MaTePHAIOB B IIPOLIECCE
(hopmMo0OpazoBaHUs MIMXTH U (POPMUPOBAHMS OKATHILICH

534

These trends were observed in the basic spraying scheme
(Figs. 3, a and 4, a). The experimental results are compre-
hensively presented in Tables 1 and 2. The dependencies
obtained from these experiments, as depicted in Fig. 5,
allow for the generalization of research outcomes and
the identification of potential constraints within the NSF
technology. Across all technical schemes detailed in
Tables 1 and 2, a consistent observation is the rapid for-
mation of the wet charge, showcasing an average nuclei
mass growth rate exceeding 3.0 g/s. This rapid growth is
accompanied by an increase in strength (©,>0.39) and
relatively minor mass loss of the formed materials during
the stages of charge deposition (up to ©,,=0.44) and
SL division (up to ®, = 0.29) into nuclei (Fig. 5). It has
been noted that enhancing the strength of the SL during
charge deposition (0> 0.8 -0.9) [4; 5] brings it closer
to that of the whole pellet. However, this particular regime
results in decreased porosity and a reduction in the propor-
tion of open pores in the embryonic part of the pellet, which
contradicts the fundamental structurization principles
of the NSF technology. The slight increase in nuclei
strength during SL division can be attributed to the mechan-
ical compaction of the wet mass facilitated by dividers or
supplementary devices. During the final pelletizing phase
of the nuclei, both the mass and strength of the pellets
increase as the shell forms in the rolling mode. The dehyd-
ration process of the SL is closely associated with barodif-
fusive moisture transfer facilitated by the ACJ, into which
the SL and embryonic mass come into contact during
the spraying process. The final pelletizing phase of nuclei
is accompanied by the growth of parameters ©, , ©,, ©,,
includes several stages and extends over a longer dura-

Table 1

Indicators of technical schemes that implement various
methods of SL formation

Tabnuya 1. Iloka3aTen TEXHHYECKHX CXEM,
pean3youuX pa3InyHbie CoCOObI

¢opmupoBanusa HC
The Indicators

scheme is

presented Coo | dy/dy | ds/h | 0, | 65 | O

in Fig. 3
a 0.88 10.5 20.5 0.44 | 0.39 | 0.96
b 0.95 11.5 21.5 0.46 | 0.41 | 0.99
c 0.92 11.5 21.5 0.46 | 0.42 | 0.97
d 0.92 29.0 94.0 0.46 | 0.40 | 0.96
e 0.91 11.5 21.5 046 | 0.45| 0.94
f 0.88 14.5 59.0 0.43 | 0.36 | 0.96
h 0.86 15.0 60.0 043 | 0.35| 0.96
h 0.86 10.5 20.5 0.45 ] 0.48 | 0.96
i 0.88 11.5 23.5 044 | 045 095
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Table 2

Indicators of technical schemes that implement various methods of SL division into nuclei

Tabauya 2. Iloka3are iy TeXHHYECKHX CXeM, PeaIn3yIOLIUX Pa3IHuHble ciocodbl Aejenns HC Ha 3apoabimm

ihercheme Indicators
is presented nuclei fractional composition, mm
inFigd | 0-2 | 2-4 | 4-6 | 6-10 | >10 | "™ Cua O ©s
a 34.1 18.8 18.2 28.1 0.8 4.34 0.58 0.29 0.42
b 32.5 18.5 20.2 28.4 0.4 4.21 0.61 0.30 0.42
¢ 332 19.5 20.5 26.2 0.6 4.09 0.61 0.30 0.51
d 43.4 22.6 15.4 10.4 8.2 2.71 0.45 0.22 0.41
e 26.1 18.6 24.6 30.2 0.5 4.51 0.69 0.35 0.43
f 25.4 19.3 254 29.9 0 4.49 0.58 0.29 0.42
h 15.2 21.3 30.6 329 5.67 0.62 0.31 0.42
h 12.3 22.2 31.9 33.6 6.22 0.67 0.38 0.42
i 32.1 19.8 20.2 26.1 0.8 4.15 0.58 0.29 0.38

tion (300 s), significantly slowing down both the growth rate
of mass (to 0.11 g/s) and strength [4; 5]. During this phase,
the moisture content of pellets formed in the final pelleti-
zing stage increases due to excessive moistening of the pel-
let shell. In the majority of technical schemes employing
the NSF technology for final pellet production, the focus is
on forming the maximum number of pellets sized between
12 to 16 mm (®,,> 0.7). These pellets exhibit an average
mass growth rate (more than 0.3 g/s), attain the required
strength (® = 1.0), and demonstrate reduced moisture con-
tent in their structure (®,,<1). In the central embryonic
part of the pellets, this decrease is even greater (®,, < 0.95).

An analysis of the efficiency of the reviewed techni-
cal schemes would be prudent. The scheme depicted in
Fig. 3, b, deviates from the basic one by intensively moist-
ening the deposition zone and the SL surface. This altera-
tion allows for an increase in CSL to 0.95 and augmenta-
tion of the SL’s geometrical dimensions and parameters
0,, O, 0, (Table 1). However, the excessive moistening
of the SL to Wy, = 0.99W, and, consequently, the nuclei
and resultant pellets, prolongs the subsequent drying dura-
tion of pellets during the heat treatment stage. Similarly,
the scheme illustrated in Fig. 3, ¢, results in similar SL
characteristics by premoistening the charge before spray-
ing, differing from the basic solution. The scheme pre-
sented in Fig. 3, d, enhances the transverse dimensions
and maintains a consistent SL thickness by overlapping
boundary zones (6 = 1.0 — 0.8, where 6 denotes the dimen-
sionless radius of the SL). These SL zones exhibit high
porosity and low strength. A similar effect on the spray-
ing process is detailed in [16 —20], associating control
of the dispersed phase flow rate in the JU with variations
in the rotation speed of the sprayed base. The scheme dis-
played in Fig. 3, e, is notably more intricate and diverges
from the basic scheme by employing successive charge

spraying using three JUs, thereby expanding the longitu-
dinal deposition area. This extended exposure of the ACJ
to the SL for approximately three times longer increases
the SL strength by around 10 — 15 %. It intensifies moisture
removal from the SL, maintaining indicator levels ©,,, ©,,
closely resembling those of the basic scheme. The scheme
shown in Fig. 3, f, focuses on improving the uniformity
of SL thickness by utilizing a single JU operating alongside
auxiliary fan-supplied air along the JU axis. This modifica-
tion results in larger geometric dimensions of the SL due
to the expansion angle of the jet increasing to 30°. However,
a drawback of this scheme is the reduced strength proper-
ties of the SL due to decreased ACJ pressure. The scheme
illustrated in Fig. 3, g, involves deflecting mechanical
devices positioned in the path of the ACJ. This scheme
has analogous disadvantages and facilitates the acqui-
sition of SL with characteristics akin to the previously
described scheme. The scheme presented in Fig. 3, 4, devi-
ates from the basic one by enabling the addition of auxi-
liary materials (strengthening, binding, hard-to-pelletize,
and structure-forming additives) to the air-charge jet (ACJ).
By introducing a relatively small amount (up to 1 -2 %)
of additives, such as an aqueous solution of liquid glass,
into the deposited charge, the SL strength can be aug-
mented by 10 — 15 % [4; 5]. The scheme shown in Fig. 3, i,
incorporates additional measures beyond ACJ pressure. It
employs extra strengthening and profiling (height aligning)
loads formed by rotating drums mounted on the SL surface
before its division. This approach enhances the SL strength
and uniformity of its geometric dimensions. However, it
entails increased technical complexity and is characterized
by enhanced charge buildup on the metal drums.

The scheme illustrated in Fig. 4, b, diverges from the
basic one due to the inclusion of composite drums. These
composite drums account for the differences in the cir-
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cumferential velocities of the SL circumferential velocities
easing the division of larger diameter SL. Consequently,
this modification leads to a 5 % increase in the strength
of the nuclei and a reduction in fines content to 33.2 %
(Table 2). The scheme displayed in Fig. 4, ¢, uses the pres-
sure from the layer of materials circulating in the pelleti-
zer’s working zone, which possesses substantial height and
mass. This pressure aids in hardening the SL, facilitating its
division upon exiting the lumpy materials layer [4; 5]. This
approach results in a 5 — 10 % increase in nuclei strength
while maintaining a relatively uniform fractional composi-
tion. The pelletizer divider shown in Fig. 4, d, employs a
curved plow divider with a simplified structure. It enables
the generation of nuclei in various sizes, encompassing a
significant amount of fines (0 —2 mm) at 43.4 %, along
with larger pellets exceeding 10 mm. The scheme depicted
in Fig. 4, e, involves a thin metal string stretched across a
conical drum, serving as a divider for SL. This innovative
design enables the simultaneous division of SL in both lon-
gitudinal and transverse directions, requiring significantly
less force. It boasts features such as minimal mass buildup,
low metal consumption, and high technological effective-
ness [4;5]. Similar devices are utilized in the ceramic
industry for mass division before molding. In Fig. 4, f,
the SL division scheme incorporates a cylindrical drum
with wave-shaped ribs acting as a divider to form pelletized
nuclei. To counter increased charge buildup, this scheme
implements intensive moistening of the drum ribs before
SL division, consequently elevating the moisture content
of the nuclei. the SL and charge skull profiling schemes
depicted in Fig. 4, g and 4, respectively, ensure a constant
thickness of the SL, thereby enhancing the uniformity
of the fractional composition and resulting in larger ave-
rage nuclei size 4, of 6.22 mm. The SL division scheme
in Fig. 4,7, employs a divider equipped with a system
of rods to create a specialized nuclei structure. However,
this configuration results in significantly lower strength
values compared to those of the basic scheme.

Considering the characteristics of SL and embryonic
mass (©,,, 0,0, Table 1,2) derived from the implemented
technical schemes, along with an evaluation of the techno-
logical effectiveness of the devices (such as charge buildup,
additional equipment material consumption, design comp-
lexity, reliability, and operational stability), a combined
technological scheme for pellet production is recommended
for practical implementation. This recommended scheme
encompasses the induced nucleation NSF technology
based on SL formation by a single ACJ (Fig. 3, @), enabling
the utilization of strengthening additives in the deposited
charge (Fig. 3, #). In this setup, the material is sprayed
onto the pre-profiled charge skull (Fig. 4, g), and the SL is
divided into nuclei using the conical drum equipped with a
metal string (Fig. 4, e). Implementing the NSF technology
based on these components facilitates the production of pel-
lets characterized by reduced moisture content (®,, = 0.97),
evenly distributed across the cross-section, achieving
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necessary and sufficient strength (¢ > 1.0), favorable pore
structure, and a maximum yield of pellets sized between 12
to 16 mm (©,,= 0.72). These parameters are much lower
when conventional nucleation and pelletization technology
is used (®,,= 1.1, ®,,= 0.33) [4; 5]. Based on these find-
ings, it is reasonable to anticipate higher pelletizer perfor-
mance, along with lower energy consumption for thermal
drying of pellets during subsequent heat treatment.

[ ConcLusiOoNs

The results of studies investigating the performance
of technical schemes based on NSF technology, which
enables the control of the nucleation and pelletiza-
tion processes, were analyzed. General principles gov-
erning the nucleation and structurization of lumpy mass
within this technology framework have been formulated.
We assessed the typical variations in parameters ©,, O,
0, during the charge formation and pelletization pro-
cesses for both the basic scheme and several technical
schemes under investigation. Through a comprehensive
evaluation considering the indicators of NSF techno-
logy and technological effectiveness (e.g., charge buildup
level, material consumption of additional equipment,
design complexity, reliability, and operational stability),
specific technical schemes were appraised, and the most
efficient solutions were identified. The recommended
combined scheme for pellet production utilizes NSF
technology based on SL formation by a single air-charge
jet (ACJ), permitting the incorporation of strengthen-
ing additives. In this approach, the material is sprayed
onto a pre-profiled charge skull, and the SL is divided
into nuclei using a conical drum equipped with a metal
string. Implementing the NSF technology based on these
elements allows for the production of pellets characte-
rized by reduced moisture content (@, =0.97) evenly
distributed across the cross-section, achieving necessary
and sufficient strength (0> 1.0) and yielding maximum
pellets sized between 12 to 16 mm (©,,= 0.72). These
findings provide grounds to anticipate enhanced pelleti-
zer performance and reduced energy consumption during
subsequent pellet heat treatment.
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ECOMONITORING OF SANITARY PROTECTION ZONE
OF METALLURGICAL ENTERPRISE: SNOW AND SOIL COVER
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Abstract. The paper considers the issues related to monitoring the state of snow and soil cover in the zone of influence of industrial emissions into
the atmosphere at the borders of the sanitary protection zone (SPZ) of the metallurgical enterprise JSC “EVRAZ United West Siberian Metallurgical
Combine” (JSC EVRAZ ZSMK). Sanitary protection zone is the territory separating enterprises (their buildings and structures) with technological
processes that serve as a source of impact on the environment and human health from residential development. SPZ is designed to reduce the impact
of all factors beyond its limits to the required hygienic standards, to create a sanitary barrier between industrial and residential buildings. Ecomonitoring
provides an objective analysis of depositing spheres (snow, soil) on the territory of the SPZ. The method of chemical laboratory analysis is important
for the assessment of primary and secondary air pollution (samples of snow, soils and waters). The results of chemical analysis of snow water showed
that the dry residue in meltwater is lower (7 — 8 times) MPC at all sites, the content of chloride ions does not exceed the MPC (350 mg/1), the content
of sulfate ions at site / is 2 times lower than the MPC, at other sites below the detection limit by the methodology set out in RD 52.04.186 — 89.
The content of heavy metals and arsenic in the soil at the SPZ test sites does not exceed the values of the established MPC. Soil analysis showed
that the active acidity (pH of the water extract) is in the range of 6.30 — 7.40 units, which indicates the absence of technogenic acidification of soils.
The content of petroleum products in the selected samples is below the threshold value, which makes it possible to attribute soils at all sites of the
SPZ of JSC EVRAZ ZSMK according to the compound under consideration to conditionally pure. The content of benz(a)pyrene in the soil does not
exceed the MPC (0.02 mg/kg) at all experimental sites, except site 7. The sulfur content does not exceed the MPC values at all test sites of the SPZ.

Keywords: ecomonitoring, sanitary protection zone, atmospheric air, soil, snow cover, harmful emissions, chemical analysis, MPC, technogenic
acidification of soils, heavy metals, benz(a)pyrene
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AHnHOmMayus. PaccMOTpeHbl BOIPOCHI, CBA3aHHBIE C MOHUTOPHHIOM COCTOSHUSI CHEXKHOT'O ¥ IOUBEHHOTO ITOKPOBOB B 30HE BIMSHUS IPOMBILIIEHHbBIX
BBIOPOCOB B aTMOC(EpHBIil BO3AYX Ha IPpaHHIIAX CAaHUTAPHO-3aUTHOM 30HKI (C33) Meramtyprudeckoro npeanpusitis AO «kEBPA3 O0bennHeH-
HBI 3anagHo-Cubupckuii Metamutyprudeckuit komouHar) (AO «EBPA3 3CMK»). CanurapHo-3aIuTHAs 30HAa — TEPPUTOPUS, OTICIISIONIAst Ipe/i-
NpUATHA (MX 34aHUST U COOPYXKEHHUS) C TEXHOJIOTHUECKUMH TPOLIECCAMHU, CITY>KAIIMMU UCTOYHUKOM BO3JCHCTBHS HA Cpely OOUTAHMS U 30POBbE
yesioBeKa, OT xuioi 3actpoiiku. Teppuropust C33 npenna3HadeHa Ui CHHKEHUS 3a ee TIpeieslaMi yPOBHS BO3JEHCTBHS BCEX BPEIHBIX (JaKTOPOB
J10 TpeOyeMbIX TUTHeHHYEeCKIX HOPMAaTHBOB, CO3/IaHUs CAHUTAPHO-3aLIUTHOTO Oapbepa MEX 1y TPOMBIIUICHHOH 1 )KUIIOH 3aCTPOHKAMH. DKOMOHHU-
TOPHHT JaeT 00BbEKTUBHBIN aHAIIN3 JEHOHUPYOMHX chep (CHer, mousa) Ha Teppuropuu C33. 1 OLCHKH NEPBUYHOTO (BO3AYILIHOI CpeJibl) U BTO-
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PUYHOTO (CHEXHBIX MPOO, TIOYB U BOJ) 3arps3HCHUI TIPUMEHSIETCSI METOJ] XUMHYECKOTO JTab0opaTOpHOTO aHain3a. Pe3yibraTbl XUMUYECKOTo aHa-
JIM3a CHETOBOW BOJIBI MOKA3aJll, YTO CYXOH OCTaToK B Taioi Boae Hke (B 7 — 8 pa3) [1/IK Ha Bcex ruromankax, coaepskaHue XJIOPHUA-HOHOB HE
npessiaer [TJIK (350 mr/in), conepxanue cynbhar-noHoB Ha miomake / B asa paza Huxke [1/1K, Ha ocTanbHBIX IUIOIAKaX HIOKE Tpeesia oOHa-
PY’KEeHHsI METOIMKOM, m3nokeHHo! B PJ1 52.04.186 — 89. Coneprkanue B MOUBE TSDKEIBIX METAIIOB U MBIIIBSIKA Ha MPOOHBIX muiomaakax C33 He
npessiaet [1/IK. [TouBeHHbIN aHANIN3 TIOKa3all, YTO aKTHBHAsI KUCIOTHOCTD (pH BOJHOMW BBITSKKH) HAXOAUTCS B npesenax 6,3 — 7,4 euHuULI, 4To
yKa3bIBaeT Ha OTCYTCTBUE TEXHOTEHHOTO 3aKkHCiieHus 1mouB. Cozeprkannue HeTepOayKTOB B OTOOPaHHBIX MPOOAaX HUKE MTOPOTOBOTO 3HAYCHHS,
YTO JIeJIaeT BO3MOMKHBIM OTHECTH TOouBbI Ha Beex muiomaakax C33 AO «EBPA3 3CMK» 1o paccmarprBaeMoMy COEIMHEHUIO K YCIOBHO YHCTBIM.
Copnepxxanne 6en3(a)mupena B mouse He npesbimraet [1/IK (0,02 mMr/kr) Ha Bcex SKCIEPUMEHTAIBHBIX [UIOMAIKaxX, kKpome miomanku 7. Conepka-

Hue cepsl He npesbimaet [1/IK Ha Bcex nmpoOHbIX miomaakax C33.

Kawouesvle c/108a: 3kOMOHUTOPHHT, CAaHUTAPHO-3aIINTHAsT 30HA, aTMOC(EPHBII BO3IYX, [104BA, CHEXHBIH MOKPOB, BPEAHBIC BHIOPOCH, XMMHYCCKHUI
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[ INTRODUCTION

When evaluating the impact of large industrial enter-
prises, a crucial consideration involves mitigating
the adverse effects on all environmental components.
In resource-rich regions such as the Kemerovo Region
(Kuzbass), both natural ecosystems and the urban envi-
ronment, essential for ensuring the population’s quality
of life, are significantly affected. This study focuses on
eco-monitoring within the sanitary protection zone (SPZ)
using JSC “EVRAZ United West Siberian Metallurgi-
cal Combine” (JSC EVRAZ ZSMK) as a case study. The
enterprise in question is situated in close proximity to ten
specially protected natural reserves (SPNR) of various
levels and categories, notable heritage sites of Kuzbass.
Distances to the boundaries of these SPNRs are as follows:
17 km — Uvaly Luchshego regional reserve; 30 km — Cher-
novoy Naryk regional reserve; 35 km — Kostenkovskie
Rocks regional natural monument; 55 km — Kuzedeevsky
regional natural monument; 55 km — Kuzedeevo Linden
Island federal natural monument; 56 km — Kuznetsky
Alatau state nature reserve; 65 km — Karakansky regional
reserve; 68 km — Artyshta regional natural monument;
75 km — Belsinsky regional reserve; 83 km — Bochatskiye
sopki regional reserve. Preserving these unique natural
complexes necessitates compliance with environmen-
tal protection requirements, including the establishment
of a sanitary protection zone. The primary goal of this zone
is to reduce atmospheric air pollution levels to specified
emission limits after the enterprises have implemented all
necessary measures to eliminate harmful substances.

The objective of the paper is to investigate and ana-
lyze the impact of industrial emissions on the environ-
mental status of soil and snow cover within the SPZ
of JSC EVRAZ ZSMK.

) BACKGROUND

The set tasks to accomplish this objective were as fol-
lows:

—to explore the methods for investigating the soil-
ecological condition within the sanitary protection zone;

—to analyze the findings derived from laboratory
examinations of the snow cover and soil at the bounda-
ries of the SPZ of JSC EVRAZ ZSMK.

Novokuznetsk is situated in the southern part of the
Kemerovo Region within a vast depression amid the flood-
plains of the Kondoma and Tom’ Rivers. It is encircled
by the Kuznetsk Alatau and Salair Ridge mountain ranges.
The metallurgical plant of JSC EVRAZ ZSMK is situated
in the northeastern region of the city. The rationale behind
its location was to position the plant in close proximity to
energy and raw material sources while maximizing the dis-
tance from residential areas within the city. JSC EVRAZ
ZSMK falls into the category of first-class enterprises
concerning plant capacity, process specifications, as well
as the nature and volume of pollutants released into the
environment. The sanitary protection zone’s radius for
first-class metallurgical enterprises is typically 1km
(although in practice, it extends to 5 km), in accordance
with SanPiN 2.2.1/2.1.1.1200 — 03' regulations. Landsca-
ping involves the use of specialized tree species, constitut-
ing at least 50 % of the development footprint.

A modern metallurgical facility comprises vari-
ous units that have the potential to emit pollutants into
the surrounding air. Such emissions are virtually unavoi-
dable. Hence, measures for safeguarding atmospheric air
quality have been implemented, encompassing a system
designed to ensure air purity and sustain it at levels safe
for human life and health [1; 2].

The sanitary protection zone of JSC EVRAZ ZSMK
comprises eight designated test sites within the northern
industrial hub, each representing distinct soil types:

1 — floodplain granular soil near the Ilyinsky Bridge
(east wind);

2 — alluvial meadow soil close to Teleuty Village
(northeast wind);

3 — fertile leached chernozem behind Malaya Shched-
rukha Village (north wind);

1'SanPiN 2.2.1/2.1.1.1200 — 03. Sanitary protection zones and sanitary
classification of enterprises, structures, and other facilities Sanitary and
Epidemiological Rules and Regulations. URL: https:/files.stroyinf.ru/
Datal/52/52471/index.htm (accessed on: 09.12.2022).
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Areas of experimental sites of SPZ of JSC EVRAZ ZSMK

3onb! onbITHEIX MHI0MIa10K C33 AO «kEBPA3 3CMK)»

4 —leached chernozem in the area of Yubileynaya
mine (north-west wind);

5 —meadow heavy loamy soil along the road to Kure-
gesh — Esaulovka (west wind);

6 — chernozem meadow heavy loamy soil near the road
to Chistogorsk Settlement (south-western wind);

7 — leached moderately deep light loamy chernozem
in the vicinity of Mokrousovo Village (south wind);

8 — leached moderately deep light loamy chernozem
in the area of Ilyinka Village (southeast wind).

The Figure illustrates the respective areas of these test
sites within JSC EVRAZ ZSMK.

The boundaries of the sanitary protection zone
of the northern industrial hub extend at distances of 5 km
to the north, 3.3 km to the northeast, 3.5 km to the east,
4.1 km to the southeast, 1.8 km to the southwest, 2.6 km
to the west, 4 km to the northwest, and 4.2 km to the south
from the boundaries of JSC EVRAZ ZSMK industrial site.

The assessment of environmental conditions in major
cities and enterprises commonly involves individual
environmental components: atmospheric air, surface and
groundwater, soil (considering microflora), vegetation
cover, and citizen health [3 — 7].

Snow cover, with its high sorption capacity, stands out
as an informative indicator for detecting anthropogenic
pollution not only in atmospheric precipitation but also
in atmospheric air, subsequently affecting water bodies
and soils [8].

Snow samples were collected following the guidelines
of RD 52.04.186 — 89, utilizing a specific template (pipe)
with a cross-sectional area of 50.3 ¢cm?, reaching from the
top of the snow cover to the ground. These samples were
then placed in plastic bags and transported to the labora-
tory for monitoring industrial waste, soils, fuels, and lubri-
cants. In the laboratory, the samples underwent processing
and analysis for pH, carbonate and bicarbonate content,
chlorides, sulfates, dry residue, calcium, magnesium, and
dust, in accordance with RD 52.04.186 — 89 procedures.

During the melting period, snowmelt enters water
bodies and is categorized as atmospheric runoff? [9 — 11].
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To assess its condition, regulatory limits established
in SanPiN"34 were used as the basis of comparison.
The findings of the snow water study are summarized in
Table 1.

The data presented indicates that:

—dry residue in snowmelt water across all sites is
(7 — 8 times) lower than the MPC;

— chloride ion content does not exceed the MPC
(350 mg/l);

— sulfate ion content at site / is twice lower than
the MPC, while at the other sites, it is below the detection
limit outlined in RD 52.04.186 — 89 procedures;

— pH values at all sites fall within the normal range,
confirming the absence of anthropogenic soil acidifica-
tion within the SPZ territory.

Soil monitoring was conducted to oversee various soil
parameters [12], encompassing data related to [13 — 15]:

—heavy metals such as vanadium, manganese, anti-
mony, nickel, copper, zinc, lead, mercury, cadmium;

— arsenic;

— chemical indicators including pH (acidity), benz(a)-
pyrene, petroleum products, and sulfur compounds.

Pollution indicators were assessed for eight chemical
elements (V, Mn, As, Sb, Ni, Cu, Zn, Pb). Table 2 pre-
sents the specifics of soil contamination caused by heavy
metals within the confines of the SPZ. The concentration
of heavy metals and arsenic at the SPZ test sites remains
below the MPC values.

2 Procedure for arrangement and operation of sanitary protection
zones of industrial enterprises. URL: http://www.centreco.ru/szz_6.php
(accessed on: 09.12.2022).

3 SanPiN 1.2.3685 — 21. Hygienic standards and requirements for
ensuring safety and (or) harmlessness to humans from environmental
factors. URL: https://rkc56.ru/documents/4538 (accessed on: 09.12.2022).

4 SanPiN 2.1.3684 — 21. Sanitary and epidemiological requirements
for the maintenance of the territories of urban and rural settlements, for
water bodies, drinking water and drinking water supply, atmospheric air,
soils, residential premises, operation of industrial and public premises,
organization and conduct of sanitary and anti-epidemic (preventive)
measures. URL: http://www.consultant.ru/document/cons_doc
LAW 376166/ (accessed on: 09.12.2022).
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Table 1

Pe3yabTarhl aHa/M3a CHEroBO BOABI

Tabnuya 1. Results of analysis of the snow water

. MPC Indicator value at the site
Indicator ’
mg/l 1 2 3 4 5 6 7 8
pH 6.5-85] 7.8 7.6 7.6 7.9 7.4 7.6 8.4 7.9
Chlorides 350.0 | 1846 |19.84 | 21.3 | 1846 | 21.3 | 15.62 | 17.1 | 18.46
Sulfates 500.0 | 225.6 | bdl bdl bdl bdl bdl bdl bdl
Dry residue 1000.0 | 126.0 | 124.0 | 114.0 | 110.0 | 118.0 | 158.0 | 22.0 | 104.0
Ca - 120.0 | 100.0 | 120.0 | 60.0 | 80.0 | 80.0 | 140.0 | 100.0
Mg - bdl | 365 | bdl | 243 | bdl bdl | 60.8 | bdl

N ote. bdl stands for below the detection limit.

The outcomes from chemical analyses of soils are out-
lined in Table 3. The active acidity (pH of the water extract)
ranges between 6.30 and 7.40 units, signifying the absence
of technogenic soil acidification. The petroleum product
content (PNDF 16.1.41-04) observed in the selected soil
samples remains below the threshold value (less than 20 mg/
kg). Consequently, soils across all sites can be categorized
as conditionally clean concerning this compound. Similarly,
the concentration of benz(a)pyrene does not surpass the MPC
values (0.02 mg/kg) at all test sites except for site 7. Addi-
tionally, the sulfur content (according to GOST 8606 — 93)
does not exceed MPC values of 160 mg/kg.

To assess the degree of soil pollution, the technogenic
concentration coefficient K is calculated [16]:

Kc = Ktot /Kbg >

where K., and K., are the element contents in the exam-

ined soil and in background soil, respectively.

Table 2

Content of heavy metals and arsenic
in the soil in boundaries of SPZ

Tabnuya 2. Coaep:kaHue TAXKEJIbIX METAIIOB H MbIIIbAKA
B noyBe B rpanunax C33

Site Content of substances, mg/kg, in soil
V | Mn | As | Sb | Ni | Cu | Zn | Pb
1 70 | 1500 | bdl | bdl | 50 | 130 | 200 | 50
2 70 | 1500 | bdl | bdl | 50 | 70 | 200 | 50
3 70 | 1500 | bdl | bdl | 50 | 100 | 150 | 50
4 70 | 1000 | bdl | bdl | 30 | 70 | 100 | 50
5 70 | 1500 | bdl | bdl | 50 | 70 | 200 | 50
6 70 | 1000 | bdl | bdl | 50 | 70 | 200 | 50
7 70 | 1500 | bdl | bdl | 50 | 70 | 150 | 50
8 70 | 1000 | bdl | bdl | 50 | 70 | 150 | 50
MPC 150 | 1500 | 2 | 4,5 | 80 | 132|220 | 130

When the soil is contaminated by two or more ele-
ments, the total pollution index Z_ is calculated as fol-
lows:

Z, :iKC —(n—1i),
i=l

where K_ is the technogenic concentration coefficients
that are greater than unity; » is the number of elements
with K > 1.

The level of contamination is categorized as low if Z_
falls within the range of 0 — 16; medium (moderately hazar-

Table 3

Results of chemical analysis of the soil samples

Tabnuya 3. Pe3yibTaThbl XHMHYECKUX AaHAJIN30B
MOYBEHHBIX 00Pa30B

Site Depth of pH Benz(a)pyrene, mg/kg,
(sampling | sampling, |of aqueous ISO 13877
points) cm extract (MPC = 0.02 mg/kg)
0-5 7.16 0.0044
! 5-20 7.40 0.0037
2 5-20 7.27 0.0010
0-5 7.38 0.0021
. 5-20 7.23 0.0022
0-5 6.30 0.0033
! 5-20 6.41 0.0029
0-5 7.07 0.0010
? 5-20 7.05 0.0013
0-5 6.62 <0.0010
6 5-20 6.53 <0.0010
0-5 6.91 0.0158
’ 5-20 6.76 0.0197
0-5 6.44 <0.0010
5 5-20 5.75 <0.0010
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Table 4
Categories of soil chemical contamination
Tabnuya 4. Kateropuu XMMH4eCKOro 3arpsi3HeHus 04B
The site and its location Metal co.ncentrauon coefficient Z Pollution category
Cd | Cu | Ni Pb Zn | As | Hg ¢
1 —Ilyinsky Bridge area 1.67 | 1.50 | 0.82 | 1.13 | 1.39 | 1.88 | 5.75 | 14.13 Acceptable
2 — Teleuty Village area 1.67 | 1.36 | 0.82 | 1.04 | 1.52 | 1.96 | 3.13 | 11.48 Acceptable
3 —Malaya Shchedruha Village area 1.67 | 1.25 1 094 | 1.16 | 1.26 | 2.50 | 6.88 | 15.65 Acceptable
4 — Yubileinaya mine area 1.67 | 1.14 | 0.98 | 0.92 | 1.27 | 2.59 | 8.88 | 17.44 | Moderately hazardous
5 — area of the road to Kurugesh-Esaulovka | 1.67 | 1.28 | 0.92 | 0.85 | 1.26 | 2.50 | 8.50 | 16.98 | Moderately hazardous
6 — area of the road to Chistogorsk 1.67 | 1.17 | 0.98 | 0.54 | 1.37 | 2.05 | 7.25 | 15.03 Acceptable
7 — Mokrousovo Village area 1.67 | 1.70 | 1.01 | 1.08 | 3.76 | 1.96 | 13.88|25.07 | Moderately hazardous
8 —Tlyinka Village area 1.67 | 1.44 | 0.95 | 0.67 | 4.31 | 1.43 | 11.00 | 21.47 | Moderately hazardous

dous) if Z =16 + 32; high (hazardous) if Z =32 + 128;
very high (extremely hazardous) if Z_> 128.

Table 4 presents the assessment of chemical pollution
at the test sites for several elements. The evaluation out-
comes can be summarized as follows:

— the total pollution index for sites /, 2, 3, 6 is less
than 16, indicating that soil pollution at these sites falls
within the “acceptable” category;

— for sites 4, 5, 7, 8 the integral pollution index ranges
between 16 and 32, classifying soil pollution at these
sites as “moderately dangerous.

[ ConcLusions

The analysis of snow cover revealed that the concen-
trations of heavy metals, including arsenic, dry residue in
meltwater, chloride ions, and sulfate ions at the test sites
within the SPZ of JSC EVRAZ ZSMK, do not surpass
the MPC limits. Similarly, in the soil cover at these SPZ
test sites, the levels of heavy metals (V, Mn, As, Sb, Ni,
Cu, Zn, Pb), arsenic, sulfur, oil products, and pH values
are within the normal range. The benz(a)pyrene level
slightly exceeds the norm at only one out of the eight sites.

The total pollution index categorizes the contamination
levels at four out of the eight test sites as “acceptable”.
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EFFECT OF SILVER AND HEAT TREATMENT ON PROPERTIES
OF 03KH17N10M2 AUSTENITIC STEEL WIRE

A.D. Gorbenko' 2%, M. A. Kaplan', S. V. Konushkin?, E. 0. Nasakina?,
A. S. Baikin?, K. V. Sergienko?, A. Yu. Ivannikov?, Ya. A. Morozova'-?,
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1 Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119991,
Russian Federation)
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143050, Russian Federation)
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Abstract. The article examines the influence of various heat treatments, their temperature, as well as silver alloying on mechanical properties, phase
composition and structure of steel wire from chromium-nickel-molybdenum austenitic stainless steel 03Kh17N10M2. Choice of the amount of
silver alloying was based on previous studies of the antibacterial effect of modifying medical steels with silver. Since the antibacterial effect was
confirmed on several bacterial strains, for the most efficient operation of alloys, it is necessary to determine the best temperature mode for working
with them. Steel for the study was smelted and then transformed into wire through rolling, forging and drawing operations. On the obtained wire
samples of different diameters with a silver content (0; 0.2 and 0.5 wt. %) mechanical tests were carried out to determine the elongation, yield strength
and tensile strength. Various modes and temperatures of heat treatment were tested on wire of different diameters to study their effect on mechanical
properties and structure. Microstructure of the wire samples subjected to heat treatment and obtained after drawing was investigated. A phase analysis
was also carried out to determine the effect of silver in various quantities on austenitic steel. According to the results of the phase composition analysis,
it was concluded that silver reduces the amount of gamma phase in steel, and this effect increases in proportion to the increase in silver amount.
This change correlates with a slight drop in the metal ductility. At the same time, there are no significant changes in the strength characteristics and
microstructure from the presence of silver.

Keywords: heat treatment, wire, silver, stainless steel, mechanical properties, phase composition
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AHHOomayus. B cratbe paccMaTpHBAeTCs BIMSHHME PA3IMYHBIX TEPMHUUYECKUX OOpabOTOK, MX TEMIeparypbl, a TaKKe JIETMPOBaHUS CepeOpoM

Ha MEXaHMYECKHE CBOMCTBA, (Da30BBI COCTAB M CTPYKTYpPY MPOBOJOKH M3 HEPIKABEIOLIEH XPOMOHHKEIbMOIHOICHOBOM ayCTEHUTHOW CTalH
03X17H10M2. Bri6op BelTHUUHBI JISTHPOBAHUS CepeOPOM OCHOBBIBAJICS HA paHEe MPOBEICHHBIX MCCISIOBAHUAX aHTHOAKTEpHAIbHOTO ddhekTa
0T MOJM(BHIMPOBAHKS MEAUIIMHCKUX cTanei cepedpom. ITockonbKy aHTHOAKTEpHAIbHOE BO3ACHCTBHE TIOATBEPIKICHO HA HECKOJIBKUX IITaAMMaXxX
Oakrepwuit, 115t HarOosee 3 PEKTUBHO HKCIUTyaTaIMH CIUIABOB TPEOyeTCs ONpeIeIUTh HAWTY YN TeMIIepaTypHbIi pexum padboTsl ¢ Humu. Crasb
JUISL ICCIICIOBAHMS BBIIUIABIICHA U 3aTE€M Yepe3 ONepalliy MPOKaTKU, KOBKH M BOJIOUCHHsI IIpeoOpa3oBaHa B MPOBOJIOKY. Ha mosy4eHHbIX 00pasiax
MIPOBOJIOKM PA3HOTo auamerpa ¢ coxepkanueM cepedpa 0; 0,2 u 0,5 % (1o macce) mpoBeieHbl MEXaHUUECKHUE MCIIBITAHUS JUISl OTIPE/IeNICHUs
OTHOCHTEJILHOTO YIJIMHEHHs, pejiesia TeKy4eCTH U npejena npoYHocTd. Ha mpoBosioke pasHOro JuameTpa orpoOOBaHbI Pa3indHbIC PEKHUMBI
U TeMIIEpaTypbl TEPMUYECKUX 00PaOOTOK IS NCCIIEI0BAHUS MX BIMSHUS HA MEXaHHYECKUE CBOICTBA U CTPYKTYpY. MccienoBana MUKPOCTPYKTypa
MOJIBEPTHYTHIX TEPMHUYECKON 00pabOTKe M IOIYYEHHBIX HOCIE BOJIOYEHUS 00pa3LoB HPOBOIOKU. Takxke MpoBeneH (a3oBbIH aHATIU3 C LIEJIBIO
ycraHoBieHus 3pexTa oT NPUCYTCTBHS cepedpa B pa3IMUYHbIX KOJIMYECTBAX HA ayCTEHUTHYIO cTanb. [1o pesynsraram mccienoBanus GpazoBoro
cocTaBa CJIeJIaH BBIBOJ, YTO Cepedpo YMEHBIIACT KOJIMYECTBO raMMa-(asbl B CTaIH, U 3TOT 3G (HEKT pacTeT NPONOPLHOHAIBHO YBEINYCHHIO 10U
cepebpa. JlaHHOE U3MEHEHHE KOPPEIUpyeT ¢ HEeOONIBIIMM NaJeHHEM IUIACTUYHOCTH MeTaslIa. [Ipu 9TOM 3HaYUMBIX M3MEHEHHH B MIPOYHOCTHBIX

XapaKTepUCTHKAX U MUKPOCTPYKTYpe OT IPUCYTCTBUs cepedpa He HabmogaeTcs.

Kaloyesvle cnoea: tepmudeckas 00paboTKa, IPOBOJIOKA, cepedpo, HepIKaBerolas CTallb, MEXaHHYCCKUE CBOHCTBA, (ha30BbIH COCTAB

/s yumupoeaHus: Topoenko A.Jl., Kamman M.A., Konymkun C.B., Hacakuna E.O., baukun A.C., Cepruenko K.B., Bannukos A.1O., Mopo3o-
Ba SI.A., Omxkyko C.A., Konmakos A.I., CeBocTbsHOB M.A. Bimsinue cepebpa 1 TepMudeckoil 06pabOTKU Ha CBOICTBA IIPOBOJIOKY U3 ayCTCHHT-

Hoit cranmu 03X 17H10M2. Hzeecmus 6y306. Yepnas memannypeus. 2023;66(5):544-553. https://doi.org/10.17073/0368-0797-2023-5-544-553

- INTRODUCTION

Austenitic steels find widespread use in economic sec-
tors where materials necessitate high resistance to cor-
rosion and durability. These sectors include medicine,
the food industry, chemical production, among others.
This utilization is linked to a specific set of requirements,
primarily corrosion resistance and relatively low cost.
These steels have gained significant traction in medicine,
particularly in applications involving direct and pro-
longed contact with the human body, such as implanta-
tion. This is attributed to their biotolerance and relatively
high plasticity [1 — 3].

For short-term implantation, biotolerant materials
are employed, meeting the standards set by State Stan-
dards GOST, such as high-alloy stainless steels [4; 5].
While they can be utilized in creating long-lasting pros-
theses [6; 7], current practices involve augmenting these
materials with coatings and other methods to enhance bio-
compatibility [8]. Stainless medical steels exhibit resis-
tance to the aggressive internal environment of the human
body and, notably, do not typically induce an immune
reaction, barring individual, rare allergic responses
to specific components. However, despite the advantages
of these materials, the possibility of bacterial infection
in the vicinity of the implant cannot be entirely ruled out
during operations [9 — 12].

Silver is known for its capability to disrupt bacteria
metabolism [13 — 16]. This essential property persists
when silver is incorporated into coatings [17; 18] or uti-
lized as a doping component [19 — 21]. Several publica-
tions [2; 19] detail the authors’ endeavors in producing
03Kh17N10M2 steel with 0.2 and 0.5 % Ag additions,
examining these compositions for their antibacterial
properties. The research revealed that a mere 0.2 % Ag
within the steel composition suffices to suppress detri-

mental strains of Pseudomonas marginalis and Clavi-
bacter bacteria. Furthermore, an escalation in silver con-
tent resulted in a more pronounced effect. Additionally,
these compositions underwent scrutiny to ascertain their
mechanical properties and microstructural changes.
However, the research focused on materials in the form
of ingots and rolled products, while acknowledging
the potential use of such steels in wire form or as a work-
piece. This could facilitate further utilization in additive
manufacturing, welding, or product formation through
simple mechanical processing.

This study aimed to determine the mechanical proper-
ties of wire fabricated from 03Kh17N10M2 steel (akin in
chemical composition to steels employed in medicine and
jewelry, such as 316L) with silver additives. The inves-
tigation explored the influence of silver on the steel’s
structure, phase composition, mechanical properties, and
the impact of various heat treatment methods on the sil-
ver-enhanced steel.

[ MATERIALS AND METHODS

The smelting of steel took place at the Baikov Insti-
tute of Metallurgy and Materials Science, Russian Aca-
demy of Sciences. Through a process of triple remel-
ting, chromium-nickel-molybdenum stainless austenitic
steel 03Kh17N10M2 was produced, incorporating addi-
tional doping with silver. The chemical composition
of the resulting alloys is detailed in Table 1. Alloy / rep-
resents the base composition without the addition of sil-
ver, while alloy contains 0.2 % Ag and alloy 3 contains
0.5 % Ag. Further details on the ingot production tech-
nology are available in [2].

The cast billets were rolled into 1 mm thick plates
using a two-roll mill. Subsequently, the deformed work-
pieces were rotated by 90° and, through repeated rolling,
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Table 1

Compositions of the smelted alloys

Tabnuya 1. CocTaBbl BBIIJIABJIEHHBIX CIVIABOB

Alloy Content of elements, wt. %
No. C Cr Ni Ag Si Mn | Mo P S N
0.023 | 16.75 | 10.09 0 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073
0.023 | 16.75 1 10.09 | 0.2 | 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073
3 0.023 | 16.75 | 10.09 | 0.5 | 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073

were shaped into bars measuring 10x10 mm. To achieve
a diameter of 2.4 mm, rotational forging was conducted
on radial forging machines. This process involved suc-
cessive changes of strikers, progressing in increments
of 1 mm until reaching a 5 mm diameter, at which point
the increment was reduced to 0.5 mm. Intermediate hea-
ting up to 700 °C was applied during the forging process.

In preparation for subsequent operations and to ana-
lyze the impact of various heat treatments (HT) on
the properties of the resulting steel bars, a bar with
a 2.4 mm diameter underwent different heat treatment
processes—annealing, normalization, and quenching —
inside a muffle furnace.

Before reducing the diameter further, a scale removal
process was performed using a solution of nitric and hydro-
chloric acids. Subsequently, the bars were lubricated with
sodium soap, and a layer of borax was applied as a lubrica-
ting agent to enhance adhesion to the steel surface.

The subsequent reduction in diameter to 1 mm was
achieved utilizing a drawing machine in an atmospheric

Fig. 1. Obtained wire with a diameter of 1 mm

Puc. 1. Ilomy4enHast mpoBojoKa JuaMeTpom | Mm

546

environment. The wire underwent processing at a speed
of 5 m/min, gradually decreasing in diameter by 0.2 mm per
pass, from 2.4 to 1.6 mm. Following this, a two-minute heat
treatment at 900 °C was conducted in the furnace to anneal
the cold-worked steel. Subsequent wire drawing to reduce
the diameter to 1 mm occurred at half the previous steps
and speeds: 0.1 mm per pass at a rate of 2.5 m/min.

Upon achieving the final diameter, the silver-free
steel wire underwent heat treatment at temperatures
of 900, 950, 1000 and 1050 °C, each for a holding time
of 2.5 min (Fig. 1).

Structural examinations were performed on thin sec-
tions of the resulting steel samples. These samples were
embedded in non-conductive resin, followed by grinding
and polishing.

Surface etching was conducted using a composition
suitable for high-alloy steels, comprising hydrofluoric,
sulfuric, and nitric acids (2, 15 and 5 %, respectively,
with the rest being water).

Microstructural analyses were carried out using an
Altami MET 5C microscope, resulting in images depic-
ting the wire’s structure at two different diameters: 2.4
and 1 mm. Photographic recording was executed in pola-
rized light with maximum brightness.

The phase composition of the resulting steels was
investigated through X-ray diffraction patterns obtained
using CuK radiation in a parallel beam geometry.
The positional error of reflections during analysis did
not exceed 0.01° 20. The crystal lattice parameter was
adjusted by extrapolation to 6 = 90° using the Nelson—
Riley method within Origin-2017 software. Microstrain
in the crystal lattice of the main phase was determined
using the Williamson—Hall method, and the quantita-
tive content of crystalline phases was estimated using
the corundum number method.

Mechanical properties of the resulting wires were
calculated based on tensile tests conducted on an
INSTRON 3382 universal testing machine. The average
values were derived from five experiments, determining
ultimate strength, yield stress, and relative elongation in
accordance with State Standard GOST 1497 — 84, utili-
zing the software integrated with the testing machine.
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[l RESULTS AND DISCUSSION

Fig. 2 displays the surface characteristics of sections
obtained from bars with a 2.4 mm diameter.

Upon analyzing the microstructure, it can be inferred
that the presence of silver did not exhibit a discernible
impact on the grain size in both cases.

The materials after drawing are strengthened, heavily
deformed throughout the volume of the metal, thereby
exhibiting minimal ductility. To enable further processing
and to investigate the influence of silver and various heat
treatments on the properties of bars composed of steel
03Kh17N10M2, annealing, normalization, and quen-
ching of the resulting bars were conducted. Fig. 3 exhi-

Fig. 2. Microstructure of the bars:
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 2. MukpocTpykTypa IpyTKOB:
a—03X17H10M2; b — 03X17HIOM2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

==
——

o
-y

Fig. 3. Microstructure of the bars after normalization at 900 °C (holding time — 2 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 3. Mukpoctpykrypa npyTkoB nociie Hopmanuzauu npu 900 °C (Beigepikka 2 MUH):
a—03X17H10M2; b — 03X17HI0M2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

Fig. 4. Microstructure of the bars after annealing at 950 °C (holding time — 2.5 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 4. MukpoctpykTypa npyTkoB rociie orxura npu 950 °C (Bbiuepxka 2,5 MUH):
a—03X17H10M2; b — 03X17HI0M2 + 0,2 Ag; ¢ — 03X17HI0M2 + 0,5 Ag
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Fig. 5. Microstructure of the bars after quenching at 950 °C (holding time — 2.5 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 5. Muxpoctpykrypa npyTkos nocie 3axkanku 950 °C (Bblaepkka 2,5 MUH):
a—03X17HI0M2; b — 03X17H10M2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

bits images of three alloys post-normalization at 900 °C,
while Fig. 4 showcases the microstructure subsequent
to annealing at 950 °C. Fig. 5 demonstrates the micro-
structure following quenching at 950 °C.

Following heat treatments, the wire materials undergo
recrystallization, leading to the formation of a fine-
grained structure with grain sizes ranging from 3 to 6 pm.

Upon quenching, an equiaxed and finely dispersed
austenite structure becomes apparent. The presence
of banding suggests that recrystallization was incom-
plete before the samples experienced accelerated cool-
ing. Samples cooled in a furnace displayed grains with
a more uniform shape than those cooled in water. Inter-
estingly, annealed samples exhibited superior etchability

when contrasted with quenched ones. Samples normali-
zed at 900 °C exhibited similar microstructures to those
subjected to the quenching process.

The microstructures of all compositions, regardless
of the presence of silver, exhibit no significant differences
from each other. This indicates that microdoping does not
yield discernible microstructural changes.

Mechanical properties of steels from melts / to 3 were
evaluated after undergoing various heat treatments, with
a summary of the test results presented in Table 2.

Heat treatment of bars with a 2.4 mm diameter con-
sistently results in a notable increase in ductility, which
is essential for alleviating cold-working and producing
wire of smaller diameters. Notably, the most pronounced

Table 2

Mechanical properties of a bar with diameter of 2.4 mm, depending
on the sample composition and heat treatment

Tabnuya 2. MexaHu4yecKHe CBOHCTBA MPYTKA AMAMeTPOM 2,4 MM B 3aBUCHMOCTH
OT XHMHMY€CKOI0 COCTaBa 00pa3ua H TepMHYeCKOoi 00padoTKH

Material and heat treatment eloiz:;;gz %% s treZ:ll\(}IPa s trgllglrll,aﬁPa
1 (03Kh17N10M2) after drawing 12+1 243 +3 1026 + 10
1 + normalization 900 °C, 2 min 31+1 454+ 5 760 £ 8
1 + annealing 950 °C, 2.5 min 33+£2 423 +4 738 +7
1 + quenching 950 °C, 2.5 min 53+2 311+3 691 +7
2 (03Kh17N10M2 + 0.2 % Ag) after drawing 10+1 177+3 974+ 38
2 + normalization 900 °C, 2 min 42+2 365+4 7217
2 + annealing 950 °C, 2.5 min 28+ 1 346 +3 667+ 7
2 + quenching 950 °C, 2.5 min 35+2 295+3 645+ 5
3 (03Kh17N10M2 + 0.5 % Ag) after drawing 3+1 276 +3 900 +9
3 + normalization 900 °C, 2 min 30+ 1 336 £4 672 +£6
3 + annealing 950 °C, 2.5 min 31+1 394+5 714 +£7
3 + quenching 950 °C, 2.5 min 45+2 293 +4 680+ 6
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Table 3

Phase composition and parameters of the crystal lattice of 1 mm wire samples 7 — 3

Tabnuya 3. ®@a30BbIii cOCTAB U NapaMeTPbl KPUCTAUIMYECKOH pelleTKH NPoBoJIoKU JuaMeTpoM 1 MM odpa3suos 1 — 3

.. . Phase Volumetric | Weight
Composition Crystal lattice parameters, A eoissi | fosen, % | Sasion, 9%
3.59442 + 0.00008 v-Fe 853+0.1 | 85.6+0.1
2.87512 +£0.00011 a-Fe 13.8+0.1 | 13.5+0.1
1 (03Kh17N10M2)
8.81800 )
o-NiCr 09=+0.1 0.8+0.1
4.57800
3.59488 + 0.00009 v-Fe 829+0.2 | 833+0.2
2.87552 £ 0.00012 a-Fe 158+0.1 | 15.5+0.1
2 (03Kh17N10M2 + 0.2 % Ag)
8.81800 )
o-NiCr 1.3+0.1 1.3+0.1
4.57800
3.59497 = 0.00008 y-Fe 742+0.1 | 747+0.1
2.87599 £ 0.00008 a-Fe 24.1+£0.1 | 23.7£0.1
3 (03Kh17N10M2 + 0.5 % Ag)
8.80994 + 0.00165 )
6-NiCr 1.7+£0.1 1.6 £0.1
4.59121 £ 0.00165

effect was observed in the case of 03Kh17N10M2 with-
out the addition of silver, wherein quenching facilitated
achieving a relative elongation of over 50 %. The influ-
ence of silver on the mechanical properties was marginal,
resulting in a slight reduction in ductility. Consequently,
quenching was deemed the most suitable method for pre-
paring the wire for further drawing to a 1 mm diameter.

To delve deeper into the impact of silver, X-ray phase
analysis was conducted on the wires with a 1 mm diame-
ter. The phase composition data for the wires are outlined
in Table 3 and depicted in Figs. 6, 7.

The analysis of the phase composition revealed
a decrease in the y-Fe fraction and an increase in a-Fe
and o-NiCr from wire composition / to composition 3.
This denotes a ferrite-forming effect attributed to silver
in the stainless steel composition. The escalation in sil-
ver content correlates with an increase in the a-Fe and
o-NiCr phases. The presence of ferrite results from sig-
nificant plastic deformation during wire drawing, and it
remains unaltered since the steel’s content of austeniti-
zing elements (such as carbon, manganese, and nickel) is
relatively low. Considering potential applications invol-
ving the produced wire in its current form, heat treatment
might be advisable to achieve a single-phase structure.

Fig. 8 displays the microstructure of the wires utilized
in the phase analysis, highlighting the hardening effect
post-drawing.

Table 4 presents the mechanical properties of the
resulting wires from compositions / — 3 after being drawn
to a 1 mm diameter.

Comparing the mechanical properties of the origi-
nal composition wire with the alloyed compositions, it

was observed that the wire with the addition of silver
demonstrated similar mechanical characteristics.

Samples of strain-hardened wire with a 1 mm diameter
were subjected to heat treatments at temperatures of 900,
950, 1000, 1050 °C, each for a duration of 2.5 min.
The results of mechanical tests conducted on the material
after these heat treatments are summarized in Table 5.

It has been observed that as the heating tempera-
ture for hardening increases, ductility also increases
while strength decreases. This phenomenon occurs
due to a reduction in the density of dislocations and an
increase in grain size within the material. The choice
of cooling medium (air or water) exhibits a similar effect

Intensity, a.u.

20, deg

Fig. 6. Diffractogram with the results of phase analysis

Puc. 6. Judpaxrorpamma ¢ pesyapraraMu (pa3oBOro aHaIu3a
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Fig. 7. Enlarged diffractogram with the results of phase analysis

Puc. 7. VBenuuenHas nudpakrorpaMma ¢ pesyasraraMu (pazoBoro aHaIu3a
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Fig. 8. Microstructure of the wires with a diameter of 1 mm obtained on optical microscope ! (a), 2 (b), 3 (c)

Puc. 8. MuKpocTpyKTypa IPOBOJIOK JHAMETPOM 1 MM, ITOJIy4eHHAs IIPH BOJIOYCHHUH U3 cTasel Mapok ! (a), 2 (b), 3 (¢)

on the mechanical properties owing to the relatively small ~ denum steels. Furthermore, the results from mechanical
diameter of the wire. tests conducted on bars, despite the inclusion of silver in

The acquired data aligns with established recommen-  the steel composition, do not demonstrate any anomalous
dations for the heat treatment of chromium-nickel-molyb-  findings. Notably, the observed ferrite-forming effect

Table 4

Mechanical properties of wires with diameter of 1 mm

Tabauya 4. MexaHH4YeCKHe CBOICTBA MPOBOJIOK AHaMeTpoM 1 Mm

Compastion RelaFive Yield Ultimate
elongation, % | stress, MPa | strength, MPa

1 (03Kh17N10M2) 2.1+£03 1018 £8 1356 £8

2 (03Kh17N10M2 + 0.2 % Ag) 1.5+£0.3 1207 +£9 1648 =10

3 (03Kh17N10M2 + 0.5 % Ag) 1.2+0.2 12809 1636 + 10
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Table 5

. Mechanical properties of the wire with composition 7 and diameter,
depending on heat treatment (cooling in air or water)

Tabnuya 5. MexaHu4yecKHe CBOHCTBA NMPOBOJIOKH cocTaBa I juamerpom 1 Mmm
B 3aBHCHMOCTH OT TepMUUecKoii 00padoTKH (oXJIazKAeHHe Ha BO31yXe HIH B BOje)

Heat treatrnent Rela?ive Yield stress, | Ultimate strength,
elongation, % MPa MPa
900 °C, 2 min, air 51513 399+5 802+7
950 °C, 2 min, air 52.1+1.4 371+4 765 +7
1000 °C, 2 min, air 55715 325+3 738+ 6
1050 °C, 2 min, air 61.4+1.8 311+3 707 £ 6
900 °C, 2 min, water 523+14 386+ 5 792 +7
950 °C, 2 min, water 546+1.5 344 £ 4 766 £ 7
1000 °C, 2 min, water 580+1.8 320+ 3 739+£6
1050 °C, 2 min, water 66.7+1.9 31943 713+6

of silver, as identified through X-ray phase analysis, cor-
responds with findings in prior research [20]. In the men-
tioned study, the addition of 0.2 % Ag to 2205 DSS steel
resulted in a 1.1 % increase in the ferrite phase content.
However, in the case of steel 03Kh17N10M2, this effect
was more than two times greater, measuring at 2.3 %. This
disparity is likely due to the initial disparity in the ferrite
phase content between 2205 DSS steel, which inherently
had a significantly higher amount of ferrite phase, and
03Kh17N10M2 steel.

- CONCLUSIONS

The investigation into the mechanical properties
of wires made of austenitic stainless steel 03Kh17N10M2,
both without and with silver additions of 0.2 and 0.5 %,
revealed a slight reduction in ductility and an increase in
strength due to silver doping. Furthermore, the escalation
in silver content induced a shift in the phase composition,
characterized by a decrease in the y-phase and an increase
in the a-phase and o-phase. Specifically, the addition
of 0.5 % Ag resulted in an 11.1 % decrease in the auste-
nite fraction.

Post-heat treatments, irrespective of wire chemical
composition and diameter, recrystallization occurred,
fostering the development of a fine-grained structure with
grain sizes ranging from 3 to 6 pum.

Interestingly, quenching the resulting 1 mm diameter
wire in both air and water yielded similar outcomes. This
suggests that for products made from steels with exami-
ned compositions, quenching up to a diameter of 1 mm
can be effectively executed in air. However, when dea-
ling with diameters larger than 2 mm, the type of heat
treatment yields significant variations in mechanical
properties.

[ REFERENCES / CNMUCOK IUTEPATYPbI

1.

Chen Q., Thouas G.A. Metallic implant biomaterials. Mate-
rials Science and Engineering: R: Reports. 2015;87:1-57.
https://doi.org/10.1016/j.mser.2014.10.001

Kolmakov A.G., Ivannikov A.Yu., Kaplan M.A., Kirsan-
kin A.A., Sevost’yanov M.A. Corrosion-resistant steels
in additive manufacturing. Izvestiva. Ferrous Metallurgy.
2021;64(9):619-650. (In Russ.).
https://doi.org/10.17073/0368-0797-2021-9-619-650

Konmmaxkos A.I'., BanaukoB A.1O., Kamman M.A., Kupcan-
kuH A.A., CeBocThsiHOB M.A. Koppo3noHHOCTOIKHE CTAIN
B aJIMTHBHOM TIPOU3BOACTBE. M3gecmus 6y306. Uepnas
memannypeusi. 2021;64(9):619-650.
https://doi.org/10.17073/0368-0797-2021-9-619-650

Kaplan M.A., Ivannikov A.Yu., Konushkin S.V., etc. Inves-
tigation of the structure, mechanical and antibacterial prop-
erties of corrosion-resistant steel alloyed with silver and
titanium. Reports of the Russian Academy of Sciences. Che-
mistry, Materials Sciences. 2022;502(2):41-49. (In Russ.).
https://doi.org/10.31857/S268695352201006X

Karmuian M.A., UBannukoB A.}O., Konymkun C.B., u np.
VccnenoBanue CTPyKTypbl, MEXaHMUECKUX U aHTHOAKTEPH-
aJbHBIX CBOMCTB KOPPO3MOHHOCTOWKOW CTalH, JISTUPOBAH-
HOW cepeOpoM U TUTaHOM. JJoxnadwvl Poccuiickoll akademuu
nayk. Xumus, mayku o mamepuanax. 2022;502(2):41-49.
https://doi.org/10.31857/S268695352201006X

State standard R 51148-98. Medical products. Requirements
for samples and documentation submitted for toxicological,
sanitary and chemical tests, sterility and pyrogenicity tests.
Moscow: Izd-vo standartov; 05.05.1998:17. (In Russ.).

T'OCT P 51148-98. H3zoenus meduyunckue. Tpebosanus K
0bpazyam u O0OKyMeHmayuu, npeocmagiaeMviM Ha MOKCUKO-
JloeutecKue, CaHUmapHo-XuMuyecKue UCnblmaHusl, UCHbIma-
HUsL HA CMEPUbHOCMb U nupoeeHHocms. Mocksa: M3narerns-
ctBO cranmaptos; 05.05.1998:17.

State standard 30208-94. Surgical instruments. Metal mate-
rials. Part 1: Stainless steel. Moscow: Izd-vo standartov;
01.10.2002:7. (In Russ.).

551


https://doi.org/10.1016/j.mser.2014.10.001
https://doi.org/10.17073/0368-0797-2021-9-619-650
https://doi.org/10.17073/0368-0797-2021-9-619-650
https://doi.org/10.31857/S268695352201006X
https://doi.org/10.31857/S268695352201006X

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):544-553.
Top6enko A./]., Kanaan M.A. u dp. BnusiHue cepebpa 1 TepMUYeCKON 06pabOTKY Ha CBOMCTBA MPOBOJIOKH M3 aycTeHUTHOM cTanu 03X17H10M2

T'OCT 30208-94. Hncmpymenmor xupypeuueckue. Meman-
auueckue mamepuanvl. Yacme 1: Hepocaserowas cmarno.
Mockga: MU3narensctBo ctangaptos; 01.10.2002:7.

6. Zardiackas L.D. Stainless steels for implants. Wiley Encyclo-
pedia of Biomedical Engineering. 2006:1-9.
https://doi.org/10.1002/9780471740360.ebs 1136

7. Dick J.C., Bourgeault C.A. Notch sensitivity of titanium
alloy, commercially pure titanium, and stainless steel spinal
implants. Spine. 2001;26(15):1668-1672.
https://doi.org/10.1097/00007632-200108010-00008

8. Khosravi F., Nouri Khorasani S., Khalili S., etc. Develop-
ment of a highly proliferated bilayer coating on 316L stain-
less steel implants. Polymers. 2020;12(5):1022.
https://doi.org/10.3390/polym12051022

9. Rogers B.A,, Little N.J. Surgical site infection with methi-
cillin-resistant ~ Staphylococcus aureus after primary
total hip replacement. The Bone & Joint Journal. 2008;
90-B(11):1537-1538.
https://doi.org/10.1302/0301-620X.90B11.21242

10. Arciola C.R., Campoccia D., Montanaro L. Implant infec-
tions: adhesion, biofilm formation and immune evasion.
Nature Reviews Microbiology. 2018;16(7):397—409.
https://doi.org/10.1038/s41579-018-0019-y

11. Filipovi¢ U., Dahmane R.G., Ghannouchi S., Zore A., Bo-
hinc K. Bacterial adhesion on orthopedic implants. Advances
in Colloid and Interface Science. 2020;283:102228.
https://doi.org/10.1016/j.cis.2020.102228

12. Arciola C.R., An Y.H., Campoccia D., Donati M.E., Monta-
naro L. Etiology of implant orthopedic infections: A survey
on 1027 clinical isolates. The International Journal of Artifi-
cial Organs. 2005;28(11):1091-1100.
https://doi.org/10.1177/039139880502801106

13. Rai M.K., Deshmukh S.D., Ingle A.P., Gade A.K. Silver
nanoparticles: the powerful nanoweapon against multi-
drug-resistant bacteria. Journal of Applied Microbiology.
2012;112(5):841-852.
https://doi.org/10.1111/j.1365-2672.2012.05253.x

14. Morones J.R., Elechiguerra J.L., Camacho A., Holt K.,
KouriJ.B., Ramirez J.T., Yacaman M.J. The bactericidal effect
of silver nanoparticles. Nanotechnology. 2005;16(10):2346.
https://doi.org/10.1088/0957-4484/16/10/059

15. Baker C., Pradhan A., Pakstis L., Pochan D.J., Shah S.I. Syn-
thesis and antibacterial properties of silver nanoparticles.
Journal of Nanoscience and Nanotechnology. 2005;5(2):
244-249. https://doi.org/10.1166/JNN.2005.034

16. Yamanaka M., Hara K., Kudo J. Bactericidal actions of a
silver ion solution on Escherichia coli, studied by energy-
filtering transmission electron microscopy and proteomic
analysis. Applied and Environmental Microbiology.
2005;71(11):7589-7593.
https://doi.org/10.1128/AEM.71.11.7589-7593.2005

17. Mirzaee M., Vaezi M., Palizdar Y. Synthesis and characteri-
zation of silver doped hydroxyapatite nanocomposite coa-
tings and evaluation of their antibacterial and corrosion resis-
tance properties in simulated body fluid. Materials Science
and Engineering: C.2016;69:675—684.
https://doi.org/10.1016/j.msec.2016.07.057

18. Gobi S.K., Sudhakar T., Karthik Al., etc. Silver-calcia sta-
bilized zirconia nanocomposite coated medical grade stain-
less steel as potential bioimplants. Surfaces and Interfaces.
2021;24:101086.
https://doi.org/10.1016/j.surfin.2021.101086

19. Kaplan M.A., Gorbenko A.D., Ivannikov A.Y., etc. Inves-
tigation of antibacterial properties of corrosion-resistant
316L steel alloyed with 0.2 wt.% and 0.5 wt.% Ag. Materi-
als. 2023;16(1):319. https://doi.org/10.3390/ma16010319

20. Yang S.M., Chen Y.C., Pan Y.T., Lin D.Y. Effect of silver
on microstructure and antibacterial property of 2205 duplex
stainless steel. Materials Science and Engineering: C.
2016;63:376-383.
https://doi.org/10.1016/j.msec.2016.03.014

21. Gong P, Li H., He X., Wang K., Hu J., Tan W., Zhang S.,
Yang X. Preparation and antibacterial activity of Fe,O,@Ag
nanoparticles. Nanotechnology. 2007;18(28):285604.
https://doi.org/10.1088/0957-4484/18/28/285604

Artem D. Gorbenko, Research Engineer, Baikov Institute of Metallurgy
and Materials Science, Russian Academy of Sciences; Research Engi-
neer, All-Russian Research Institute of Phytopathology

E-mail: artemgorbenk@yandex.ru

Mikhail A. Kaplan, Junior Researcher, Baikov Institute of Metallurgy
and Materials Science, Russian Academy of Sciences

ORCID: 0000-0002-8635-0719

E-mail: mkaplan@imet.ac.ru

Sergei V. Konushkin, Junior Researcher, Baikov Institute of Metallurgy
and Materials Science, Russian Academy of Sciences

ORCID: 0000-0002-9574-1957

E-mail: venev.55@mail.ru

Elena 0. Nasakina, Senior Researcher, Baikov Institute of Metallurgy
and Materials Science, Russian Academy of Sciences

ORCID: 0000-0002-0783-1558

E-mail: nacakina@mail.ru

Aleksandr S. Baikin, Research Associate, Baikov Institute of Metallurgy
and Materials Science, Russian Academy of Sciences
E-mail: baikinas@mail.ru

552

Apmem JImumpuesuu Iop6eHkKo, uHiceHep-ucciedosamens, UHCTH-
TYyT MeTa/UIyprMM U MaTepuajsoBeJeHHs uM. A.A. BalikoBa PAH;
UHiceHep-uccaedogamensv, BcepoccHiicKUit HaydHO-UCCJIe0BATEb-
CKHUH UHCTUTYT GUTONATOOTUU

E-mail: artemgorbenk@yandex.ru

Muxaun Asnekcandposuyu KanaaH, maadwuli Hay4Hslll compyoHUK,
UHCTUTYT MeTa/UTypruu U MaTepuasnoBeieHus UM. A.A. baiikoBa PAH
ORCID: 0000-0002-8635-0719

E-mail: mkaplan@imet.ac.ru

Cepezeii Bukmoposuy4 KoHywKuH, maadwutl HAy4Hblll cOMpPYOHUK,
HHCTUTYT MeTa/llyprum v MatepuasioBeieHus uM. A.A. balikosa PAH
ORCID: 0000-0002-9574-1957

E-mail: venev.55@mail.ru

Enena Osnezoena Hacakuna, cmapwuiil HayuHulll compyoHuk, UHCTH-
TYT METAJUIypruu U MaTepuasoBefeHus uM. A.A. baiikosa PAH
ORCID: 0000-0002-0783-1558

E-mail: nacakina@mail.ru

Anekcandp Cepzeesuu baukuH, HayuHblll compydHuk, VHCTUTYT
MeTaJJIypruy U MaTepuanoBejeHus uM. A.A. balikoBa PAH
E-mail: baikinas@mail.ru


https://doi.org/10.1002/9780471740360.ebs1136
https://doi.org/10.1097/00007632-200108010-00008
https://doi.org/10.3390/polym12051022
https://doi.org/10.1302/0301-620X.90B11.21242
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1016/j.cis.2020.102228
https://doi.org/10.1177/039139880502801106
https://doi.org/10.1111/j.1365-2672.2012.05253.x
https://doi.org/10.1088/0957-4484/16/10/059
https://doi.org/10.1166/JNN.2005.034
https://doi.org/10.1128/AEM.71.11.7589-7593.2005 
https://doi.org/10.1016/j.msec.2016.07.057
https://doi.org/10.1016/j.surfin.2021.101086
https://doi.org/10.3390/ma16010319
https://doi.org/10.1016/j.msec.2016.03.014
https://doi.org/10.1088/0957-4484/18/28/285604
mailto:artemgorbenk@yandex.ru
http://orcid.org/0000-0002-8635-0719
mailto:mkaplan@imet.ac.ru
http://orcid.org/0000-0002-9574-1957
mailto:venev.55@mail.ru
http://orcid.org/0000-0002-0783-1558
mailto:nacakina@mail.ru
mailto:baikinas@mail.ru
mailto:artemgorbenk@yandex.ru
http://orcid.org/0000-0002-8635-0719
mailto:mkaplan@imet.ac.ru
http://orcid.org/0000-0002-9574-1957
mailto:venev.55@mail.ru
http://orcid.org/0000-0002-0783-1558
mailto:nacakina@mail.ru
mailto:baikinas@mail.ru

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(5):544-553.
Gorbenko A.D., Kaplan M.A., etc. Effect of silver and heat treatment on properties of 03Kh17N10M2 austenitic steel wire

Konstantin V. Sergienko, Junior Researcher, Baikov Institute of Metal-
lurgy and Materials Science, Russian Academy of Sciences
E-mail: shulf@yandex.ru

Aleksandr Yu. Ivannikov, Cand. Sci. (Eng.), Senior Researcher, Baikov
Institute of Metallurgy and Materials Science, Russian Academy of Sci-
ences

ORCID: 0000-0003-1113-391X

E-mail: aivannikov@imet.ac.ru

Yaroslava A. Morozova, Research Engineer, Baikov Institute of Metal-
lurgy and Materials Science, Russian Academy of Sciences; Research
Engineer, All-Russian Research Institute of Phytopathology

E-mail: yasyal2987@gmail.com

Sergei A. Oshkukov, Cand. Sci. (Medical), Senior Researcher, M. F. Vladi-
mirskii Moscow Regional Research Clinical Institute
E-mail: sergey0687 @mail.ru

Aleksei G. Kolmakov, Corresponding Member of RAS, Dr. Sci. (Eng.),
Head of the Laboratory, Baikov Institute of Metallurgy and Materials
Science, Russian Academy of Sciences

ORCID: 0000-0002-4907-951X

E-mail: akolmakov@imet.ac.ru

Mikhail A. Sevost’yanov, Cand. Sci. (Eng.), Leading Researcher, Baikov
Institute of Metallurgy and Materials Science, Russian Academy of Sci-
ences; Head of the Center, All-Russian Research Institute of Phytopa-
thology

ORCID: 0000-0003-2652-8711

E-mail: msevostyanov@imet.ac.ru

Koncmanmun Baadumuposuu Cep2ueHko, mMmaadwuli Hay-
Hblll compyoHuk, UHCTUTYT MeTalJIyprd¥ W MaTepHaloBeJeHHs
uM. A.A. BaiixoBa PAH

E-mail: shulf@yandex.ru

Anekcandp HOpvesuy HeaHHUK08, K.M.H, cmapwull Hay4Hbll
compyoHuk, UHCTUTYT MeTa/Ulypruy U MaTepuajoBeJieHus UM. A.A.
Baiikosa PAH

ORCID: 0000-0003-1113-391X

E-mail: aivannikov@imet.ac.ru

Apocnasa AnamoavesHa Mopo30ea, uHiceHep-UCC/e008aMEND,
WUHCcTUTYT MeTa/slyprud W MaTepuasoBefieHus uM. A.A. BaiikoBa
PAH; unowcenep-uccaedosamens, Beepoccuiickuil HayyHO-KCCIe0Ba-
TeJbCKUHA UHCTUTYT QUTONATOJIOTUU

E-mail: yasyal2987 @gmail.com

Cepzell Asnekcandposud OWKYK08, K.MeOd.H, cmapwuli Hay4Hbulil
compydHuk, MOCKOBCKMH 006J1aCTHOH Hay4YHO-UCCJIe/[0BATENbCKUN
KJIMHUYeCKUH MHCTUTYT UM. M. @. Bnagumupckoro

E-mail: sergey0687@mail.ru

Anekceli I'eopeuesuu Koamakos, uieH-koppechondenm PAH, d.m.H.,
3asedyrowjutl 1a6opamopuetl, UHCTUTYT MeTaJJIypruy U MaTepHasio-
BeJieHUs uM. A.A. BalikoBa PAH
ORCID: 0000-0002-4907-951X
E-mail: akolmakov@imet.ac.ru

Muxaun Anamoaveguu Ce80CMbSIHO8, K.M.H, 8edywull Hay4Hblll
compyoHuk, UHCTUTYT MeTa/Ulypruy U MaTepuasoBesleHHs UM. A.A.
baiikoBa PAH; pykosodumesav yenmpa, BcepoccHHCKUE Hay4HO-
ucc/ae0BaTe/bCKUN HHCTUTYT GUTONATONOTHN

ORCID: 0000-0003-2652-8711

E-mail: msevostyanov@imet.ac.ru

A. D. Gorbenko - writing of the text, processing of the results.

M. A. Kaplan - conducting the research.

S. V. Konushkin - modes testing, obtaining the wire.

E. 0. Nasakina - consultation in research and writing the article.

A. S. Baikin - conducting phase analysis.

K. V. Sergienko - processing of test results.

A. Yu. Ivannikov - conducting heat treatment.

Ya. A. Morozova - study of the wire structure.

S. A. Oshkukov - study of the wire mechanical properties.

A. G. Kolmakov - finalization of the text, correction of conclusions.
M. A. Sevostyanov - scientific guidance, article editing.

A. JI. Top6eHKo - 110;roTOBKa TeKCTa CTaTbH, 060paboTKa pe3yJIbTaToB.
M. A. Kanaan - npoBeJieHUe UcCIe[0BaHUH.

C. B. KoHywKuH - 0Tpab0oTKa peNUMOB, IT0Jy4eHHe TPOBOJIOKH.

E. 0. HacakuHa - KOHCYJIbTalsl B UCCIEJOBAaHUAX U HAMCAHUU
paboTsl.

A. C. BaukuH - npoBe/ieHre $a30BOro aHaIU3a.

K. B. CepzueHko - 06paboTKa pe3y/ibTaTOB UCIbITAHUN.

A. I0. HeaHHuUKO8 - IpOBe/ileHNEe TEPMUYECKOH 06pabOTKH.

A. A. Mopo3oea - ucciiejoBaHle CTPYKTYpPbI IPOBOJIOKH.

C. A. OwKyKo8 - 1cciefiloBaH1e MeXaHU4YeCKUX CBOMCTB IPOBOJIOKH.
A. I Koamakos - [opaboTKa TEKCTa, KOPPEKTUPOBKA BHIBOZOB.

M. A. CeBocmubsiHO8 — HAayuHOe PYKOBO/ICTBO, pe/laKTypa CTaThH.

Received 07.04.2023
Revised 05.05.2023
Accepted 28.08.2023

IMoctynuna B penakuuio 07.04.2023
Iocne nopadorku 05.05.2023
[punsta k myonukammu 28.08.2023

553


mailto:shulf@yandex.ru
http://orcid.org/0000-0003-1113-391X
mailto:aivannikov@imet.ac.ru
mailto:yasya12987@gmail.com
mailto:sergey0687@mail.ru
http://orcid.org/0000-0002-4907-951X
mailto:akolmakov@imet.ac.ru
http://orcid.org/0000-0003-2652-8711
mailto:msevostyanov@imet.ac.ru
mailto:shulf@yandex.ru
http://orcid.org/0000-0003-1113-391X
mailto:aivannikov@imet.ac.ru
mailto:yasya12987@gmail.com
mailto:sergey0687@mail.ru
http://orcid.org/0000-0002-4907-951X
mailto:akolmakov@imet.ac.ru
http://orcid.org/0000-0003-2652-8711
mailto:msevostyanov@imet.ac.ru

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):554-563.
Kpyensikos A.A., Poeaues C.0. u dp. YcioBusi COXpaHEHUsI TOPSIUEro HaKJIemna B IITaMIIOBOW CTaJIH C PETyJUPyeMbIM ayCTEHUTHBIM ...

H _| UDC 669.15:621.78

_1_ DOI10.17073/0368-0797-2023-5-554-563
o

Original article

Opu2uHaabHasi cmamos

PRESERVATION CONDITIONS OF HOT WORK HARDENING
IN DIE STEEL WITH REGULATED AUSTENITIC TRANSFORMATION
DURING EXPLOITATION

A. A. Kruglyakov?, S. 0. Rogachev?3“, P. Yu. Sokolov?, D. V. Priupolin?

! Scientific Production Association WBH (106 b Friedrichstrasse, Berlin D-10117, Germany)

2National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)
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Abstract. Die steels with regulated austenitic transformation during exploitation (RATE steels) are a new class of tungsten-free steels for hot forming
at operating temperatures up to 750 — 800 °C. High durability of the pressing tool and its long service life are ensured by the ability of these steels
to preservation of hot work hardening. This circumstance distinguishes RATE steels from traditional alloy steels, which are prone to softening at high
temperatures. However, the temperature ranges for the preservation of hot hardening in RATE steels was not systematically studied, which makes it
difficult to use a pressing tool more efficiently. In this paper, we study the mechanical behavior of RATE die steel during thermo-mechanical treatment
in a wide temperature range, including the stage of preliminary deformation at lower temperatures and the stage of main deformation at higher
temperatures corresponding to operating temperatures of the pressing tool. The thermo-mechanical treatment was carried out using a hardening-
deformation dilatometer DIL 805 A/D according to the compression mode. We obtained the true stress-strain curves and determined the mechanical
characteristics and strain hardening index. Size of the former austenite grain in the steel structure after thermo-mechanical treatment was measured.
The temperature-force conditions for enhancing hot hardening or stabilizing hot hardening, or softening, were established. It is shown that the hardening
achieved at the stage of preliminary deformation at a temperature of 450 °C is enhanced at the stage of main deformation at temperatures in the range
from 550 to 800 °C, while in this temperature range the tendency to increase hot hardening is weakened.

Keywords: RATE steels, die steels, hot deformation, hot work hardening, austenite
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YCnoBuA COXPAHEHUA TOPAYEro HAKNENA
B LULTAMMNOBOW CTA/IU C PEFY/IUPYEMbIM
AYCTEHUTHbIM NPEBPALLEHUEM NPU SKCNNYATALUUMU
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AHHomayus. llltamMrioBsIe CTAU C PETyIUPYEMbIM ayCTEHUTHBIM TpeBpatieHneM npu skcruryaraimu (PAIID) — HOBbI Kitacc 6e3B0NIb(PaMOBBIX
crayneit Juis ropsiaeil 06paboTky naBieHueM npu padounx temneparypax g0 750 — 800 °C. Beicokasi CTOWKOCTh PECCOBOTO MHCTPYMEHTA U
€ro JUIMTENIBHBIH pecypc 00ecledrBaloTesl 3a CYeT CHOCOOHOCTH JTHX CTaleil coXpaHsATh ropsuee aedopMarMoHHOE YIpOYHEHHE (TOpsUuii
HakJien). 9To 00CTOATENBCTBO OTiIHYaeT ctanu ¢ PATID OT TpaUIHOHHBIX JIETHPOBAHHBIX CTaNICH, CKIIOHHBIX K Pa3ylpOYHEHHIO IIPH BBICOKUX
Temrneparypax. OHaKO TeMIepaTypHbIe THana3oHbl IPOSBICHUS TOPSIYEro ynpodneHus B cramsix ¢ PAIID cuctemarnuecku He U3y4eHbI, YTO
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3arpynuser 6oiee 3PEeKTHBHOE UCIIOIB30BAHKE IITAMIIOBOTO HHCTPYMEHTA. B naHHON paboTe n3y4eHo MeXaHHueCKoe MOBEACHHE ITaMIIOBOM
cramu ¢ PAIID npu Tepmomexanndeckoit 00paboTKe B IIMPOKOM JMalla30He TeMIepaTyp, BKIIOUAIONIEeH ITal IpeaBapuTeIbHOM nedopmarin
npu Oosiee HU3KMX TEMIIEpaTypax M dTall OCHOBHOHM aedopmanuu mpu Oosee BBHICOKMX TeMIeparypax, COOTBETCTBYIOIIUX TeMIIepaTypam
9KCIUTyaTalliy IIPECCOBOTO MHCTPYMEHTa. TepMoMeXxaHn4ecKyo 00paboTKy MPOBOIMIN Ha 3aKalouHO-medopMannoHHOM guinaromerpe DIL
805 A/D no cxeme cxatus. [lonmyueHbl HCTHHHBIC JUarpaMMmbl Je(OpMaliM, ONpeelIeHbl MEXaHHYEeCKUEe XapaKTepUCTHKM M MOKa3aTellb
neOpMAIIHOHHOTO YIpPOYHEHHs. M3MepeH pasMmep OBIBIIEr0 3epHa ayCTCHHTa B CTPYKType CTalH IOCIE TEPMOMEXaHHYECKOH 0OpabOTKH.
ABTOpPBI YCTaHOBHIIM TEMIIEPATypPHO-CHIIOBBIE YCIIOBHUS, B KOTOPBIX CTallb IEMOHCTPUPYET YCHICHUE U CTAOMIM3ALMIO TOPSYEro yIPOUHEHHs,
mmubo pasynpouHeHre. IlokazaHO, 4TO JOCTUTHYTOE Ha 3Tale HpeaBapUTeNbHON nedopManum mpu Temmeparype 450 °C ympodHeHue
YCHIJIMBAETCsl Ha ATalle OCHOBHOW aedopmanmu npu temmeparypax B uHTepBaie ot 550 no 800 °C, mpu 3TOM B yKa3aHHOM TeMIIepaTypHOM
HHTEpBaJle CKIIOHHOCTh K YCHJICHHIO TOPSTYEr0 YIPOUHEHHS 0CTa0eBaeT.

Knarouyesuwle caoea: cramu ¢ PAIID, mraMmoBsle cTany, Topsdast 1ehopManus, TOpsIuil HaKIeI, ayCTCHUT

BbaazodapHocmu: VccrnenoBanue CTPyKTYpbI BBIITOIHEHO ¢ HcTonb3oBanueM obopynosanus LIKIT «MarepralioBeieHHe U METaJUTyprisy MpH (pUHAH-
COBO#I nojyiepkke MUHKCTEPCTBA HAayKU 1 BbIciero oopazosanus PO (cormamenne Ne 075-15-2021-696).
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- INTRODUCTION

The heat resistance of a-iron-based steels at tem-
peratures around 690 — 700 °C 1is considered ulti-
mate. Consequently, the most heat-resistant die steels,
such as SKh3V3MEFS, 3Kh2VS8F (also known as DIN:
X30WCrV9-3, AISI/SAE: H21 or H21A), 4Kh2V5MF,
and 4Kh2V4FS, which boast high tungsten content, are
typically limited to operating temperatures during hot
pressing up to 660 — 680 °C [1 — 3]. Tungsten-free steels
like 70Kh3G2FTR or 4KhSMGFS have even lower ope-
rating temperatures [4; 5]. While the operating tem-
peratures of austenitic steels are somewhat higher, their
manufacturability is notably low [6 — 8].

In the 1980s, A.D. Ozerskii and A.A. Kruglyakov
pioneered the development of die steels featuring a
controlled austenitic transformation during exploita-
tion, (RATE steels). These were tungsten-free steels
primarily composed of a-iron, designed for high-pres-
sure hot working at operating temperatures reaching
up to 750 — 800 °C [9 — 11]. The exceptional durability
of these press tools and their extended service life stem
from the steels’ capability to maintain hot strain harde-
ning, also known as hot work hardening [12; 13]. This
quality distinguishes RATE steels from conventional
alloy steels, which are susceptible to softening under
high-temperature conditions. The primary cause of this
softening lies in the onset of recovery processes and
dynamic recrystallization [14 — 16]. As a consequence,
there is a notable alteration in the shape of stress-strain
curves at elevated temperatures [17; 18].

The inclination towards hot work hardening in RATE
steels underwent experimental scrutiny through ther-
momechanical treatment, involving initial deformation
at a lower temperature followed by subsequent defor-
mation at a higher temperature [19 — 21]. The hardening
level attained during the preliminary deformation stage
was not only sustained but further augmented during

the main deformation phase. However, these studies con-
fined the preliminary deformation temperature to 450 °C
and the main deformation temperature to 750 °C. Conse-
quently, the temperature ranges conducive to showcasing
hot hardening in such steels have not been comprehen-
sively explored. This is a crucial aspect in determining
pre-hardening temperatures for the die and operational
temperatures that ensure optimal and prolonged die tool
performance.

This study aims to investigate the impact of hot defor-
mation temperature on the manifestation of hot harde-
ning in RATE die steel, focusing on a medium-carbon
Fe-C-Si—Cr—Ni—Mn— Mo-V-Ti—Nb steel as an
illustrative example.

[ MATERIALS AND METHODS

In this study, RATE die steel, specifically of the
4Kh2N3M2G4FTBS type [22], was utilized subsequent
to a softening heat treatment, resulting in an approximate
hardness of ~34 HRC.

Thermomechanical treatment (TMT) was conducted
using cylindrical samples measuring 10 mm in height and
5 mm in diameter on a DIL 805 A/D hardening-deforma-
tion dilatometer. The TMT process comprised the follow-
ing sequential stages:

— austenitization at 1150 °C for 15 min;

— a 15 min holding period and preliminary plastic
deformation at a temperature range of 400 — 500 °C (in
intervals of 50 °C);

—a 15 min holding period and main plastic deforma-
tion at a temperature range of 550 — 850 °C (in intervals
of 50 °C).

After TMT, the samples underwent free cooling
(~10 °Cl/s).

The layout of the TMT protocol is represented in Fig. 1.
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1150 °C
900 s

Main
deformation

1°C/s
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1 °Cls

Pre-deformation

10 °Cfs

Time

Fig. 1. Thermo-mechanical treatment diagram

Puc. 1. Ilnarpamma TepmMomMexaHryeckoil 00paboTKu

The deformation process was carried out accord-
ing to a compression sequence involving five cycles,
with each cycle involving deformation within the range
of 1 -29% and a deformation rate set at 1 —2 %, rate:
0.1 s71). Process curves capturing “true stress — true defor-
mation” coordinates were recorded throughout the defor-
mation sequences.

The strain hardening index n was calculated utili-
zing the equation S = Ke”, where S is the true stress; K is
the coefficient, and e is the true deformation.

Microstructural analysis of polished sections involved
etchingina 5 % aqueous solution of nitric acid. The result-
ing microstructure was examined using an NIM-100 opti-
cal microscope at a magnification of 200x. The grain size
was determined from the microstructure images obtained
by employing the secant method.

Microhardness was assessed using the Vickers method
with a Micromet 5101 Buehler instrument. The experi-
mental parameters were as follows: a load of 300 g, load
application time of 10 s, and microscope magnification
set at 500x. Measurements were conducted on trans-
verse polished sections of samples subsequent to TMT
in two distinct zones: at the periphery and at the center
of the sample.

[ RESULTS AND DISCUSSION

The mechanical characteristics of the RATE steel dur-
ing TMT with varying temperatures for preliminary defor-
mation and a consistent temperature for the main defor-
mation are detailed in Table 1, while the strain curves are
visually represented in Fig. 2. Similar to earlier investiga-
tions [19; 20], multiple plastic deformations at 450 °C led
to a notable strengthening of the steel: the maximum cycle
stress (S, ) escalated from the initial range of 248 — 263
to 441 — 467 MPa (1.8 times). This achieved level of hard-
ening remained steady during the first cycle of main defor-
mation at 750 °C and further increased across the subse-
quent four cycles: S rose to 517 — 523 MPa (1.1 times).
Altering the temperature within the preliminary deforma-
tion stage from 400 to 500 °C exerted a marginal influ-

Table 1

Mechanical characteristics of RATE steel during TMT with varying pre-deformation temperature

Tabauya 1. Mexannveckue xapakrepucTuku ctajun ¢ PAIID npu TMO ¢ BapbupoBaHueM TeMIepaTypbl
npeABapuTeILHON AedopManun

Deformation Preliminary Main
Temperature 400 °C 750 °C
Cycle, No. 1 2 3 4 5 6 7 8 9 10
S, MPa 263 326 379 425 467 471 486 498 508 517
e 0.019 | 0.018 | 0.018 | 0.017 | 0.016 | 0.016 | 0.016 | 0.015 | 0.015 | 0.012
n 0.37 0.06
Temperature 450 °C 750 °C
S, MPa 250 312 364 409 450 474 493 502 511 518
e 0.019 | 0.019 | 0.017 | 0.017 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.014
n 0.38 0.06
Temperature 500 °C 750 °C
S, MPa 248 308 358 402 441 486 500 510 517 523
e 0.019 | 0.018 | 0.018 | 0.017 | 0.017 | 0.015 | 0.015 | 0.015 | 0.014 | 0.012
n 0.37 0.04
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e e

Fig. 2. Stress-strain curves of RATE steel during TMT with varying pre-deformation temperature 400 (a) and 500 °C (b)

Puc. 2. Kpussie nedopmanuu cranu ¢ PATID npu TMO c BapbupoBaHueM TeMmeparypsl npeasapurensHoi nedopmannu 400 (a) u 500 °C (b)

Table 2

Mechanical characteristics of RATE steel during TMT with varying the main deformation temperature

Tabnuya 2. Mexannyeckue xapakrepuctuku craau ¢ PAIID npu TMO ¢ BapbupoBaHueM TeMIlepaTypbl
OCHOBHOI 1edopmannu

Deformation Preliminary Main
Temperature 450 °C 550 °C
Cycle, No. 1 2 3 4 5 6 7 8 9 10
S, MPa 252 313 363 408 449 445 478 512 541 569
e 0.019 | 0.019 | 0.018 | 0.017 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.014
n 0.37 0.16
Temperature 450 °C 600 °C
S, MPa 242 303 354 398 438 420 445 485 513 537
e 0.019 | 0.018 | 0.018 | 0.017 | 0.017 | 0.016 | 0.015 | 0.015 | 0.014 | 0.012
n 0.38 0.16
Temperature 450 °C 650 °C
S, MPa 254 316 368 414 452 439 474 504 530 552
e 0.019 | 0.019 | 0.018 | 0.018 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.013
n 0.37 0.15
Temperature 450 °C 700 °C
S, MPa 245 305 355 398 438 454 477 501 521 537
e 0.019 | 0.019 | 0.019 | 0.019 | 0.018 | 0.017 | 0.017 | 0.017 | 0.016 | 0.014
n 0.36 0.11
Temperature 450 °C 750 °C
S, MPa 250 312 364 409 450 474 493 502 511 518
e 0.019 | 0.019 | 0.017 | 0.017 | 0.017 | 0.016 | 0.016 | 0.015 | 0.015 | 0.014
n 0.38 0.06
Temperature 450 °C 800 °C
S, MPa 254 315 367 410 449 442 449 449 451 451
e 0.019 | 0.018 | 0.017 | 0.017 | 0.017 | 0.015 | 0.015 | 0.015 | 0.014 | 0.013
n 0.37 0.01
Temperature 450 °C 850 °C
S, MPa 246 303 352 395 436 368 373 375 377 378
e 0.019 | 0.018 | 0.017 | 0.017 | 0.017 | 0.017 | 0.017 | 0.016 | 0.016 | 0.014
n 0.37 0.02
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ence on the hardening level, both during preliminary and
main deformations. At equivalent degrees of deforma-
tion, the maximum stress disparity was no more than 6 %.
However, this difference diminished as the degree of pri-
mary deformation increased. The heightened hardening
observed in the first cycle of main deformation, compared
to the fifth cycle of preliminary deformation, was most
pronounced (10 %) when the preliminary deformation
temperature was set at 500 °C.

The mechanical characteristics of the RATE steel dur-
ing TMT at a constant temperature for preliminary defor-

mation while varying the temperature of the primary
deformation are summarized in Table 2, with correspond-
ing strain curves presented in Fig. 3.

The achieved level of hardening during the pre-
liminary deformation stage at a temperature of 450 °C
demonstrates intensification during the main deformation
phase at temperatures ranging from 550 to 750 °C. Spe-
cifically, at 550 °C, §_increases to 569 MPa (a 27 %
increase), while at 750 °C, it reaches 518 MPa (a 15 %
rise). Notably, as the temperature of the main deforma-
tion escalates from 550 to 750 °C, the propensity for hot

600
500 - 417
400 450 °C 57 2

300 - 3

S, MPa

200 -

100
0 1 I I I I I I

600
500
400
300
200

100
0

S, MPa

600
500
400
300

S, MPa

200
100

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0

600
500 -
400
300

S, MPa

200
100

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

e

Fig. 3. Stress-strain curves of RATE steel during TMT with varying the main deformation temperature, °C:
a—550; b —600; c — 650; d — 700; e — 750; f— 800; g — 850

Puc. 3. Kpussie nedopmanun cranu ¢ PAIID npu TMO ¢ BapprpoBaHHeM TeMIepaTypbl OCHOBHOIT nedopmaruu, °C:
a—550; b—600; ¢ — 650; d —700; e — 750; f— 800; g — 850
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Fig. 4. Dependence of RATE steel microhardness on temperature

of preliminary («) and main (b) deformation:
I - periphery; [l - center

Puc. 4. 3aBucumocTs MuKpoTBepaoctH ctanu ¢ PAIID ot remneparypsi
IpeBapHUTENBHOM (@) U OCHOBHOI (b) nedopmaruu:
W — nepudepus; [l — UeHTp

hardening diminishes, indicated by a decrease in the strain
hardening index ‘n’ from 0.16 to 0.06. Further elevating
the temperature of the main deformation to 800 °C does
not yield an additional increase in hot hardening; instead,
it stabilizes at S _levels of around 450 MPa (n = 0.01).
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Eventually, with a subsequent increase in the tempera-
ture of the main deformation to 850 °C, some softening
of the steel becomes apparent: S in the initial defor-
mation cycle drops to 368 MPa (a 20 % decrease), main-
taining this level across the subsequent four deforma-
tion cycles (n =0.02). It’s crucial to highlight that even
at 850 °C, the S values surpass those observed dur-
ing the initial hardening cycles at 450 °C. Remarkably,
the strength level of the RATE steel at 850 °C exceeds that
of high-alloy 10Cr—10Ni—-5Mo—2Cu steel (under compa-
rable degrees of deformation and loading rates) [23].

The microhardness of the RATE steel after TMT
and cooling to room temperature mainly correlates with
the level of hot hardening after the main deformation
(Fig. 4). Consequently, following preliminary deforma-
tion within the range of 400 — 500 °C and subsequent
cooling, the microhardness remains constant at approxi-
mately 700 HV. After cooling from main deformation
temperatures spanning 550 — 800 °C, a minor decreasing
trend in microhardness is observed, ranging from 770
to 700 HV. After main deformation at a temperature
of 850 °C, the microhardness sharply drops to 580 HV.
The disparity in microhardness between the sample’s
center and its periphery is negligible.

Fig. 5 illustrates the microstructure, specifically
the former austenite grain of the RATE steel after TMT,
varying the temperature of preliminary deformation,

X
o
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<
-
==
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Fig. 5. Former austenite grain in the structure of RATE steel after TMT with varying pre-deformation temperature 400 (a) and 500 °C (b)

Puc. 5. BeiBuiee 3epHo aycreHuTa B crpykrype ctainu ¢ PAIID nociie TMO ¢ BapsupoOBaHHEM TEMITEpaTyphbl
nipenBapuTensHoi gedopmarmu 400 (a) u 500 °C (b)
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Fig. 6. Former austenite grain in the structure of RATE steel after TMT with varying the main deformation temperature, °C:
a—550; b—750; ¢ —800; d— 850

Puc. 6. BriBiiee 3epHo aycrenura B crpykrype cranu ¢ PAIID nocie TMO ¢ BapbrpoBaHHEM TeMIIEpaTypbl OCHOBHOH Jieopmanu, °C:
a—550; b—750; ¢ — 800; d — 850
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Table 3

Size of the former austenite grain in the structure of RATE steel after TMT with varying pre-deformation temperature

Tabauya 3. Pazmep ObIBILIEro 3epHA aycTeHUTa B cTpyKType cTaju ¢ PAIID nocie TMO
¢ BADLUPOBAHHEM TeMIePaTyPhbI MpeABapUTeIbHOIT edopManun

Pre-deformation temperature, °C

Minimum grain size, pm

Maximum grain size, pum

Average grain size, um

400 500

12 17

39 39
27+6 | 29+5

Table 4

Size of the former austenite grain in the structure of RATE steel after TMT with varying the main deformation temperature

Tabnuya 4. Pazmep ObIBLIEro 3epHa aycTeHUTa B cTpyKType cTaju ¢ PAIID nocie TMO
¢ BAPLUPOBAHHEM TeMIepaTyphbl 0CHOBHOI JedopManun

Main deformation temperature, °C 550 600 650 700 750 800 850
Minimum grain size, pm 17 16 12 11 14 14 16
Maximum grain size, pum 38 36 34 52 49 51 48
Average grain size, um 2045 | 25451 22£5|26+8|33+7 |31£8|35+6

and cooling to room temperature, alongside histograms
depicting grain size distribution.

Table 3 provides the former austenite grain size after
TMT, showcasing that an increase in the preliminary
deformation temperature from 400 to 500 °C doesn’t
influence the former austenite grain’s size, which aver-
ages around 28 pum, aligning with 7 points according
to State Standard GOST 5639-82.

Fig. 6 illustrates the microstructure, particularly
the former austenite grain of the RATE steel after TMT,
while varying the temperature of the main deformation
and subsequent cooling to room temperature. Addition-
ally, histograms representing grain size distribution are
provided.

Table 4 presents the former austenite grain size fol-
lowing TMT at various main deformation temperatures.
The data reveals a slight inclination towards an increase
in the former austenite grain size from 29 to 35 pm as
the main deformation temperature escalates from 550
to 850 °C. This progression aligns with 7 points accord-
ing to State Standard GOST 5639-82.

- CONCLUSIONS

The rise in preliminary deformation temperature
from 400 to 500 °C minimally impacts the strengthen-
ing of steel with RATE at both the preliminary and main
deformation stages at a constant temperature of 750 °C.

At a constant preliminary deformation tempera-
ture of 450 °C, the level of hardening achieved intensi-
fies during the main deformation stage within the range

of 550 to 750 °C. However, this strain hardening ten-
dency weakens with rising temperatures. Further eleva-
tion of the main deformation temperature to 800 °C
results in a stabilized strengthened state. Subsequently,
a marginal softening is observed up to 850 °C.

Increasing the preliminary deformation temperature
from 400 to 500 °C at a constant main deformation tem-
perature of 750 °C does not significantly alter the size
of the former austenite grain, which averages around
28 um. Conversely, a subtle increase in the former aus-
tenite grain size from 29 to 35 um is noted when the main
deformation temperature rises from 550 to 850 °C, while
maintaining a constant preliminary deformation tempera-
ture of 450 °C.

The findings suggest that RATE steel demonstrates
efficient performance across a broad range of tool hea-
ting temperatures, spanning from 550 to 800 °C. Notably,
even at a heating temperature of 850 °C, the steel retains
a considerably high strength margin of 380 MPa.
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STRUCTURAL CHANGES IN THE MELT OF A HEAT-RESISTANT NICKEL ALLOY
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Abstract. Information about the behavior of melts of the high-temperature nickel alloys is the basis for creating new smelting technologies that
significantly increase the service properties of metal products, as well as solve a number of technological problems. The results of numerous studies
indicate structural changes occurring in various metal melts under the influence of temperature and time. For many years, there has been a scientific
discussion about the nature of these phenomena, and a common opinion was formulated on a number of issues. Structural changes in metallic liquids
are presented as a second-order phase transition, where a liquid of higher density is replaced by a liquid of lower density. These transformations
in the structures of liquid metals are called liquid-liquid transition (LLT). Studies of the structure-sensitive properties of melts of the heat-resistant
nickel alloys also reveal structural changes that irreversibly transform the melt into a microhomogeneous state. The research results presented in this
article confirmed that structural changes in melts of the high-temperature nickel alloys are also a second-order phase transition, as evidenced by the
breakage of atomic microgroups, uniform redistribution of alloying elements, and the formation of new clusters characterized by smaller sizes and
greater chemical homogeneity. Therefore, these changes can be characterized as LLT, while this does not contradict the previously substantiated quasi-
crystalline model of the microinhomogeneous state of liquid heat-resistant nickel alloys.

Keywords: melt, nickel alloy, structure, irreversible change, phase transition, temperature, homogeneity
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AHHomayus. Vudopmarys 0 MOBEJCHUH PACIUIABOB JKAPOIPOYHBIX HHUKEJEBBIX CIIABOB SIBJISETCS OCHOBOM JUISl CO3AHMSI HOBBIX TEXHOJOTHH
IUTaBKH, TTO3BOJISIFOIIMX 3HAYUTEIIHHO ITOBBICHTH SKCINTyaTallMOHHbBIE CBOMCTBA METAJUIONPOLYKIINH, @ TAKXKE PEIIUTh PsIJ{ TEXHOJIOTMYECKHX 3a/1ad.
Pe3synbraThl MHOTOUNCIICHHBIX UCCIICA0BAHUM CBHCTEIBCTBYIOT O CTPYKTYPHBIX H3MEHEHUSX, IPOUCXOAAIINX B paciulaBax pa3iIMyHbIX METAJIOB
1071 BIIMSTHUEM TEMIIEpaTypsl U BpeMeH!. Ha npoTshkeHNN MHOTHX JIET BeJIeTCsl Hay4Hasl JUCKYCCHsI O IPUPOJIE ATUX SBICHHI, IO PAIY BOIPOCOB
chopmynupoBano oduiee MHeHHE. CTPYKTYypHbIC U3MEHEHMSI B METAUIMYECKHMX JKHIKOCTSX HPEICTABISIOTCS Kak (ha30BbIH MEPEeXoi BTOPOro
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- INTRODUCTION

An important aspect in enhancing the properties
of metal products rests in the preparation of the melts for
crystallization, contingent upon attaining an equilibrium
state within a broad temperature range. The existence
of a non-equilibrium melt, slightly above the liquidus
temperature, can be explained by the residual presence
of solid structures. This phenomenon is comprehended
through the lens of a quasicrystalline model portray-
ing a micro-inhomogeneous state, depicted as an array
of atomic microgroups (clusters) of varying sizes, coupled
with an irregular distribution of alloying elements. As the
temperature of the melt rises during heating, the struc-
tural transformations take place. Consequently, the melt
attains a state of equilibrium, characterized by micro-
homogeneity, sustained until the onset of crystallization.
This transformation yields advantageous casting struc-
tures and substantially enhances the material’s functional
properties. This thermal treatment of melt finds extensive
industrial utility and is denoted as thermal time treatment
(TTT) or high-temperature melt treatment (HTMT) [1].

Multi-component heat-resistant nickel compositions
are used in manufacturing the most critical components
of gas turbine engines designed to operate under high-
temperature and tensile stress conditions. The chemical
composition comprises up to 22 alloying elements: C, Cr,
Co, Mo, W, Al, Ti, Nb, B, Fe, Y, Zr, Ta, Re, Ru, V, Ce,
La, Mn, Mg, Hf, Si, and may also contain challenging-to-
remove impurities such as S, Si, P, and dissolved gases O,
N. However, at the metallurgical production stage, seve-
ral challenges emerge, including defects, low yield, and
complexities in utilizing waste materials. The application
of HTMT for heat-resistant nickel alloys has substantially
addressed these issues and notably improved the quality
of metal products [2].

The development of HTMT procedures for heat-
resistant nickel alloys is rooted in an in-depth exami-
nation of structural changes occurring in melts during
heating. A proposed quasicrystalline model delineates
a micro-inhomogeneous state for melts of heat-resistant
nickel alloys [1]: liquid heat-resistant nickel alloys com-

prise atomic microgroups exhibiting a stoichiometric
composition akin to the primary strengthening y’-phase
Ni,(Al, Ti). The act of heating or prolonged isothermal
holding of a metallic liquid facilitates the transformation
of melts into a homogeneous and microhomogeneous
state across an extensive temperature range. This trans-
formation is irreversible and persists until the initiation
of solid structure formation. For most investigated metal-
lic materials, such structural changes represent a second-
order phase transition, known as a liquid—liquid transi-
tion (LLT) [3; 4]. Post-restructuring, a stable metallic
liquid emerges, comprising homogeneous atomic micro-
groups characterized by smaller radii, altered interatomic
distances, or modified coordination numbers [3; 4].

Experimental evidence supports the structural modifi-
cations observed in the metal melts of heat-resistant nickel
alloys [3 — 5]. Given the ongoing debate surrounding the
mechanism underlying these changes in nickel-based
alloys, this study aims to ascertain whether the structural
alterations occurring during the heating of nickel compo-
sitions align with a second-order phase transition.

- EXPERIMENTAL

The heat-resistant nickel alloy ZhS6U was selected
as the test material due to its frequent industrial usage.
The melting composition is detailed in Table.

According to the Landau phenomenological theo-
ry [6], second-order phase transitions are characterized
by the continuity of state changes without any release or
absorption of latent energy.

Differential Thermal Analysis (DTA) stands as the pri-
mary method for detecting the presence of latent energy
release or absorption in a process. Fig. 1 displays DTA
curves acquired during the heating (/) and subsequent
cooling (2) of the ZhS6U alloy. These curve patterns are
typical for a majority of heat-resistant nickel alloy grades.

The arrows in the figures indicate the solidus tempera-
ture (Z) and liquidus temperature (¢, ). Within the tempera-
ture range of 1250 to 1350 °C, distinct thermal effects related
to both the melting (/) and subsequent crystallization (2)
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Melting chemical composition of ZhS6U heat-resistant nickel alloy sample, at. %

IInaBouHbI XUMHYECKHUIi cocTaB 00pa3La KapoNPOYHOro HUuKeaeBoro ciiasa KC6Y, % (ar.)

C Cr Co Mo \\% Al Ti Nb

B Fe Zr S Si Mn P Ni

0.18 | 9.0 | 9.8 1.5 | 103 | 54 | 2.6 1.0

0.025| 0.5 | 0.04 |0.015| 0.5 0.5 0.015| base.

of'the studied alloy were identified. Above the liquidus tem-
perature, the DTA curves exhibit a horizontal line, indica-
ting a complete absence of heat absorption or release over
an extended temperature range. The experimental findings
strongly suggest the absence of latent heat during the struc-
tural changes in the liquid heat-resistant alloy.

For this investigation, the electrical resistivity method
was chosen due to its high sensitivity in studying struc-
tural alterations in melts of heat-resistant nickel alloys [2].
Further details regarding this technique are available
in [7]. Polytherms p = f(¢) (Fig. 2) and isotherms p = f(1)
(Fig. 3) of the considered alloy were analyzed.

The curves p = f(¢) obtained during both heating and
subsequent cooling of the ZhS6U melt exhibit a char-
acteristic pattern observed in most liquid heat-resistant
nickel compositions [2; 5]. The heating polytherm reveals
a non-monotonic change in electrical resistivity, featur-
ing specific points denoted as ¢/, and 7,. Between these
points, an interval with an anomalous increase in electri-
cal resistivity is observed. Another characteristic of elec-
trical resistivity polytherms in heat-resistant nickel alloys
is the phenomenon of hysteresis, showcasing a discre-
pancy between the heating and cooling branches.

To discern the nature of structural alterations occurring
in the ZhS6U melt within the temperature range below
t,, measurements of electrical resistivity were conducted
during isothermal holding at temperatures of 1417, 1448,
and 1479 °C. The observed electrical resistance was
recorded at intervals of 300 s (5 min).

Based on the experimental findings, it was observed
that during the duration of isothermal exposures, the elect-
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Fig. 1. DTA curves of ZhS6U alloy:
I — during heating; 2 — during cooling
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rical resistivity consistently rose until reaching a peak
(Fig. 3), following which its sensitivity to time dimin-
ished. Moreover, higher holding temperatures resulted in
a shorter duration for the melt to reach its peak resistivity.

[ RESULTS AND DISCUSSION

The behavior of the p = f(¢) function and the position-
ing of points 7, and ¢, explanation through the quasi-
chemical model of the micro-inhomogeneous state
in heat-resistant nickel alloys [1]: upon immediate mel-
ting, the structure of the ZhS6U melt exhibits homoge-
neity but retains a micro-inhomogeneous nature. It com-
prises dynamic clusters of varying sizes and uneven
distribution of atoms from the alloy’s chemical composi-
tion. With rising temperatures, a transition occurs toward
a state of enhanced homogeneity and microhomogeneity,
characterized by more uniform sizes and compositions
of atomic associations. The cooling polytherms of samp-
les preheated to temperatures exceeding 7, exhibit linea-
rity, signifying that structural changes persist during cool-
ing across an extensive temperature range. This suggests
that the melt approaches a more equilibrium state before
the onset of solidification.

The Drude’s theory proposes an equation defining the
electrical conductivity of metals as follows

1 nezrm
— =0 = ,
p m

(1

where n is the concentration of all electrons per unit
volume (considered as the concentration of conduction
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Fig. 2. Electrical resistivity polytherms of ZhS6U alloy
during heating and cooling

Puc. 2. [ToauTepMbl yieIbHOTO SIEKTPOCONPOTHBIICHUS
nccnenyemoro criaBa JKCOVY mpu HarpeBe U OXJIaKACHAN
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electrons in contemporary models), while 7 is the ave-
rage free travel time.

In modern models, the equation retains its formal
structure; however, the interpretation of the included
parameters evolves [8]. Notably, the only parameter cor-
related with the nonlinear rise in electrical resistivity is
the average free travel time. This nonlinear increase in
electrical resistivity (equivalently, decrease in electrical
conductivity) is attributed to a heightened presence of
scattering centers.

The phenomenon of hysteresis in the physical prop-
erties of melts (Fig. 2), characterized by a discrepancy
between the forward and reverse branches, has been
extensively detailed by several researchers [9 — 12].
These studies emphasize the irreversibility of changes
occurring in the melt over a broad temperature range.

Analysis of the experimental data illustrated in Fig. 3
reveals that the time constant diminishes with escalating
temperatures during isothermal holding, indicating a rela-
tionship described by 0 = f(¢). Additionally, an empirical
regularity emerged:

(t— t,[.q)e = const, (2)

where ¢ is the temperature of isothermal holding, while

Lig is the liquidus point.

By formally approaching the time constant towards
zero, we can approximate the temperature at which
the vast majority of clusters undergo dissolution, signi-
fying the temperature 7, corresponding to the transition
of the metallic liquid into a microhomogeneous state.

Consequently, structural transformations within
the metallic liquid transpire not only during the process
of heating to temperature ¢,, but also as a consequence
of prolonged time exposures. In essence, the decay
of clusters occurs not solely due to alterations in the sys-
tem’s thermodynamic parameters (polytherm) but also

when these parameters remain fixed (isotherm). This
observation underscores the continuum of the ongoing
process, a characteristic indicative of a second-order
phase transition, as previously noted.

Parallel results concerning relaxation during
extended exposures have been reported by other resear-
chers [13 — 15].

Given that the second-order LLT phase transition
exhibits both thermodynamic and structural characte-
ristics, the provided thermodynamic rationale allows us
to infer the mechanism of structural modifications in the
ZhS6U melt. Upon immediate melting, the melt assumes
a micro-inhomogeneous state, characterized by clusters
of varying sizes and an uneven distribution of chemical
elements. Subsequent heating and/or isothermal hold-
ing induce a second-order LLT phase transition within
the melt: the original structure of the metallic liquid is
replaced by a similar structure possessing a lower density.
This transition involves the breakdown of cluster forma-
tions, a uniform redistribution of atoms, and the forma-
tion of new clusters with smaller sizes. The rise in elec-
trical resistivity also indicates an increase in the number
of atomic microgroups. These structural changes are irre-
versible, as evidenced by the disparity between the cool-
ing polytherm and the heating polytherm. The resultant
structural state demonstrates stability and microhomoge-
neity, validated by the absence of extremities in the cool-
ing polytherm.

These observations align with the findings of authors
in [16], who also affirm that the stability of cluster sizes
in each phase region signifies a microhomogeneous state.

Moreover, the works by authors in [17 — 20] echo si-
milar conclusions. They further highlight a notable sharp
decrease in lattice parameter and coordination number
with increasing temperature, contributing significantly
to the observed increase in electrical resistivity.
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Fig. 3. Electrical resistivity isotherms of ZhS6U melt obtained at temperatures, °C: 1417 (a); 1448 (b); 1479 (c¢).
Arrows indicate the time of completion of structural changes in the melt

Puc. 3. 3oTepmbl yaenbHOTO 35eKTpoconpoTuieHus paciasa JKC6OY, noaydeHHsle pu temieparypax, °C: 1417 (a); 1448 (b); 1479 (c).
Crpenkamu yKka3aHo BpeMsl 3aBepLICHHs CTPYKTYPHBIX H3MEHEHHUI paciuiaBa
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- CONCLUSIONS

Investigations on the heat-resistant nickel alloy
ZhS6U reveal that when subjected to heating or isother-
mal holding, the alloy undergoes structural transforma-
tions, transitioning into a microhomogeneous state across
an extensive temperature range. The delineated bounda-
ries of these structural alterations on the electrical resis-
tivity polytherms of the melt are denoted as 7, and ¢, indi-
cating irreversible changes.

The experimentally derived time constant, describing
the process of structural modifications in the nickel-based
melt during fixed thermodynamic parameters (isothermal
holding), substantiates that these changes correspond
to a second-order LLT phase transition.

The presented thermodynamic evidence elucidates
the nature of structural changes in the melt of the heat-
resistant nickel alloy, indicating a thermal-temporal effect
referred to as the liquid-liquid transformation (LLT). Prior
to LLT, the melt comprises clusters of varying sizes and
configurations of atoms. During the LLT phase, atomic
microgroups disintegrate, leading to a uniform redistri-
bution of alloying elements, consequently forming new
clusters characterized by reduced sizes and enhanced
chemical homogeneity.

These findings align with the quasicrystalline theory
of the microinhomogeneous state of metallic liquids,
serving as an extension and not contradicting its prin-
ciples.
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EFFECT OF RETAINED AUSTENITE
ON MECHANICAL PROPERTIES OF STEEL WITH 15 % Cr
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Abstract. The paper considers the study of influence of retained austenite on the mechanical properties of steel of the austenite-martensitic class based
on 15 % Cr after various heat treatment. Significant amount of retained austenite remains in the steel microstructure after quenching and subsequent
tempering or heating in the intercritical temperature range that makes difficult to achieve a high yield strength. Destabilization of retained austenite
with subsequent transformation into newly formed martensite is provided by multi-stage heat treatment which includes quenching, heating in the
intercritical temperature range or above the A ; point and final tempering. It was established that retained austenite remains in the microstructure
of two-phase steel and has the form of blocks and thin layers located in the inter-lath space. Tensile testing of steel based on 15 % Cr showed
that multi-stage heat treatment provides a high-strength condition corresponding to strength groups Q125 and Q135. A comparative analysis
of deformation behavior of semi-austenitic steel in various states indicates that the beginning of the martensitic transformation after the final
tempering shifts into the elastic region during tension and leads to the formation of stress-assisted martensite. It was determined that block-
shaped retained austenite in steel with 15 % Cr predominantly undergoes martensitic transformation during tensile and impact tests at a subzero
temperature. This is supposed to be the reason for the noticeably lower impact toughness of semi-austenitic steel with 15 % Cr compared to
martensitic steel with 13 % Cr at equal strength.

Keywords: stainless high-strength steels, semi-austenitic steels, heat treatment, hardening, tempering, martensite, retained austenite, impact toughness,
phase composition, X-ray microanalysis, transmission electron microscopy, electron backscatter diffraction
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AHnHomayus. VccnenoBanbl 0COOEHHOCTH BIMSHUSL OCTATOYHOIO ayCTEHHTA Ha MEXaHUYECKHE CBOWCTBA CTAalM ayCTEHHUTHO-MAPTEHCUTHOIO KJlacca
¢ 15 % Cr nocie pa3anuHbIX PEKUMOB TepMUueckoi 00padoTku. 1o oxoHUaHNM HarpeBa MO 3aKaJKy U MOCIEAYIOLIEro OTIyCKa WM Harpesa
B MEXKPUTHYECKHH HHTEpBall TEMIIEPaTyp B MHKPOCTPYKTYPE CTalll COXPAHSAETCSl 3HAYUTENbHOE KOJIMYECTBO OCTATOYHOIO ayCTEHUTA, UTO
3aTPyAHSET JIOCTHKEHUE BBICOKOTO Ipejieia TeKydecTd. [lectabuin3anusi 0CTaTOYHOro ayCTeHUTA C MOCIEAYIOUINM MIPEBPAIEHUEM B «CBEXKHUI)
MapTEeHCUT 00eCIIeurBaeTCs 3a CYET MHOTOCTYIIEHYaTOH TePMUUECKOH 00pabOTKH, BKIIOUAIOMIEH 3aKallKy, HarpeB B MEKKPUTHUECKUI HHTEpBa
TEMIIEPATYP WJIM BbIIIE TOYKH A., M 3aKIHOUYUTENbHBIN OTHYCK. YCTaHOBIIEHO, YTO COXPAaHMBUIMACS B MHKDOCTPYKTYpe JByX(asHoH cranm
OCTATOYHBII ayCTCHHT MMeeT GopMy OJIOKOB M TOHKHX IIPOCIIOCK, PACIIONIOKECHHBIX B MEXPEEYHOM IPOCTpaHCTBe. McIbITaHNe HA pacTsKCHHE
cramu ¢ 15 % Cr moka3zano, 4ToO MHOTOCTyNEHYaTasi TepMooOpaboTka oOecreynBaeT BHICOKOIPOUYHOE COCTOSIHHE, COOTBETCTBYIOIIEE IPyIIIaM
npounoctn Q125 u Q135. CpaBHuTenbHbI aHanu3 xapakrepa AedopMaluu ayCTEHUTHO-MAapTEHCUTHON CTald B Pa3IMUHBIX COCTOSHHSAX
CBHETEJIBCTBYET O CMELICHHH Havaua MapTEHCUTHOTO NPEBPALCHHs IPH PACTSDKEHHHU I0CJIe 3aKIIOUUTENBHOTO OTIYCKa B YNPYIyl0 00JacTh
¢ obpazoBaHueM MapreHcuTa Hanpspkenus. g cramm ¢ 15 % Cr ycraHoBieHa orpaHudeHHas J1e(opMalMOHHAs YCTOHUMBOCTh OCTATOYHOIO
aycTeHuTa OJI0YHOH (OpPMBI, IPEUMYIIIECTBEHHO MPETEPIIEBAIOIIEr0 MAPTEHCUTHOE MIPEBPAleHHE TIPH UCTIBITAHUAX HA PACTSDKEHHE U yaap Ipu
OTpHLATENIbHON Temmneparype. IIpeanonoxurensHo, STUM 00yCI0BIEHA 3aMETHO MEHbLIAs yIapHas BSI3KOCTb ayCTEHUTHO-MApPTEHCUTHON CTaIn
¢ 15 % Cr no cpaBHEHUIO CO CTaIbIO MAPTEHCUTHOTO Kiacca ¢ 13 % Cr npu paBHOM MPOYHOCTH.

Kaloyesvle c/108a: HepXaBeroUINe BBICOKOMPOYHBIC CTANM, CTald IEPEXOMHOr0 Kiacca, TepMUYecKas oOpaboTka, 3akajka, OTIYCK, MapTCHCHT,
OCTATOYHBIN ayCTEHHT, yIapHas BI3KOCTb, (ha30Bblii COCTaB, MUKPOPEHTI€HOCIEKTPAJIBHBII aHAIIN3, TIPOCBEYNBAIOLIAS HIEKTPOHHAS MUKPOCKOIIHSI,
nudpakiys 00paTHOTO pacCesiHMs MEKTPOHOB
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- INTRODUCTION

Low-carbon complex alloy steels containing 13 %
chromium [1] have proven themselves as corrosion-resis-
tant, high-strength materials used in pipe products within
the oil, gas, and energy industries. However, the ongo-
ing exploration of deep deposits (exceeding 4000 m) with
clevated CO, levels, alongside the development of pro-
jects for CO, capture, utilization, and disposal via absorp-
tion wells, necessitates enhanced corrosion resistance in
steels. This enhancement can be achieved by augment-
ing the chromium composition. However, an increase
in chromium content may potentially prompt the forma-
tion of & ferrite within the steel’s microstructure. This
formation adversely affects its visco-plastic properties
at both room temperature and sub-zero temperatures, as
well as its manufacturability during hot deformation [2].
The emergence of § ferrite in the steel can be circum-
vented by introducing austenite-forming elements, such
as nickel. Nonetheless, a combined elevation in the levels
of chromium and nickel notably lowers the temperature
at which martensitic transformation commences, shift-
ing the steel from the martensitic class to the transitional
(austenitic—martensitic) class [3 — 6]. Steels classified
within the transitional category maintain high strength.
However, due to the presence of retained austenite in
the martensitic matrix, they exhibit increased ductility
and deformability at low temperatures [7 — 11].

The heat treatment of transition class steels involves
several operations, starting with quenching at a tem-
perature sufficient to dissolve chromium-based carbides.
The next operation aims to convert the majority of auste-
nite into martensite [2; 3; 5]. Various techniques, including
cold treatment, are employed to achieve the most compre-
hensive transformation. However, employing this method
in the production of pipe products is deemed impractical.

An alternative approach involves intermediate heat-
ing above the Ac, point, facilitating the controlled release
of carbides and consequently elevating the martensitic
transformation temperature. The selection of heating
temperature is determined by the carbon content and dop-
ants, potentially reaching 780 — 800 °C for steel grade
08Kh17N5M3 [2].

The final tempering process aims to mitigate inter-
nal stresses that arise during the formation of “fresh”
(untempered) martensite, thereby enhancing ductility and
strengthening the material [3; 7].

In high-strength steels, retained austenite typically
manifests as blocks or thin layers [12 — 15]. Block aus-
tenite in low-alloy high-strength steels exhibits a heighte-
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ned concentration of carbon, situated adjacent to softer
ferrite regions. Conversely, thin layers of austenite are
enveloped by hard bainite or martensite laths [14; 16; 17].
Block austenite tends to possess low stability, making
it susceptible to undergoing martensitic transforma-
tion during deformation [12; 13; 17 — 19]. Thin layers
of austenite exhibit greater stability due to the influence
of the surrounding lath microstructure of martensite or
bainite, impeding the y — a transformation and creating
a “shielding” effect [17; 20 — 22].

The purpose of this research is to investigate the influ-
ence exerted by the quantity and morphology of retained
austenite on the mechanical properties of 13 and 15 %
chromium steel as well as on achievement of strength
properties for the Q125 strength category (o, not less than
931 MPa; 6 . not less than 862 MPa) and Q135 strength
category (o, > 1000 MPa; 6, .. > 930 MPa) in accordance

0.65 —

with State Standard GOST 31446 —2017.

[ MATERIALS AND METHODS

The investigation focused on two steels containing 13
and 15 % Cr (Table 1) exhibiting compositions typical for
such materials [23 — 25]. Following smelting in a labora-
tory vacuum induction furnace and subsequent casting,
the ingots were heated to 1180 — 1200 °C, maintaining
a homogenizing hold.

Further processing involved hot rolling the ingots
into 16 mm diameter rods using a universal mill, imple-
mented in three passes, with a finishing temperature of at
least 850 °C. The rods were then air-cooled to reach
a temperature of 20 °C. Subsequent tempering of the rods
occurred at 620 °C for 1 h.

Austenitization of the steels was conducted in an
LH 30/13 electric furnace, with a 30 min hold followed
by air cooling. For steel /, the heating temperature for
hardening was 980 °C, whereas for steel 2, it ranged
from 900 to 1020 °C. Subsequent heating in the tempera-
ture range of 530 to 760 °C was carried out in an electric
furnace LAC PP 40/85 for durations of 1 to 2 h, followed

Table 1

Chemical composition of the studied steels, %

Tabnuya 1. XuMu4ecKUil cocTaB HccaeAyeMbIX cTageii, %o

Steel | ¢ | i |Mn| s | P | cr| Ni| Mo
No.

/008|023 0430007 0013|127 42 | 1.1
2 1008|037 042]0.005]0007] 152 65 | 22
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by air cooling. To attain the mechanical properties cor-
responding to strength groups Q125 and Q135, steel /
underwent tempering at 560 °C for 1.5 h.

The phase composition analysis of the steels was
conducted using a Bruker X-ray diffractometer, model
D8 ADVANCE, using a cobalt anode. For microstruc-
tural examination, a JSM-IT500 scanning electron micro-
scope (SEM) equipped with an inverted electron back-
scattering diffraction detector (EBSD), and a JEOL
JEM-2100Plus transmission electron microscope (TEM)
featuring a Bruker XFlash 6TI60 energy-dispersive spec-
trometer were employed. Chemical etching of SEM samples
was performed using the Vilella reagent. TEM foils were
prepared from 0.5 mm thick blanks, achieving a final thick-
ness of approximately 100 nm through mechanical thinning
and electrolytic polishing at a temperature of —22 °C.

Tensile mechanical properties were determined accord-
ing to State Standard GOST 1497 — 84, using cylindrical
five-fold samples with a diameter of 6 mm on an MTS
Insight universal testing machine. The yield stress was
determined at full elongation under a load of 0.65 % in
accordance with State Standard GOST 31446 — 2017.
The strain rate during the tension was set at 1.67-1073 s7,

Impact bending tests, as per State Standard
GOST 9454 — 78, were carried out using a Zwick RKP-450
pendulum impact tester on samples featuring a ¥ notch
measuring 55x10x10 mm at a temperature of —40 °C.

Table 2

Influence of hardening temperature
on steel 2 phase composition

Tabnuya 2. BausiHue TeMInepaTypbl HarpeBa 1noj 3aKajky
Ha (a30BbIii cocTaB cTaaN 2

Temper’aturi of heating for 900 | 930 | 960 | 990 | 1020
quenching, °C
Contain of retained 209 | 32.2|38.6 | 53.6 | 55.5
austenite, %

[ RESULTS AND DISCUSSION

The Potak—Sagalevich structural diagram [2]
was employed to determine the phase composition
of the steels, offering a more precise evaluation of phase
ratios compared to the Scheffler diagram [2]. Steel /
exhibited a wholly martensitic structure based on the cal-
culated chromium equivalents for ferrite and martensite
formation, while steel 2 fell within the austenitic-mar-
tensitic classification, displaying an even distribution
of structural components. X-ray structural phase analysis
in the quenched state revealed negligible austenite pres-
ence of no more than 1 % in steel /. Conversely, steel 2
exhibited varying austenite amounts from 20.9 to 55.5 %
with increasing heating temperatures for quenching
(Table 2).

Quenching steel 2 from 960 °C aimed to diminish
retained austenite and dissolve a significant portion of car-
bides [26]. Subsequent high tempering within the tem-
perature range of 530 to 590 °C resulted in a marginal
reduction in retained austenite content, leading to a lower
yield stress (as detailed in Table 3).

Elevated heating within the intercritical temperature
region (ICR) up to 680 °C notably destabilized retained
austenite, thereby augmenting the yield stress. Howe-
ver, the emergence of “fresh” martensite during cooling
noticeably decreased the relative elongation.

The microstructure of steel 2 following high tempe-
ring at 590 °C showcased decomposition products
of martensite and retained austenite (Fig. 1, a), while
heating in the ICR at 680 °C revealed clusters of “fresh”
martensite (Fig. 1, b).

Additionally, the microstructure of steel 2 post-
quenching and high tempering contained chromium
and molybdenum-based carbides primarily situated in
the grain boundary regions (Fig. 2), categorized as car-
bides of the Me,,C, type.

Given that the yield stress did not meet the necessary
criteria for strength groups Q125 and Q135 following

Table 3

Influence of heat treatment on phase composition and mechanical properties of the studied steels

Tabnuya 3. BausiHue pe;kUMOB TepMUUecKoii 00padoTku Ha ¢a30Bblii COCTAB M MeXaHHYeCKHUe CBOCcTBA Hcc/IeyeMbIX cTaJjleil

Steel Heat treatment mode, °C
; ; Yeetr 70 c,, MPa 0, ¢5» MPa 3, %
No. quenching tempering ¢ :
1 980 (0.5 h) 560 (1.5 h) 0.2 968 — 1053 924 — 956 17-19
530 (1.5 h) 36.1 11371148 | 596 — 659 20
560 (1.5 h) 30.6 1120 757779 20
2 960 (0.5 h)
590 (1.5 h) 29.8 1078 — 1090 | 810 —833 20-21
Heating in ICR 680 (1.5 h) 254 1072 -1075 | 824 —841 14-16
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Fig. 1. Microstructure of steel 2 after hardening (960 °C) and tempering at 590 °C (a) or heat at 680 °C (6);
Y, — Fetained austenite; o' — newly formed lath martensite

Puc. 1. Muxpoctpykrypa cramu 2 nocie 3akanku ot 960 °C u ormycka mpu 590 °C (a) u Harpesa npu 680 °C (b):
Yot — OCTATOUHBIH AYCTEHHUT; 0’ — «CBEXKMH» MAPTEHCUT

the aforementioned heat treatments, steel 2 underwent
a multi-stage heat treatment process. This involved harde-
ning from 1020 °C with subsequent air cooling, followed
by heating at 760 °C and tempering at 530 °C. Heating
at 760 °C induced a reduction in the gamma solid solution
in carbon through carbide precipitation and destabilization
of austenite. The final tempering phase aimed to alleviate
internal stresses by decomposing fresh martensite, thereby
enhancing both plasticity and yield stress (Table 4).

The heating of steel 2 at 760 °C results in the pre-
cipitation of carbides exhibiting an equiaxed shape, with
sizes ranging between 20 to 150 nm (see Fig. 3). These
carbides align with the highly tempered state (Me,,C,),
wherein some chromium atoms are substituted by molyb-
denum.

An analysis of the phase composition of steel 2 after
heating at 760 °C using EBSD revealed a well-defined

Fig. 2. Microstructure (a, b) of steel 2 after hardening (960 °C) and tempering (590 °C) and distribution of chemical elements: Cr (¢), Fe (d), Mo (e)

Puc. 2. Mukpoctpykrypa cranu 2 nocie 3akaiaku ot 960 °C u ormycka npu 590 °C (a, b) ¢ pacnipeseneHrneM XUMUYECKUX 3JIEMEHTOB
1o cTpykTypHbIM cocrapistomuM: Cr (¢), Fe (d), Mo (e)

Table 4

Influence of multistage heat treatment on phase composition and mechanical properties of steel 2

Tabnuya 4. BimsiHue MHOTOCTYIIEHYATON TePMUYECKOii 00padoTKkn Ha (pa30BbIii COCTAB U MeXaHMYeCKHUe CBOICTBA cTaJIH 2

Heat treatment mode, °C Yoerr 70 c,, MPa Gy 45> MPa 5, %
Quenching 1020 Heating 760 (2 h) 122 | 1119-1143 | 765-782 | 15—16
(0.5 h) Heating 760 (2 h) + tempering 530 (1h) | 10.7 | 10691075 | 959-974 | 19-21
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Fig. 3. Bright-field image () and composition (b) of carbides in microstructure of steel 2 after hardening from 1020 °C and heating at 760 °C

Puc. 3. CernononsHOe H300paxeHue (a) U cocTaB (b) OTMEUECHHBIX CTPEIIKON KapOHI0B B MUKPOCTPYKTYpe cTanu 2
nocne 3akanku ot 1020 °C u Harpesa mpu 760 °C

substructure comprising packets of lath “fresh” marten-
site (o) and retained austenite (Fig. 4). The retained aus-
tenite manifests in block-like structures (y,;) and inter-
layers (y,) interspersed among martensite laths.

Comparative EBSD analysis demonstrated that
the final tempering at 530 °C facilitates additional Me,,C,
carbides formation, increasing their fraction on the phase
map from 1.7 to 2.2 %. Thermo-Calc thermodynamic cal-
culations [26] also support this elevation in carbide frac-
tion at 530 °C. Simultaneously, the fraction of retained
austenite diminishes by 1.5 %.

To assess the strengthening mechanisms in the auste-
nitic—martensitic steel, the Orowan relation was applied,
considering spherical incoherent non-cut particles uni-
formly dispersed within a homogeneous microstruc-
ture [27]. The contribution of carbides released during
the final tempering in the multi-stage heat treatment was
estimated using the equation

o _107°Gb J4n
! r 3f°

where G is the shear modulus (assumed to be 75-10° Pa
for high-alloy martensitic steels); b is the Burgers vector
(considered to be 2.49-107'° m); r is the average particle
radius (estimated at 40 nm); f is the calculated dimen-
sionless fraction of carbide particles assuming complete
separation (based on the full stoichiometry of the carbide
(Cr,,Mo,)C, taken as 0.003. The maximum possible con-
tribution of dispersed particles does not exceed ~45 MPa.

A comparative analysis of the austenitic—martensitic
steel behavior during tensile testing at various stages
of heat treatment (Fig. 5, curve /) demonstrates that after
quenching from 1020 °C and heating at 760 °C, a pro-
nounced strain hardening occurs, attributed to the partial
transformation of retained austenite into deformation
martensite. Subsequent tempering at 530 °C results in

Fig. 4. Phase map of steel 2 microstructure after heating at 760 °C (a) and subsequent tempering at 530 °C (b)

Puc. 4. ®a3zoBas kapra MUKPOCTPYKTYpSI cTanu 2 ocie Harpesa npu 760 °C (a) u nociexyromero orycka mpu 530 °C (b)
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Fig. 5. Section of tensile stress-deformation diagram of steel 2
in various states:
1 — heating at 760 °C; 2 — subsequent tempering at 530 °C;
3 —yield plateau

Puc. 5. YyacTok nuarpaMMbl pacTsHKEHUsI pa3pbIBHOTO 00pasia cranu 2
B Pa3JIMYHBIX COCTOSHHSAX:
1 —wnarpes nipu 760 °C; 2 — nocnenyroumii otiryck npu 530 °C;
3 — myomanka TeKy4ecTu

a noteworthy increase in the yield strength, forming a pla-
teau, accompanied by a reduction in the impact of strain
hardening (curve 2).

X-ray structural phase analysis conducted on the region
exhibiting uniform elongation in a tensile-tested sample
post-multi-stage heat treatment unveiled a decrease in
the proportion of retained austenite from 10.7 to 5.3 %.
Examination of the phase map within this region, along
a longitudinal section, revealed that austenite predomi-
nantly exists in the form of interlath layers (Fig. 6). This
suggests a prevailing transformation of retained austenite
into a block-like morphology during deformation.

During the final tempering at 530 °C, there was
an additional precipitation of carbides, resulting in
reduced carbon content within the gamma solid solution.
This reduction in carbon content diminished the stabi-
lity of retained austenite, leading to its partial transfor-
mation into martensite upon subsequent cooling (refer
to Table 4). This likely caused a shift in the initiation
of martensitic transformation of retained austenite dur-
ing tension towards the region of elastic deformation.
Consequently, stress martensite formation ensued, resul-
ting in a notable increase in the yield stress. The pre-

Fig. 6. Phase map of proportional elongation zone of steel 2
tensile sample after hardening from 1020 °C, heating at 760 °C
and tempering at 530 °C

Puc. 6. ®a3oBast kKapTa MUKPOCTPYKTYPBI Pa3pBIBHOTO 00pa3ia
craiu 2 Ha y4acTKe PaBHOMEPHOTO YUIMHEHHS MOCIIE 3aKaJIKH
ot 1020 °C, narpesa mpu 760 °C u ormycka npu 530 °C

sence of a yield plateau indicates the occurrence of plas-
tic deformation attributed to local slip and martensitic
transformation, a characteristic feature observed in
steels exhibiting transformation-induced plasticity (TIP
steels) [28]. If the formation of martensite during ten-
sion primarily arises from the martensitic transformation
of austenite with block morphology, localized shear is
facilitated by more stable layers of austenite, along which
rigid martensite laths can glide [14; 17].

Testing of the steels for impact bending at a tempera-
ture of —40 °C was carried out after heat treatment, follow-
ing the outlined procedures in Table. 5. The examined steels
exhibited high impact toughness, meeting the requirements
for operation in cold macroclimatic conditions.

The notably lower impact toughness observed in
the austenitic-martensitic steel with 15 % Cr compared
to the martensitic steel with 13 % Cr, despite similar
strengths, could be attributed to the limited deforma-
tion stability of block austenite. This notion is supported
by the phase composition data, indicating a decrease in
the fraction of retained austenite in steel 2 near the frac-
ture surface after the impact test, dropping from 10.7
to 8.2 %. The phase map of the austenitic-martensitic

Table 5
Impact toughness of the studied steels
Tabnuya 5. YnapHasi BA3KOCTh HCCJIEyeMbIX CTaJIeil
Steel Impact toughness
No. Heat treatment mode KCV4°C, J/om?
Quenching at 980 °C (0.5 h) + tempering at 560 °C (1.5 h) 136+ 6
2 Quenching at 1020 °C (0.5 h) + heating at 760 °C (2 h) + tempering at 530 °C (1 h) 84+5
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Fig. 7. Phase map of microstructure near the fracture surface
of steel 2 impact sample after hardening from 1020 °C,
heating at 760 °C and tempering at 530 °C

Puc. 7. ®a3oBas kapTa MUKPOCTPYKTYpBI BOJIM3H OBEPXHOCTH M3/I0Ma
yzapHOro obpasna craau 2 nocie 3akanku or 1020 °C, Harpesa
npu 760 °C u otmycka rpu 530 °C

steel (Fig. 7) illustrates a significant reduction in the frac-
tion of block morphology of retained austenite, likely due
to the partial y — o’ transformation.

The computed impact toughness effect of retained
austenite, represented as stable interlayers, according
to the results of linear approximation [29], shows an
insignificant impact when its concentration is below
10 %. The reduction observed in the impact toughness
of steel 2 might also be linked to the liberation of carbide
phase particles, which negatively impact the resistance
against the propagation of brittle cracks [6; 30].

- CONCLUSIONS

The investigation reveals that quenching of 15 % chro-
mium steel, characterized by a high nickel and molyb-
denum content, coupled with tempering in the tempera-
ture range of 530 to 590 °C, does not yield a high yield
stress due to incomplete martensitic transformation and
the retention of a considerable quantity of retained aus-
tenite (ranging from 30 to 36 %). Even heating the aus-
tenitic-martensitic steel in ICR to 680 °C did not meet
the desired performance criteria.

However, employing a multi-stage heat treatment pro-
cedure involving hardening from 1020 °C, intermediate
heating at 760 °C, and final tempering at 530 °C proved
effective in reducing the quantity of retained austenite
and ensuring mechanical properties aligned with strength
groups Q125 and Q135. The precipitation of dispersed
Me,,C, carbides (chromium and molybdenum-based)
and a reduction in the carbon content within the retained
austenite after heating and subsequent tempering led
to a decrease its content to 10.7 %.

Post multi-stage heat treatment, retained austenite
appears in the microstructure as blocks and interlayers
situated between martensite laths. Static tensile test-
ing and subsequent structural-phase analysis unveiled
the low stability of block-shaped austenite, which under-
goes martensitic transformation under deformation.

It is presumed that the reduction in carbon content
within the gamma solid solution due to the final tempering
at 530 °C shifted the process of martensitic transformation
of retained austenite during static tension into the elas-
tic deformation region. This leads to the formation
of stress assisted martensite and a significant increase in
the yield stress. Due to the stability of the inter-lath layers
of retained austenite, enabling local sliding of surround-
ing laths, this steel exhibits higher relative elongation
compared to martensitic steel with 13 % Cr.

The limited deformation stability of block-shaped
retained austenite appears to underlie the reduced impact
toughness when contrasted with steel possessing a homo-
geneous martensitic microstructure.
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EFFECT OF HEAT TREATMENT ON DEFORMATION
INHOMOGENEITY OF CARBON STEEL / STAINLESS STEEL BIMETAL

S. P. Buyakova'“, K. N. Kayurov?, S. A. Barannikova?!

!Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)

2 Scientific Production Enterprise of Geophysical Equipment “LUCH?” (34 2" Yurginskaya Str., Novosibirsk 630051, Russian
Federation)

&3 sbuyakova@ispms.ru

Abstract. The work is devoted to the study of the effect of annealing on mechanical properties and inhomogeneity of plastic deformation of a
bimetallic plate made of stainless / carbon steel with the dimensions of the working part 50x7x2 mm. To develop laser technology for produc-
ing bimetals of various compositions, the contact zone of two dissimilar steels is of greatest interest. Since the performance characteristics
of the entire product as a whole depend on the structure and properties of this zone, interaction of the components of the bimetal in the process
of its manufacture leads to appearance of heterogeneity of various types near the interface and in the volumes adjacent to it. The research
material was obtained by laser cladding of wire AISI 304 stainless steel on a plate of low-carbon steel St3. Bimetallic samples were subjected
to vacuum heating at a temperature of 700 °C at various times from 2 to 8 h. The use of data on the distributions of local strains by the speckle
photography method made it possible to consider the process of plastic flow in the initial section of tension diagram and to establish the effect
of annealing temperature on plastic strain localization during mechanical tests. For a quantitative assessment of deformation inhomogene-
ity in the main and cladding layers, we used spatiotemporal distributions of local elongations and the corresponding values of the variation
coefficient. It was established that the level of deformation inhomogeneity of microvolumes at the interface during tension is higher than that
of the bimetal main layers. With increase in the annealing time, increase in the variation coefficient in the joint zone is noted, which is more
significant on the stainless steel side, and this increases the probability of microcracks initiation. The increased level of deformation inhomoge-
neity of microvolumes of the cladding layer carburized zone is contingent on the increased localization of deformation in nearby microvolumes
due to structural heterogeneity.

Keywords: plastic deformation, localization, bimetal, low carbon steel, stainless steel
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O BIUAHUUN HATPEBA HA HEOQHOPOAHOCTb AE®POPMALUMU
BUMETANNA YITNEPOAUCTAA CTAJIb — HEPXXABEIOLWAA CTANIb

C.II. BysikoBal®, K. H. Katopog?, C. A. BapaHHukoBa'

IMHeTHTYT (PU3MKH POYHOCTH U MaTepuasoBenenus Cubupckoro oraenaenuss PAH (Poccus, 634055, Tomck, p. AkageMudec-
Kui, 2/4)

2 Hay4HO-TIpOM3BOACTBEHHOE NpeAnpusiTHe reodusndeckoii anmaparypsl «JIYU» (Poccus, 630051, HoBocubupck, yi. 2-1 FOp-
ruHCKas, 34)

&3 sbuyakova@ispms.ru

AnHomayus. Pabora TOCBAIEHA HM3Yy4YEHHIO BIMSHUS OTXKHTAa HAa MEXaHMYECKHE CBOWCTBA M HEOJHOPOJHOCThH IIACTUYECKOH aedopmarnuu
OMMeTaJUTMYEeCKOI TUIACTHHBI U3 HeprKaBelolel / yIIepoaucToi craieil ¢ pasmepamu paboueid wactu 50x7x2 mm. s OTpabOTKH JTa3epHOM
TEXHOJOTHHU MOJTyYeH s OMMETaIIOB Pa3IMYHBIX KOMITO3UIMI HANOOMIBIINH HHTEPEC NPEACTABNISACT U3YyUEHHE 30HBI KOHTAKTA JIBYX PA3HOPOIHBIX
craneit. [TocKoIIBKY OT CTPYKTYPBI X CBOMCTB TaHHOM 30HBI 3aBUCAT IKCILTyaTallHOHHBIC XapaKTEPUCTHKH BCETO M3 B IIEJIOM, B3aHMOIEHCTBIE
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COCTaBJISIIOLIMX OMMETaIa B MPOLECCEe €ro M3rOTOBJICHHS NPUBOAUT K BO3HUKHOBEHHIO HEOJHOPOJHOCTH PA3JIMYHBIX BUJOB BOJIM3U I'DAHUILII
paszena u B 00beMax, IPUIICTAIONX K Hell. Marepuai Hccae0BaHMIl TOTydYani METOIOM JIa3epHOH HAIIaBKU MPOBOJIOKU HEpXKaBEIOLIeH cTamn
AISI 304 nHa ruactuHy u3 HU3KOymiepoaucToi cranu Cr3. Bumerauimueckue oOpasibl C HAIJIABKOHM MOABEPrayii BAKyyMHOMY HarpeBy IIpH
temneparype 700 °C B TedeHHe pa3nmuaHOro BpeMenu (0T 2 110 8 ). Vicronp30BaHue TaHHBIX O PACIPEACICHUSX JIOKATBHBIX Je(hopMaliii METOIOM
crieki-ororpaduu MO3BOIMIO PACCMOTPETh MPOLECC IUIACTUYECKOr0 TEUEHUS! Ha HAYaJIbHOM y4yacTKe JUarpaMMbl pacTsH)KEHUS U yCTAaHOBUTH
BIIUSTHAE TEMIIEpaTyphl OTKATAa Ha JOKAIH3AlUIO IUIACTUYECKON Ae(opMalMi B MPOIEcce MEXaHHYECKUX HCIBITaHHI. [{Id KoamdecTBEHHOU
OLICHKH HEOAHOPOAHOCTH JedOopMalii B OCHOBHOM M IUIAKMPYIOIIEM CJIOSX MCIIOIb30BaIM MPOCTPAHCTBEHHO-BPEMEHHBIC pacIpeieIeH s
JOKAJIbHBIX YIHHEHHI U COOTBETCTBYIONINE BEIUYHHBI KOI(Q(OHUIMCHTAa BapHalUH. YCTAaHOBICHO, YTO YPOBEHb HEOJHOPOAHOCTH JedopManun
MHKpOo0ObeMOB Ha HHTep(deiice B polecce pacTsHKEHHs BbILIE, YeM OCHOBHBIX ciioeB Oumeraiia. C yBeJIMUeHHEM BPEMEHH OT)KUIa OTMeUaeTcs
MOBBILICHAE 3HAYCHNH K03 HUIIeHTa Bapuallii B 30HE COCIUHEHHS, OoIee 3HAUUTEIPHOE CO CTOPOHBI HEPyKABEIOMICH CTalll, YTO YBEIHYHBACT
BEPOSITHOCTh 3aPOXKAEHUST MUKPOTpElIUH. [IOBBIICHHBIH ypOBEHb HEOAHOPOAHOCTH AehOPMALMH MUKPOOOBEMOB HAYIIIEPOKEHHOHW 30HBI
IUIAKUPYIOIIETO CI0s 00yCIIOBICH yCHICHHEM JIOKATH3aHU Ae(OopMAIH B OIU3IEKAIINX MHKPOOOBbEMaX U3-3a CTPYKTYPHOIT HEOMHOPOXHOCTH.

Kawuessle ci08a: mnactuieckas HCq)OpMaL[PISI, JIOKaJIn3anus, 6I/IMCTEUIJ'H>I, HHU3KOYITIEPOAUCTAs CTaJIb, HEPKABCIOIIAsl CTaIb
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[ INTRODUCTION

To effectively handle materials within power-gene-
rating or oil refining equipment subjected to simultaneous
mechanical loading and high temperatures, it is impera-
tive to develop novel methods for evaluating their perfor-
mance [1]. These methods should comprehensively con-
sider the influence stemming from various structural and
mechanical inhomogeneities [2 —4]. Despite their high
strength, bimetallic materials are particularly susceptible
to delamination at their interfaces. Defects like delamination
may arise during the manufacturing and operational phases
of bimetallic materials, thereby somewhat restricting their
industrial applications [5 — 8]. The unevenness of deforma-
tion in bimetallic composites during rolling is contingent
upon several factors, including the disparity in deformation
resistances between components, initial layer thicknesses,
stacking sequence, parameters within the deformation zone,
and the magnitude of contact friction forces and tangential
stresses at the interface [9 — 12]. This deformation irregu-
larity within bimetallic composites detrimentally affects
the rolling process and the resultant bimetal properties.
It leads to the accumulation of significant residual stresses,
which, in turn, can induce bimetal delamination, bending,
warping, and the fracturing of harder layers [13 — 16].

An exceptionally promising domain for advancing
laser cladding technology using high-performance lasers
lies in leveraging cladding materials presented in solid
and powder metal strips [17; 18]. The primary motiva-
tion driving the shift from conventional coating methods
(thermal spraying and arc surfacing) toward laser-based
techniques is the superior quality of the coatings pro-
duced. This superiority stems from the reduced mixing
coefficient between the clad material and the substrate,
along with heightened adhesion characteristics [19].

Given that the processes occurring in the vicinity
of the interface during laser cladding can significantly
influence material properties [20], the objective of this
study was to examine the influence of temperature-time
factors on the inhomogenity of plastic deformation in
bimetallic plates.

[ MATERIALS AND METHODS

The investigation focused on studying the deforma-
tion inhomogeneity of a bimetal comprising low-carbon
steel St3 and AISI 304 stainless steel, achieved through
laser cladding. The St3 low-carbon steel plate measured
approximately 6 mm in thickness, while the AISI 304
stainless steel formed a clad layer of about 1 mm thick-
ness. The laser cladding process, using filler wire, was
conducted on plates composed of low-carbon steel St3
at the experimental facility of the Institute of Strength
Physics and Materials Science of the Siberian Branch
of the RAS. The application of the laser cladding tech-
nique involved introducing filler wire into the laser
impact zone using a standard arc torch and a semi-auto-
matic welding machine PDGO-601. In this particular
laser cladding setup, AISI 304 stainless steel filler wire
with a diameter of 1.0 mm served as the material for
the clad layer. Employing the fiber laser LS-15, boast-
ing a capacity of 15 kW, facilitated a productivity range
of 130 — 170 g/min, resulting in deposited beads mea-
suring 0.8 — 1.5 mm in width. To ensure the creation
of a uniform monolithic coating, cladding parameters
were meticulously selected based on established techno-
logical modes. These included specific settings for scan-
ning width (approximately 30 mm), laser output power
(4 kW), and speed (65 mm/min). The scanning process
was executed using the “triangular” mode at a frequency
of 25 Hz. Upon metallographic examination of cross-
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sections and XRD (X-ray diffraction) analysis, it was
observed that none of the samples exhibited pores, cracks,
or unmelted powder particles.

When subjected to heating, bimetals composed of dis-
tinct chemical compositions display variations in the rate
and direction of diffusion for carbon and alloying ele-
ments, contingent upon the temperature of heating [3].
Following heat treatment (conducted via vacuum heating
up to 700 °C and holding for durations of 2, 4, 6 and 8 h),
the distribution of chemical elements within the steel
layers of the bimetallic plate was analyzed. This exami-
nation was performed using the LEO EVO 50 scanning
electron microscope (Carl Zeiss, Germany), equipped
with an Oxford Instruments attachment for X-ray dis-
persive micro-analysis. These analyses were conducted
at the NANOTECH Center for Collective Use, part
of the ISPMS SB RAS. Microhardness measurements
were carried out using the PMT-3 microhardness tester,
following the methodology outlined in GOST 9450 — 76.

During mechanical uniaxial tensile tests performed
on flat samples measuring 50%x7x2 mm, the deforma-
tion fields were recorded using the Walter+Bai LFM-125
testing machine. The deformation rate was set at
6.67-107 s7! and tests were conducted at room temper-
ature. These tests simultaneously employed an adapted
speckle photography technique, as detailed in [21 — 23],
to capture the deformation fields. In analyzing the plas-
tic distortion tensor, the local elongation along the direc-
tion of the sample’s tensile axis exx is often considered
the most natural component for visualization and analy-
sis. Shear and rotational components exhibit more intri-
cate distributions, rendering them less convenient for
analysis. The distributions obtained through these tech-
niques reflect local deformation increments rather than

integral values from the commencement of the load-
ing process. Fig. 1, a illustrates a typical distribution
of local deformations ¢_(x, y) within the sample subse-
quent to laser cladding, where the total tensile deforma-
tion measures 0.01. This data presentation elucidates that
post-yield point, plastic deformation becomes localized
within specific zones of the sample, while other material
volumes exhibit minimal deformation at the given incre-
ment. To quantitatively assess the degree of deformation
inhomogenity across various layers of the bimetal (sub-
strate and cladding), the coefficient of variation of local
deformations ¢ was employed. This coefficient is calcu-
lated as the ratio of the standard deviation to the arithme-
tic mean n of measurements:

where <8xx> =
n

When v > 0.4 it is considered that the distribution
of local elongations ¢ = within the sample demonstrates
a substantial level of inhomogenity <8xx> rendering
the value not representative [24].

[ RESULTS AND DISCUSSION

The hardness observed within the junction zone
of the bimetal was notably higher compared to the hard-
ness measured in both the substrate and the surfacing
areas outside this zone (Fig. 1, b). Following heat treat-
ment, as the heating duration increased, the average

3000

2000

H, , MPa

1000 |

AISI 304

250 500 750

0
-750 =500 -250 0

Fig. 1. Distribution of local deformations ¢__ in the substrate (/) and surfacing (2) at the initial stage of plastic flow (a)
and the change in microhardness along the width of the sample (b) after laser surfacing (/) and after heat treatment
at2(2),4(3), 6 (4) and 8 h (5) (dotted line (/) marks the junction zone)

Puc. 1. Pacnipenenenue okanbHbIX JepopManuii € B oiokke (/) u Harnaske (2) Ha HaYaIbHON CTaJIMK IIACTHYECKOTO TEYEHUs (a)
1 M3MEHEHUE MUKPOTBEPIOCTH 110 MUpUHEe 00pasiia (b) moce na3epHoit Haru1aBky (/) 1 mociie TepMUYECKoit 00paboTKu
B TeueHue 2 (2), 4 (3), 6 (4) u 8 4 (5) (myHKTHpHOU JIMHNKEH (/) OTMEYEeHA 30HA COCTUHEHS)
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hardness levels observed in the substrate and surfacing
decreased significantly. However, the hardening gradient
between the two types of steels near the junction zone
remained consistent.

Fig. 2 illustrates the influence of heating duration on
the distribution of fundamental elements (iron, chromium,
nickel, manganese) across the thickness of the sample.

)

\

400
0 200

200
d, um

d

Fig. 2. Effect of annealing time on distribution of iron (a),
chromium (), nickel (c) and manganese () over the thickness
of the sample:

1 — low-carbon steel; 2 — stainless steel;

1 — transition layer in the junction zone

Puc. 2. Biiusinue BpeMeHH OT)KUTa Ha paciipeieeHue xenesa (a),
xpoma (b), Hukens (¢) u Mapranua (d) no TojuHe oopasua:
1 — HU3KOYTTIepOUCTas CTallb; 2 — HEeP KaBEIOIIasl CTallb,
I — nepexoaHbIi CI0H B 30HE COSAUHEHUS

The depicted data indicates that the impact of heating
remains insignificant for each of the steel types when
compared to their initial states without heat treatment.

The bimetal consists of low-carbon and stainless steel,
with a distinct transition layer (/) between them. Within
this transitional zone, the concentrations of iron, chro-
mium, nickel, and manganese exhibit a linear variation.
The diffusion depth of chromium and nickel into the base
layer of low-carbon steel extends up to 20 um. During
the heating process, alloying elements diffuse from
the austenitic (stainless) steel into the carbon (pearlitic)
steel, while carbon diffuses in the opposite direction.

In Fig. 3, a, the impact of heating duration on the dis-
tribution of carbon throughout the sample thickness is
depicted.

Within the span from carbon steel to stainless steel,
the distribution of carbon content manifests in distinct
layers: following the transition layer (/), there exist decar-
burized (/]) and supercarburized (/I]) layers. The thickness

—400

900

2 00

300

Fig. 3. Carbon distribution over the thickness of the surfaced sample (a),
depth of decarburization & of the base layer and tensile strength ¢ of the
bimetal depending on annealing duration 7 (b):

1 — low-carbon steel; 2 — stainless steel;

I — transition layer in the junction zone

Puc. 3. Pacnipenesnenue yriepoza 1o TOMIIHHE 00pasua
C HAaIUIaBKOH (@), a Takke IIyOrHa 00e3yIepoKUBaHUs O OCHOBHOTO
CJIOS M TIpeJIelT TPOYHOCTH G OMMeTaIa B 3aBUCUMOCTH
OT JUTUTEIBHOCTHU OTKHTra ¢ (b):
1 — HU3KOYTIIEPOIMCTAs CTajlb; 2 — HepIKaBEIOLIas CTalb;
[ — epexoHBIN CIIOH B 30HE COCTMHEHUS
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of these layers varies in response to the duration of hea-
ting. With prolonged annealing periods, the expanding
decarburized ferrite zone on the carbon steel side exhibits
reduced strength characteristics. Consequently, this con-
tributes to a decrease in the tensile strength of the bimetal
(Fig. 3, b). The process of chromium diffusion from
the austenitic phase and carbon diffusion in the opposite
direction results in the formation of a thin carbide layer
on the carbon steel side.

The structural and chemical inhomogeneities near
the substrate and cladded layer interface play an important
role in shaping the nature of plastic deformation around
the transition zone. Ensuring compatibility of deforma-
tions at the bimetal interface necessitates an equivalent
deformation of metal microvolumes adjoining the inter-
face. Consequently, the levels of deformation inhomoge-
neity within these microvolumes at the interface layers,
as assessed by the coefficient of variation of local defor-
mations v, are expected to be uniform. By meeting these
conditions, the stress conditions within these regions
become more intricate.

Fig. 4 illustrates the impact of heat treatment on
the changes in the coefficient of variation (v), which
serves as an indicator of the degree of deformation inho-
mogeneity near the transition zone of the bimetal during
the initial stages of deformation. In the bimetal state sub-
sequent to laser cladding, notable differences in the levels
of deformation inhomogenity are observed among
the microvolumes in the boundary zones of the stainless
and carbon steel sides, nearly twofold (Fig. 4, curve 7).
The reduced level of deformation heterogeneity is charac-
teristic of the microvolumes in the decarburized zone,

1.6

1.4
1.2
1.0
> 0.8
0.6
0.4
0.2

0
-0.8

0.4 0.8 1.2
d, mm

Fig. 4. Change in the level of inhomogeneity of deformation v
by thickness of the sample layers at the initial stage of plastic flow
in the state after laser surfacing (/) and after annealing
at2(2),4(3),6 (4)and 8 h (9)

Puc. 4. 3Menenne ypoBHS HEOJHOPOJHOCTH JAe(hOpMaLiu v
I10 TOJILIMHE CJI0eB 00pa3ia Ha Ha4aabHOW CTaANH MIIACTHYECKOTO
TEYCHHsI B COCTOSIHUU MOCIIC JIa3epHOM HAIIaBKy (/) ¥ IOCIE OTHKHUra
B TeueHue 2 (2),4 (3),6 (4)u 84 (5)
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directly adjacent to the interface, as well as in the state
post-cladding (Fig. 4, curve ). The existence of a car-
bide interlayer leads to the emergence of microcracks and
a more non-uniform distribution of local deformations
within the carburized layer of austenitic steel, with a total
deformation of € =0.01. Research outlined in [23] dem-
onstrates that at the bimetal’s yield point, the Liiders band
originating in the main St3 steel layer can act as a “wedge”
in accordance with the Barenblatt wedging model [25],
potentially initiating cracks in the cladding layer. Due
to heightened local stresses at the interface, the Liiders
band contributes to the formation of martensitic o’-phase
and the emergence of isolated zones of localized defor-
mation in the clad layer during the initial phase of plastic
flow.

After heat treatment, with increasing annealing dura-
tion (Fig.4, curves 2-1J5), the coefficients of varia-
tion of deformation inhomogeneity in the substrate and
the cladded metal notably escalate. Even after prolonged
annealing, the two steels near the junction zone still exhibit
distinct levels of deformation inhomogeneity. Statistical
analysis utilizing the double #-criterion method [24] indi-
cates a “significant” difference in the coefficients of varia-
tion of deformation heterogeneity between the substrate
and the deposited metal.

This study underscores the influence of structural
inhomogeneity near the layer interface on the distribu-
tion of local deformations when subjecting the bimetal
obtained by laser cladding to uniaxial tension. The nature
of deformation inhomogeneity in the transition zone
and the primary layers varies, potentially impacting
the properties of bimetal products. To maintain or prevent
a decrease in the mechanical properties of bimetals com-
posed of carbon steel and stainless steel, manufacturing
should adhere to technological modes that ensure mini-
mal levels of deformation inhomogeneity within micro-
volumes at the transition zone.

- CONCLUSIONS

The bimetal obtained through laser cladding exhi-
bits a considerable increase in hardness within the junc-
tion zone. Subsequent heating up to 700 °C, with hold-
ing durations ranging from 2 to 8 h, does not diminish
the hardening gradient. This lack of reduction is attributed
to the formation of a carbide interlayer due to the diffu-
sion of components.

The heat treatment process results in the growth
of'a decarburized layer on the carbon steel side and a sub-
sequent reduction in the tensile strength of the bimetal.

Elevated values of the coefficient of variation of local
deformations within the carburized layer of the cladded
metal are linked to heightened concentration of deforma-
tions, stemming from the presence of chromium carbides
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and microcracks. Prolonged annealing durations fur-
ther escalate the coefficients of variation of deformation
inhomogeneity within both the substrate and the cladded
metal.
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FORMATION OF THE GRADIENT OF STRUCTURAL-PHASE STATES
OF HIGH-SPEED STEEL DURING SURFACING.
PART 1. SOLVING THE STEFAN PROBLEM
WITH TWO MOVABLE BOUNDARIES

S. A. Nevskii! %, L. P. Bashchenko?, 0. A. Peregudov?
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Abstract. The article considers theoretical study of solidification of the binary iron—tungsten system at a tungsten content of 18 wt. %. Such tungsten
content is typical for heat-resistant alloys used in plasma-arc surfacing on the rolls surface. The axisymmetric Stefan thermal problem is solved for two
movable cylindrical boundaries that separate three regions. In region /, the melt is at the melting point; in region 2, the substance is in a two—phase
state, and in region 3 — a solid. The liquidus temperature was set at the interface of regions / and 2, and the solidus temperature — at the interface
of regions 2 and 3. At these boundaries, a condition for the heat flows balance was given, from which a system of kinetic equations was obtained.
This system was solved by numerical methods, without hypothesizing that the fronts of phase transformations move according to the law R ~ 2.
Solution of the system of kinetic equations shows that the solidus boundary moves almost linearly. The liquidus boundary moves according to the
parabolic law. For regions of the micrometer range in size, the processes of phase transformations take place in a time of about 5 ns, whereas for
regions of the order of 10 um in size — in a time of about 50 ms. Dependences of temperature fields on the radial coordinate at various points in time
show that with increasing time, the dimensions of region 2 decrease, and as soon as coordinates of the liquidus and solidus boundaries become close,
thecrystallization process stops. Further development of the model consists in taking into account the rotation of one of the media. The results obtained
will serve as a material for the study of the Mullins-Sekerka two-front instability.

Keywords: iron — tungsten system, the Stefan problem, equation of thermal conductivity, moving boundaries of phase transformations
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dOPMUPOBAHUE TPAAUEHTA CTPYKTYPHO-®A30BbIX
COCTOAHWUMN BbICTPOPEXYLLEW CTANU NMPU HANNABKE.
YACTb 1. PELLEHUE 3AZA4YN CTEDAHA
C ABYMSA NOABUXHbIMU rPAHULLAMM
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AHHomayus. TeopeTHYecKH pacCMaTPUBACTCA IIPOLECC 3aTBEPACBaHMA OMHAPHON CHCTEMBI JKeJe30 — Bolb(paM IpH cofepkaHuu Bonb(pama 18 %
(o macce). Takoe coneprkanue Boib(pama XapakTepPHO VIS TEIUIOCTOMKOIO CIUIaBa, KOTOPBIH MPUMEHSETCS B MpoLeccax MIa3MEeHHO-1yroBOH
HAIUIAaBKH Ha [OBEPXHOCTb BAJKOB. Pemraercst ocecuMmerpuyHas Terosas 3agada Credana QUi ABYX MOJBIKHBIX IMIMHIPHYCCKUX TPAHHMIL,
KOTOpBIE Pa3/eNsOT TpH 00nacTu. B obnacty / pacruiaB HAXOAUTCS IPH TEMIIEpAType IIaBJICHUS, B 001acTH 2 BELIECTBO HAXOIUTCS B IBYX(pa3HOM
COCTOSIHMH, a B o0mactu 3 — TBepzoe Teno. Ha rpanuiie pasaena obnacreit / n 2 3agaercst TeMneparypa JIMKBUAyca, a Ha TpaHuUIe paszaena 2 u 3 —
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TemIieparypa conuayca. Ha naHHBIX rpaHuLax 3a[aeTcst ycioBue OanaHca TEIUIOBBIX MOTOKOB, M3 KOTOPOrO MOJIy4eHAa CHCTEMAa KMHETHYECKHX
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JIBHKYTCA 1O 3aKOHY R ~ 2. PellieHre CHCTEMbI KMHETHYECKUX YPABHEHHMH TMOKA3bIBACT, YTO TPAHMIEA CONMAYCA JABUIKETCS MPAKTHYECKH MO
JIMHEHHOMY 3aKOHY. I paHuIa IMKBUAYyCa NIepeMeNaeTcs 1o napaboanyeckoMy 3akony. Jlis obmacTelt MUKpOMETPOBOIO AMana3oHa 110 pazMepam
nporecchl (azoBbIX MPEBpALICHUI TPOTEKAIOT 3a BPeMsl MOpsiIKa 5 HC, TOraa Kak it odnacteld pazmepamu nopsiaka 10 MKM — 3a BpeMst OKOJIO
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- INTRODUCTION

The methods involving plasma surfacing of diffe-
rent wear-resistant materials are commonly employed
for the restoration or repair of forming rolls [1]. Among
the surfacing materials, there is a specific interest in
heat-resistant iron-based alloys with elevated tungsten
levels (approximately 17 — 18 %) and carbon content
(0.76 — 0.82 %), renowned for their high hardness and
exceptional wear resistance [2]. To prevent the formation
of cold cracks during the application of coatings made
from such alloys, pre-heating and controlled slow cool-
ing of the parts are utilized [3]. However, post this treat-
ment, the coatings exhibit reduced hardness and wear
resistance. A complex heat treatment process (involving
annealing, hardening, and tempering) becomes neces-
sary to enhance these properties. Yet, this significantly
restricts the potential applications of these considered
alloys [4]. Hence, finding plasma surfacing methods for
heat-resistant alloys that circumvent crack formation
while preserving high mechanical and tribological pro-
perties without the need for additional thermal treatments
is crucial. Addressing this challenge requires an under-
standing of the mechanisms governing the formation
of gradient structural-phase states in materials during sur-
facing. The crystallization processes of the materials play
a pivotal role in shaping these states [5], ultimately deter-
mining the resulting structure and hence, the mechanical
properties achieved during the surfacing process.

Currently, numerous papers [5 — 10] expound upon
mechanisms and models pertaining to the crystallization
of materials on surfaces of various geometries. Depen-
ding on the external factors such as cooling rate, rota-
tion speed, ambient temperature, degree of supercool-
ing, among others, the resulting structure can manifest
as cellular, dendritic, or a combination of both structures
concurrently [5; 6]. One of the main mechanisms driving
their formation, as proposed in [7; 8], involves the insta-
bility of the crystallization front induced by the tem-

588

perature decrease during the phase transition, caused
by the expulsion of impurities into the melt and the phe-
nomenon of solutal undercooling. Hence, the configura-
tion of the interfacial boundary significantly influences
the impurity distribution within the crystal [9]. The cent-
ral consensus across all theories of morphological stabi-
lity is that when a specific balance between temperature
and concentration gradients is reached, the crystalliza-
tion front becomes unstable to minor perturbations [10].
Consequently, intricate structural-phase states emerge,
facilitating particle nucleation on dissolved impurities.
This leads to the creation of an extended phase transition
region preceding the crystallization front [11]. Notably,
the models outlined in [5 — 11] solely consider the dis-
placement of phase transition boundaries, disregarding
the displacement of melt heating boundaries. Typically, it
is assumed that this boundary either maintains a stabilized
temperature distribution or extends infinitely [12; 13].
Recognizing the outcomes of resolving the thermal
problem, where the heating boundary is not considered
infinitely large [14], reveals that the growth rate of par-
ticles accelerates in comparison to scenarios where this
aspect is disregarded. Consequently, in the development
of mathematical models concerning the impact of plasma
on material structure, it becomes imperative to consider
not only the displacement of phase transition boundaries
but also the shifting boundaries of heating. In the quest
to understand the mechanisms governing the formation
of gradient structures and phase compositions in heat-
resistant alloys during plasma surfacing on rotating rolls,
integrating the concepts associated with the emergence
and progression of the Mullins—Sekerka instability [15]
becomes crucial. Analyzing this instability aids in deter-
mining the conditions for the onset of these states, tak-
ing into consideration the shifts in the heating boundary.
This instability is studied through several stages: initially
determining the nature of interface perturbations and
evaluating the impact of its curvature on the liquidus
temperature. Subsequently, calculations are performed
for the temperature and concentration fields within
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the solid and liquid phases. This analysis includes identi-
fying the dependency of the perturbation growth rate on
the conditions existing at the phase transition boundary.

The focal point of this paper revolves around resol-
ving the thermal and diffusion Stefan problem invol-
ving two movable boundaries. This approach facilitates
the monitoring of material solidification kinetics. Unlike
conventional studies [16 — 18] that rely on the assump-
tion of crystal growth being directly proportional to ¢'/?
this hypothesis is deliberately avoided in this investiga-
tion. Instead, the evolution of crystal growth over time is
tracked by solving a system of kinetic equations derived
from temperature and substance balance conditions
at the phase transition boundaries.

[l RESEARCH METHODOLOGY (SETTING UP A PROBLEM)

Let us examine the process of directional solidifica-
tion along the spatial axis 7 in a cylindrical front. Fig. 1
illustrates the geometry of the problem.

The initial phase occupies the region R,(f) <r <+oo
(where t represents time) and maintains a temperature
of T,. When the temperature 7"" is attained, the second
phase forms, which occupies the region R,(¢) <7 < R (?).
At temperature 7, the third phase emerges within
the region 0 < r < R,(?). Let us formulate the thermal con-
ductivity equation for each of these distinct regions:

oT, 1 a[ oT,
_:xl —_|r—
ot ror\ or

oT. 10( OT
worlial g roraro o

o7, 10 0T,
— =y, ——| r—=11, 0<r<R(?),
ot X3{r@r( ﬂ r<k

ﬂ, R,(?) < r < +oo;

,
or

where x, and y,, x; are thermal diffusivity coefficients in
regions / — 3.

Fig. 1. Diagram of the problem geometry

Puc. 1. Cxema reoMeTpun 331241

The shift in phase transition boundaries is determined
based on the balance conditions of temperature and heat
flows, as expressed by equations (2):

L=T,=T", r=R(0);

2T, T R
or or dt 2)
T,=T,=T", r=R,(1);
oT, oT. dR
A o—L =, =2 =AH, =2 r=R,(1),
Yor 7 or > dt 2()

where A, and A,, A, are thermal conductivity coefficients
in the regions / — 3; AH, and AH, represent the volumet-
ric heat of phase transformations.

At r— 0, the temperature is 7, and at r — oo,
the temperature is 7,. The initial conditions are defined as

T,(r, 0)=T,; R (0) = Ry; R,(0) =Ry, 3)

where R, and R, are the initial radii of the phase transition
boundaries.

The solution of this system of equations (1) — (3) is
determined as follows

2
T,(r,1)= 4 +BE, (r—] &)
4ot

where 4., B, are arbitrary constants; E,(z) is an integral
exponent; i = 1 + 3.

Applying the boundary conditions (2) and initial con-
ditions (3) to formula (4), the resulting solution is as fol-

lows:
2
4yt

"\ Ayt

R,(t) <r < +oo;
To(r, 0) =|T"E| = |-T"E| 2 |+(T"-T")x
4yt 4yt

sl

R () <r < Ry(1);

L, 1) =Ty~ (L, ~T")

0<r<R(?).
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The parameter R, introduced to prevent divergence
at r — 0, is assigned a value of 10®*m to eliminate
the singularity at this point in the radial coordinate.

[ RESULTS AND DISCUSSION

Asequation (5) is integrated into the heat balance equa-
tions at the boundaries of phase transitions, the resulting
kinetic equations are as follows:

Fexp(—Rlzj —| F exp(— Rlz J
1 2
dR, At st )|

dt R2 R2 ’
R|E |- |-E|->2
4yt 4yt

R; R;
Gexp| ——= G,exp| ——=
dR, 4yt - 4yt -
dr R Ry &
R, | E, - E, R |E | —2
4yt 4yt 4t
2(T" =11, 2(1" -1, )0y
F = 5 = 5
: AH, ? AH,
2(1" =77, 21, ~ 7)1,
G = ; G, =
: AH, ? AH,
The system (6) of ordinary differential equa-

tions is resolved using the high-order Runge-Kutta
method. To simplify the mathematical computa-

. . . . ~ R
tions, non-dimensional variables R, =— and ‘cztx—lz

0 0

(where 1 is nondimensional time) were employed.
2

. : R;
Given that as at ¢— 0, the function FE, 4_,t —0,
X

Characteristics of the iron — tungsten system

XapaKTepHCTHKH CHCTEMBI KeJie30 — BoJIb(pam

Material characteristics Desig- | vue
nation

Melt temperature, K o 1811
Specific heat of fusion, kJ/kg AH 270
Density, kg/m? P, 6980
Thermal conductivity of material, W/(m-K)

in region / A 39

in region 2 A, 35

in region 3 A 35
Thermal diffusivity of material, m%/s

in region / X 6.8:10°¢

in region 2 % 6.9-10°°

in region 3 % 6.9-10°¢
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the initial time value was set to 10~ s. The characteristics
of the investigated material, specifically, iron — tungsten
system, are outlined in the table provided.

In region /, the initial melt temperature was set
at T, = 1811 K. At the R, boundary, the liquidus tempe-
rature 77" is 1806 K, while at the R, boundary, the solidus
temperature 7" is 1803 K. These temperatures were deter-
mined based on the state diagram [19] for an 18 wt. %
tungsten content. The temperature 7, was assumed
to be lower than 7" and measured at 1790 K. It was con-
sidered that x, =y, and A, = A,, along with AH, = AH,.
Fig. 2 displays the dependencies of the interface move-
ments. At R = 1 pm, the boundary coordinate R, exhibits
nearly linear growth until T = 0.028 (4.4118 ns), while R,
demonstrates non-monotonic changes, decreasing after
1> 0.028 (4.4118 ns). For R, = 10 pm, a similar trend is
observed yet the crystallization process takes place over
a longer duration of 41.176 ps.

The results suggest that with a reduction in the size
of nuclei, the duration of their steady growth significantly
decreases by almost four orders of magnitude. The abrupt
decline in the radial coordinate R, may indicate instabi-
lity in the crystallization front, potentially due to interfa-
cial surface tension and supercooling effects. The rapidity
of the crystallization process in smaller regions is attri-
buted to a high surface energy, which aims to decrease
through size growth and interface configuration changes.
In Fig. 3, the temperature dependencies plotted against
the non-dimensional radial coordinate illustrate a notable
trend: as time progresses, region 2 demonstrates a reduc-
tion in size (represented by curves 2 and 3), while con-
versely, region 3, displays growth.

1.025

1.015

R, ,R,
T

1.010 Ji

1.005

1.000 L L L
1.0 1.5 2.0 2.5 3.0

10

Fig. 2. Dependences of radial coordinates of crystallization front on time
at T, =1790 K, I" = 1803 K, I = 1806 K,
T,=1811 K, Ry=1 pm:
1 —boundary of transition between phases / and 2;
2 — boundary of transition between phases 2 and 3

Puc. 2. 3aBHCUMOCTH painalibHBIX KOOPAWHAT (PPOHTA KPUCTAIUTU3ALINI
ot Bpemenn mpu 7, = 1790 K, 7" = 1803 K, 7™ = 1806 K,
T,= 1811 K, R = 1 MKm:
1 —rpanuna nepexona Mexny dasamu / u 2;
2 — rpanuia nepexoaa mexxay dazamu 2 u 3
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Fig. 3. Temperature dependences on the coordinate
at different time points at 7, = 1790 K, 7" = 1803 K,
T =1806 K, T, = 1811 K, R, =1 pm:
1-1t=0.01;2-1t=0.02; 3—1t=0.025

Puc. 3. 3aBUCHMOCTH TeMIIEpaTyphl OT KOOPIAUHATHI B Pa3IHYHbIC
MomenThl Bpemenu npu T, = 1790 K, T’ "=1803 K,
T =1806 K, T,=1811 K, R = 1 mkm:
1-1t=0,01;2-1=0,02; 3-1t=0,025

In the scenario where 7,=1790K, 7" =1803 K,
T =1803 K and T, = 1811 K (Fig. 4). The coordinates
of the phase transition boundaries exhibit a reduction
(Fig. 4, a), with R, decreasing linearly while R, fol-
lows a parabolic trajectory. Temperature dependences
(Fig. 4, b) indicate a similar trend to the previous case,
wherein regions 2 and 3 (curves 2 and 3) experience a
decrease in size.

[ ConcLusiOoNs

The theoretical investigation of the crystallization
process within the iron — tungsten system, conducted
by solving kinetic equations, revealed intriguing beha-
vior. Specifically, it was observed that the movement
of the liquidus boundary R, follows a descending para-
bolic trajectory, contrary to the expected R ~ ¢'? law,
whereas the solidus boundary R, exhibits almost linear
movement. Upon reaching a certain time threshold,
the convergence of these boundaries occurs, indicat-
ing either the cessation of the crystallization process or
the onset of crystallization front instability. The tempera-
ture dependencies derived from this study will serve as
a foundational framework for further exploration of this
observed instability. As the model progresses and adapts
to simulate the plasma-arc surfacing process of rolls,
future iterations will consider factors such as the rotation
of one of the media involved and a more precise incorpo-
ration of the concentration of alloying elements.
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ON LIMITED POSSIBILITY OF USING Al,O, AND Al-Zn
FOR CORROSION PROTECTION
OF GdTbhDyHoSc AND GdThDyHoY ALLOYS
IN A SALT MIST CHAMBER

B. R. Gel'chinskii!, N. I. I'inykh® 2%, E. V. Ignat’eva?l

Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences (101 Amundsena Str., Yekaterinburg 620016, Russian
Federation)
2South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
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Abstract. Nowadays high-entropy alloys (HEAs) with a hexagonal close packed structure consisting of rare-earth metals (REM) are of particular interest.
In this work, we investigated the possibility of using of AL,O, and Al:Zn (1:1) as a protective coatings for REM HEAs GdTbDyHoSc and GdTbDyHoY.
The REM HEAs samples were synthesized from metals of purity >99.9 % by melting in an electric arc furnace under Ar atmosphere (99.99 %).
The samples were coated by supersonic plasma spraying. Corrosion resistance was determined in a salt mist chamber for 48 h. It was found that for all
studied samples corrosive effect in conditions of salt mist leads to degradation of the base material of the alloy. Samples coated with Al:Zn (1:1) under salt
mist conditions showed less resistance than samples coated with AL,O, due to the chemical interaction between aluminum and sodium chloride solution.

Keywords: corrosion, protective coatings, corrosion resistance, limitation of use, high-entropy alloy (HEA), rare-earth metal (REM)
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OB OrPAHUYEHHOI BO3MOXHOCTU UCMNOJ/Ib3OBAHMUSA
AlLO, n Al-Zn anga 3ALWMUTbI OT KOPPO3UU
B KAMEPE CONAIHOIO TYMAHA CN/JIABOB
GdTbDyHoSc u GdTbDyHoY

B. P. Teapunuckuiil, H. 1. Uneunbix’ 29, E. B. UrnaTeeBal
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AHHOmayus. B Hacrosiliee BpeMsi 0COOBI HHTEPEC MPEACTABIAIOT BBICOKOIHTponuiiHbIe ciutaBbl (BOC) ¢ rexcaroHaabHON IIIOTHOYIIAKOBAHHON
CTPYKTYpOH, cocTosiume u3 peakosemenbhbix (P3M) snementos. B pabore nposesieno ncenenosanue Bosmoxnoctu ALO; n Al:Zn (1:1) urpars
poub 3amuTHEIX nokpeitHid 1st BOC P3M GdTbDyHoSc u GdTbDyHoY. O6pasupst BOC P3M cunTe3upoBaHbl U3 METAIOB YUCTOTOH >99,9 %
pacIiaBiIeHueM B HIEKTPOLyroBoi reun B armocdepe Ar (99,99 %). [TokpeiTus Ha 00pa3iibl HAHOCHIUCH METOIOM CBEPX3BYKOBOI'O IJ1a3MEHHOTO
HarbuieHust. Koppo3noHHy10 CTOHKOCTb OIpeNessii B KaMepe COJISTHOTO TyMaHa B TedeHue 48 u. YCTaHOBJIEHO, YTO JUIsl BCEX MCCIEI0BAaHHBIX
00pa3ioB KOPPO3HMOHHOE BO3JCHCTBHE B YCIOBHSX COJSIHOTO TyMaHa NMPUBOIMT K JErpajallid OCHOBHOTO Marepuaia cruiaBa. OOpasipl ¢
nokpbitueM Al:Zn (1:1) B yciOBHSIX CONSHOTO TyMaHa MOKa3bIBAIOT MEHBIIYIO CTOMKOCTB, ueM 00pasiupl ¢ nokpbitueM u3 Al,O, Bciencrsue
HMEIOIET0 MECTO XMMHYECKOTO B3aUMO/ICHCTBHUS MY aJTIOMUHHEM M PACTBOPOM XJIOPHa HATPHSI.

Kniouesule ca08a: xopposus, 3allIUTHBIE TIOKPBITHS, KOPPO3UOHHAS CTOMKOCTb, OrpaHHueHue npuMenenus, BOC, P3M
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The hypothesis regarding the potential formation of
high-entropy alloys (HEA) featuring a hexagonal close-
packed (HCP) structure comprising rare earth (RE)
elements was initially proposed in [1]. Building upon
this assumption, Japanese scientists [2] pioneered the
development and production of equiatomic alloys such
as YGdTbDyLu and GdTbDyTmLu, showcasing a sin-
gular-phase HCP structure. Subsequently, HoDyYGdTb
HEAs were fabricated through arc melting [3]. Research
indicates that these alloys also exhibit an HCP structure,
showcasing macroscopic and microscopic homogeneity
without peculiarities related to compositional changes,
secondary phase separation, dendrite formation, and sim-
ilar phenomena. Further investigations substantiated the
HCP structure within these alloys [4]. In [5], the authors
successfully synthesized multiple pure HCP REM (rare
earth metal) alloys devoid of any second-phase, exam-
ining their mechanical properties and the reinforcing
impact of the solid solution.

Rare-earth metals (REM) possess similar atomic sizes
and crystal structures, enabling them to form homoge-
neous solid solutions. Despite garnering considerable
interest within the scientific community, REM HEAs
remain relatively understudied materials to date. It is
postulated that by combining magnetic rare earth metals
with non-magnetic elements like yttrium or scandium,
each with distinct atomic radii, it becomes possible to
create materials with varying densities of defects in their
crystal structures. This approach allows for a comprehen-
sive examination of the role played by the size factor in
the structure formation of REM HEASs and their resulting
functional characteristics.

These alloys exhibit high chemical reactivity, thus
necessitating either a specialized working environment or
additional surface protection against both chemical and,
in certain cases, electrochemical corrosion.

The investigation aimed to explore the viability of
using ALO, and Al:Zn (1:1) as protective coatings for
HEA compositions comprising rare-earth metals like
GdTbDyHoSc and GdTbDyHoY. The synthesis of samp-
les involved melting metals with a purity level of
>99.9 % in a Centorr Vacuum and Industries 5SA arc fur-
nace within an Ar environment of 99.99 % [6]. To apply
coatings onto the samples, supersonic plasma spraying
methodology was employed [7]. Corrosion resistance
tests were conducted in a Q-FOG, SSP60 salt mist cham-
ber for 48 h.

- CONCLUSIONS

It has been confirmed that exposure to salt mist con-
ditions results in the degradation of the base material
of the alloy across all examined samples. Findings indi-
cate that when samples were coated with AL,O, under
salt mist conditions, the destructive process occurred
through localized surface activation, leading to the for-
mation of pitting corrosion. Interestingly, a substantial
portion of the coating on the base material persisted con-
currently. This occurrence can be attributed to the inter-
action between Al,O, and the NaCl solution, enabling
temporary protection of the rare-earth alloy under salt
mist conditions, albeit for a limited duration. Samples
coated with Al:Zn (1:1) demonstrated lower resistance
compared to those coated with Al,O; under salt mist
conditions. This reduced resistance is attributable to the
chemical interaction between aluminum and the sodium
chloride solution, exacerbated by the considerable dif-
ference in the standard electrode potentials of the system
components.

[ REFERENCES / CMUCOK IUTEPATYPbI

1. Zhang Y., Zuo T.T., Tang Z., Gao M.C., Dahmen K.A.,
Liaw PK., Lu Z.P. Microstructures and properties of high-
entropy alloys. Progress in Materials Science. 2014;61:1-93.
https://doi.org/10.1016/j.pmatsci.2013.10.001

2. Takeuchi K., Amiya T., Wada K., Yubuta W., Zhang W.
High-entropy alloys with a hexagonal close-packed structure
designed by equi-atomic alloy strategy and binary phase dia-
grams. JOM. 2014;66:1984-1992.
https://doi.org/10.1007/s11837-014-1085-x

3. Feuerbacher M., Heidelmann M., Thomas C. Hexagonal high-
entropy alloys. Materials Research Letters. 2014;3(1):1-6.
https://doi.org/10.1080/21663831.2014.951493

4. LuznikJ., Kozelj P, Vrtnik S., Jelen A., Jagli¢i¢ Z., Meden A.,
Feuerbacher M., Dolinsek J. Complex magnetism of Ho-Dy-
Y-Gd-Tb hexagonal high-entropy alloy. Physical Review B.
2015;92:224201.
https://doi.org/10.1103/PhysRevB.92.224201

5. Zhao YJ., Qiao JW.,, Ma S.G., Gao M.C., Yang H.J,
Chen M.W., Zhang Y. A hexagonal close-packed high-entropy
alloy: The effect of entropy. Materials & Design. 2016;96:
10-15. https://doi.org/10.1016/j.matdes.2016.01.149

6. Uporov S.A., Ehstemirova S.Kh., Sterkhov E.V., Zai-
tseva P.V., Skryl’nik M.Yu., Shunyaev K.Yu., Rempel’ A.A.
Features of crystallization, structure, and thermal stability of
high-entropy GdTbDyHoSc and GdTbDyHoY alloys. Ras-
plavy. 2022;(5):443-453.

595


https://doi.org/10.1016/j.pmatsci.2013.10.001
https://doi.org/10.1007/s11837-014-1085-x
https://doi.org/10.1080/21663831.2014.951493
https://doi.org/10.1103/PhysRevB.92.224201
https://doi.org/10.1016/j.matdes.2016.01.149
https://doi.org/10.17073/0368-0797-2023-5-594-596

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):594-596.
leavuunckuti b.P, HavuHbix H.U., Henambesa E.B. 06 orpaHU4eHHOM BO3MOXXHOCTH Hcnosb30BaHus Al,05 1 Al-Zn /g 3a1UTHI OT KOPPO3UH ...

VYnopos C.A., Dcremupoa C.X., CrepxoB E.B., 3aii-
nesa [1.B., Ckpeuteauk M IO, Hlynsie K.1O., Pemmens A.A.
OCoOEHHOCTH KPHCTAJUIN3aLUH, CTPYKTYPhl U TEPMHUYECKON
CTaOMIBHOCTH BEICOKOOHTPONHHHBIX crutaBoB GdTbDyHoSc
u GdTbDyHoY. Pacnnaser. 2022;(5):443-453.

7. linykh S.A., Sarsadskih K.I., Chusov S.A., Korolev O.A.,
Achmetshin S.M., Krashaninin V.A. The study of powder
coatings based on Al and Ni, obtained by supersonic plasma
spraying. Journal of Physics: Conference Series. 2019;1281:
012027. https://doi.org/10.1088/1742-6596/1281/1/012027

Boris R. Gel’chinskii, Dr. Sci. (Phys.-Math.), Prof,, Head of the Science
Department, Institute of Metallurgy, Ural Branch of the Russian Aca-
demy of Sciences

ORCID: 0000-0001-5964-5477

E-mail: brg47@list.ru

Nina I. Il'inykh, Cand. Sci. (Phys.-Math.), Senior Researcher, Institute
of Metallurgy, Ural Branch of the Russian Academy of Sciences; Senior
Researcher, South Ural State University

ORCID: 0000-0003-3357-0133

E-mail: ninail@bk.ru

Elena V. Ignat’eva, Research Associate, Institute of Metallurgy, Ural
Branch of the Russian Academy of Sciences

ORCID: 0000-0003-4406-3380

E-mail: lig_a@mail.ru

Bopuc Pagpaunosuu I'eavuuHckull, 0.¢p.-m.H., npogpeccop, pykogodu-
mesb HayyHozo omdeaa, UHCTUTYT MeTa/llyprun YpaabCKoro otze-
nenus PAH

ORCID: 0000-0001-5964-5477

E-mail: brg47@list.ru

Huna Hocugposna HabuHbIX, K.(.-M.H., cmapwuli HayvyHbuili compyod-
Huk, UHCTUTYT MeTam1ypruu Ypanbckoro otgenenus PAH; cmapwuii
HayuHblll compydHuk, H0XKHO-YpanbCKUN roCyAapCTBEHHBIN YHUBEP-
CUTET

ORCID: 0000-0003-3357-0133

E-mail: ninail@bk.ru

Enena BukmopoeHa HzHamveea, Hay4Hbil compyoHuk, UHCTUTYT
MeTaJlJlypruu Ypasbckoro otfesnenus PAH

ORCID: 0000-0003-4406-3380

E-mail: lig_a@mail.ru

B. R. Gel’chinskii - conceptualization of the work, discussion of the
results, editing the text.

N. L Il'inykh - finding and analyzing of literary data, discussion of the
results, writing and editing the text.

E. V. Ignat’eva - investigation of the materials’ properties, discussion
of the results.

B. P. TesvuuHcKull - GopMUpOBaHUE KOHLENLUU PabOThI, 06Cyx/e-
HUe pe3yJIbTaToB, pelakTHPOBaHHe TEKCTa.

H. H. HAbuHbIX - TIOMCK U aHAJIU3 JINTePaTyPHBIX JAHHbIX, UCCIE/0-
BaHMe CBOMCTB MaTepHasoB, 06CyK/jeHue pe3y/IbTaTOB, HallMCaHUe
U peJlaKTUpOBaHUe TEKCTa.

E. B. Hecnamvesa - viccieJoBaHUE CBOMCTB MaTePHaJIOB, 06CyX/e-
HUe pe3yJIbTaTOoB.

Received 22.09.2023
Revised 26.09.2023
Accepted 04.10.2023

Tocrynuna B pepakiuio 22.09.2023
TTocne nopadotku 26.09.2023
Ipunsra x mybnukamuu 04.10.2023

596


https://doi.org/10.1088/1742-6596/1281/1/012027
https://orcid.org/0000-0001-5964-5477
mailto:brg47@list.ru
https://orcid.org/0000-0003-3357-0133
mailto:ninail@bk.ru
https://orcid.org/0000-0003-4406-3380
mailto:l.ig_a@mail.ru
https://orcid.org/0000-0001-5964-5477
mailto:brg47@list.ru
https://orcid.org/0000-0003-3357-0133
mailto:ninail@bk.ru
https://orcid.org/0000-0003-4406-3380
mailto:l.ig_a@mail.ru

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(5):597-603.
Vusikhis A.S., Leont’ev L.I, Mikheenkov M.A. Effect of boric anhydride on viscosity of slags used in electric melting of metallized siderite concentrate

PU3UKO-XMMUYECKUE OCHOBDI

METANNYPITMYMECKUX MPOLIECCOB

;|ET| UDC 669.046.582.5

Original article

OpueuHa/thaﬂ cmambuvs

EFFECT OF BORIC ANHYDRIDE ON VISCOSITY OF SLAGS
USED IN ELECTRIC MELTING OF METALLIZED SIDERITE CONCENTRATE
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Abstract. The Bakal deposit located in the Southern Urals near the city of Bakal, Chelyabinsk region, is one of the largest deposits of carbonate iron ores
(siderites). The total deposit of siderites is about 1 billion tons. They are not in demand among metallurgists because of their low iron content and high
magnesium content. At the same time, the Urals metallurgical enterprises are suffering from shortage of iron ore raw materials including steelmaking
ore raw materials. The high purity of siderites in terms of phosphorus and non-ferrous metals makes it possible to use methods of coke-free metallurgy
for their processing. Pyrometallurgical processing of siderites including their reduction roasting in a rotary furnace followed by grinding and magnetic
separation allows obtaining a concentrate to be used as a steelmaking raw material having metallization degree above 90 % and a waste rock content
under 3 — 7 %. Calculations showed that the costs of electricity used for melting scrap metal and metallized siderite concentrate containing 30 %
of waste rock and loaded into the furnace at temperatures above 1000 °C are close. We propose a siderite processing method including reduction
of the initial ore in a rotary furnace, and melting of resulting metallized concentrate hot loaded (at temperatures above 1000 °C) into a furnace.
The empty rock of metallized siderite concentrate contains a large percentage of magnesium oxide that makes it refractory. To obtain liquid slag, it is
proposed to add boric anhydride in the form of colemanite. To assess the B,O, effect on melting of the metallized siderite oxide phase in the process
of electric melting, studies on the viscosity correlation of the magnesian steelmaking slag containing B,O, with temperature and its composition were
carried out. It was found that at the discharge temperature (1600 °C) the resulting magnesia slag with the ratio of MgO/SiO, in the initial siderite
equaling to 0.75 — 1.25 has a low viscosity (less than 3.65 P).

Keywords: iron ore raw materials, Bakal siderites, ore processing, roasting, metallization, viscosity, slag, colemanite, boron oxide
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BAVUAHUE BOPHOTO AHTMAPUAA
HA BA3KOCTb LUNAKOB 3/IEKTPONJIABKU METANZIU3OBAHHOIO
CUAEPUTOBOrO KOHLEHTPATA
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AHHOmayus. Bakanbckoe MecTopoXkIeHue, pacronokeHHoe Ha KOkHom VYpane BOmM3u ropoxa bakan YensOMHCKO# 00nmacTy, sBISIETCS OXHUM H3
KPYIHEHIITNX MECTOPOXKICHII KapOOHATHBIX JKeJIe3HBIX py/1 (cuaepuToB). OOIIHe 3a1achl CHICPUTOB COCTABIISIIOT OKOJIO 1 Mitpz T. OHU HE TTOJb3YHOTCS
CIIPOCOM y METAJLTYPrOB U3-3a HU3KOTO COZICPIKAHMS JKeJe3a ¥ BBICOKOTO COIEpIKaHHsl MAarHusL. B To jxe BpeMst MeTaJlTypriudeckue npepusaTrs Ypaia
HCIBITBIBAIOT JS(UIIUT JKEIE30PYIHOTO CBHIPhS, B TOM YHCIIE CTANCIUIABUIIBHOTO. BhICOKast YiCTOTa CHACPHTOB MO GocdOpy U LIBETHBIM METaIaMm
O3BOJISIET MCTIONB30BATH TS UX MEPepabOTKH METO/IbI OECKOKCOBOIT MeTautypruu. [Iupomeramtyprudeckoe 000rameHle CHASPUTOB, BKIIIOYAIOIIEE
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UX BOCCTAHOBUTEJIbHBIH 00KHUT BO BPAILAIOIIEHCs TIEUH C TTOCIISYIOIUM U3MeIbYeHNEM U MarHUTHOH cenapaiyeii, o3BoJIsieT MOJIyYUTh KOHLEHTPAT
€O CTemeHbro MeTaumsanuu 6omnee 90 % u comepikaHHEM ITyCTOH Moponsl MeHee 3 — 7 %, IPUTONHEI B Ka4eCTBE CHIPbS IS CTaJIeIUIaBIIBHOTO
MPOM3BOICTBA. PacueTsl mokasaiu, 4To 3aTpaThl IEKTPOIHEPIHH Ha IUIABKY METAJIMYECKOTO0 JJOMa U METaJNTM30BAHHOTO CHEPHTOBOTO KOHLIEHTpATa,
coneprkarero 30 % IycToii OpoIbL, 1 3arpy:KaeMoro B IIeds IpH Temieparype oie 1000 °C, 6msku. [Ipennoxken ciocod nepepaboTKy CHASPUTOB,
BKJIIOYAIOLIMI BOCCTAHOBJIGHUE MCXOIHON Py/Ibl BO BPAILAIOICHCS MEUH U TUIABKY OJIy4aeMOro METaJUIM30BAHHOTO KOHIIGHTpATa, B ropsyeM BHUJIE
(mpu Temneparype Bbime 1000 °C) 3arpykaeMoro B CTaleINIaBHIbHYIO Tedb. [lycTas moposma MeTamIM30BaHHOTO CHIEPUTOBOTO KOHIIGHTpara
COJIEPXKUT OOJIBIIOE KOJIUYECTBO OKCHJIA MAarHUs, YTO JIeIaeT €€ TYToIUIaBKoil. JIJIst omydYeHHst RUIKOTO IUIaKa MPEeIOKEHO HCIIOIb30BaTh J00aBKy
GopHOro aHruapuja B Buie Konemanuta. {ns oueHkn BiusHus B,O, Ha nuaBieHue OKCHHOH (hasbl METAIM30BAHHOTO CHJIEPUTA B MpPOLECCE
JIEKTPOIIABKH MPOBEIEHBI HCCIIEIOBAHMSA KOPPEJIALMHU BA3KOCTH MarHe3uaabHOTO CTAJIETIaBUIILHOTO 1IIaKa, conepskamiero B,O,, ¢ Temneparypoii
u ero coctaBoM. OOHapykeHo, uTo IpH Temreparype Boiycka (1600 °C) 0Opa3yroruiicss MarHe3uaabHbIN MIIaK 00J1aaeT HU3KOH BSI3KOCTBIO (MeHee
3,65 I13) ipu cootHomennn MgO/SiO, B ucxonnom cunepure, pagiom 0,75 — 1,25,
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[ INTRODUCTION

Carbonate (siderite) iron ore deposits span across
various regions worldwide, including Austria, Bulgaria,
Great Britain, Germany, Poland (Europe); China, Russia,
Japan (Asia); Algeria (Africa); USA, Canada, Colombia
(America), and numerous other countries [1 — 10]. Pre-
sently, the sole metallurgical process employing siderite
ores is blast furnace smelting. Before loading into the fur-
nace, siderites undergo enrichment, utilizing various
methods depending on the ore’s composition: gravity, flo-
tation, magnetic separation, electrostatic separation, and
roasting-magnetic techniques. One of the largest known
deposits of siderite ore globally is the Bakal deposit, situ-
ated near the city of Bakal in the Chelyabinsk Oblast,
located in the Southern Urals. The total reserves of sid-
erites in this deposit are estimated to be around 1 bil-
lion tons [11; 12]. However, due to their low quality —
characterized by low iron content and high magnesium
oxide content — siderites are in minimal demand among
blast furnace metallurgists. Extraction of the ore falls sig-
nificantly short of the potential yield based on mining and
geological conditions. This shortage exacerbates the scar-
city of raw materials faced by the metallurgical industry
in the Urals, particularly for steelmaking.

Bakal siderites stand out due to their manganese con-
tent, reaching up to 2 %, low phosphorus content (less
than 0.02 %), and the absence of non-ferrous metals
like copper and zinc. These characteristics render them
valuable raw materials for the production of high-quality
steels using coke-free metallurgy methods [13; 14].

The methods utilized for direct iron production rely
heavily on the quality of the iron ore raw materials
employed. The recovery process of high-grade concent-
rates containing a minimum of 70 % iron is executed in
various units such as shaft furnaces, retorts, among others.
This procedure aims to achieve a metallization level
surpassing 90 % using a specialized gas mixture [15].
For the treatment of low-grade ores, prevalent methods
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involve their metallization through solid reducing agents
in rotary kilns, subsequently followed by the separation
of waste rock via grinding and magnetic separation [16].
Extensive research indicates that through the pyrometal-
lurgical enrichment of siderite ores [11; 12], a concentrate
boasting over 90 % metallization can be attained. This
concentrate, with a waste rock content ranging from 3
to 7 %, proves suitable for steelmaking purposes [17].
In order to facilitate the reduction process at tempera-
tures between 1300 and 1350 °C, the easily fusible waste
rock, predominantly composed of quartz-clay shale [19],
necessitates prior removal. This removal can be achieved
through gravity concentration in heavy suspensions [10],
polygradient magnetic separation, or the X-ray radiomet-
ric method.

The comparison of energy intensity between smelt-
ing scrap metal in an electric furnace and smelting meta-
lized siderite concentrate, heated to 1000 °C, containing
approximately 30 % waste rock, revealed similar energy
consumption per ton of iron in both scenarios. This simi-
larity suggests the feasibility of a smelting technology for
metalized siderite concentrate, acquired through pyro-
metallurgical enrichment in a rotary furnace, without
the intermediary stages of grinding and magnetic separa-
tion. However, it’s crucial to consider that the high mag-
nesium oxide content in the oxide phase of the concen-
trate will result in the formation of slag during the melting
process with a considerably high melting point. This
particular characteristic of the slag formation renders
the proposed technology inefficient.

The addition of boric anhydride (B,O;) to slag is
recognized for its capacity to lower the melting tem-
perature of the slag [20]. To assess the impact of B,O,
on the melting behavior of the oxide phase of metalized
siderite during the electric melting process, research
focused on examining the correlation between the viscos-
ity of magnesia steelmaking slag — incorporating B,O, —
and its temperature alongside composition.
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Table 1

Chemical composition of the initial mixtures

Tabnuya 1. XMMHYECKHIA COCTAB MCXOMHBIX cMeceil

Mix- Content, %

| 8i0,MgO | FeO | S0, | ALO, | CaO | MgO | MnO
I 050 100|240 40 | 7.0 | 480 | 7.0
2 075 |100]309 40 | 7.0 | 411 | 7.0
3 100 |100]360| 40 | 7.0 | 360 7.0
4 125 100]400| 40 | 7.0 | 320 7.0

[ MATERIALS AND METHODS

A vibrating viscometer, utilizing damped oscillations
and computerized data processing, was employed for
the viscosity study [21].

The proportion of various oxides (iron, calcium, alu-
minum, manganese) in siderites shows slight variation
depending on their location. However, the ratio between
silicon oxide and magnesium oxide can fluctuate from 0.5
to 1.25 [11; 12]. Consequently, to examine the viscosity
of pure oxides, initial mixtures were formulated. These
mixtures replicated the composition of the oxide phase
found in a metallized siderite concentrate with a metal-
lization degree of 95 %. The compositions maintained
a constant proportion of most oxides while adjust-
ing the Si0,/MgO ratio within the range of 0.5 to 1.25
(Table 1). These mixtures were supplemented with
a material — previously molten and crushed — with a com-
position closely resembling calcined colemanite. This

material contained 8 % SiO,, 34 % CaO, 4 % MgO and
54 % B,0,. It was added at ratios equivalent to 10, 15,
and 20 % of its fraction in the charge. This corresponds
to 60, 90 and 120 kg of raw colemanite (L.O.1. 30 %)
per ton of metallized siderite concentrate. The chemical
composition of the examined slags is detailed in Table 2.

The research involved forming tablets from mixtures
mirroring the slag compositions under investigation.
These tablets were placed in molybdenum crucibles,
heated in a resistance electric furnace up to 1600 °C, and
subsequently, the viscosity was measured.

The analysis revealed that slags /-3, featur-
ing a SiO,/MgO ratio of 0.5, exhibited heterogeneity
at temperatures below 1600 °C. In the other slags, dis-
tinct regions of high and low-temperature viscosity
were observed. Within the high-temperature region,
viscosity remained below 3.65 P. As the temperature
decreased, viscosity showed a slight increase. However,
in the low-temperature region, the change in viscosity
was more pronounced. An elevation in the SiO,/MgO
ratio and the addition of colemanite to the mixture led
to an increase in B,O, content in the slag and consequently
lowered the temperature at which viscosity transitioned
to the high-temperature region. The results of these mea-
surements are depicted in Fig. 1.

To analyze the slag viscosities corresponding
to the transition from the low-temperature to high-tem-
perature regions, and the respective transition tempera-
tures, experimental design methods were employed [22].
An orthogonal design 2* was used, with the SiO,/MgO
ratio as the first factor and the colemanite fraction in
the charge as the second factor. The experimental plan

Table 2

Chemical composition of the studied slags

Tabnuya 2. XuMH4ecKuil cocTap HccaeAyeMbIX HIAKOB

Slag $i0,/ MgO Fractiqn of : Content, %

No. 2 colemanite, % FeO SiO, AL, CaO MgO MnO B,0;
1 0.50 10.0 9.1 22.5 3.7 9.5 44.0 6.4 4.9
2 0.50 15.0 8.7 21.9 3.5 10.5 42.3 6.1 7.0
3 0.50 20.0 8.3 21.3 34 11.5 40.7 5.8 8.9
4 0.75 10.0 9.1 28.8 3.7 9.5 37.7 6.4 4.9
5 0.75 15.0 8.7 27.9 35 10.5 36.3 6.1 7.0
6 0.75 20.0 8.3 27.1 34 11.5 349 5.8 8.9
7 1.00 10.0 9.1 335 3.7 9.5 33.1 6.4 49
8 1.00 15.0 8.7 32.3 3.5 10.5 31.8 6.1 7.0
9 1.00 20.0 8.3 31.3 34 11.5 30.7 5.8 8.9

10 1.25 10.0 9.1 37.1 3.7 9.5 29.5 6.4 4.9
11 1.25 15.0 8.7 35.8 3.5 10.5 28.3 6.1 7.0
12 1.25 20.0 8.3 34.7 34 11.5 27.3 5.8 8.9
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Fig. 1. Change in viscosity of steelmaking slag depending
on temperature (numbers near curves — percentage of colemanite)
at Si0,/MgO: 0.75 (a); 1.00 (b); 1.25 ()

Puc. 1 M3MeHeHue BI3KOCTH CTAJICTUIABMILHOIO IITaKa
B 3aBUCHMOCTH OT TeMIepaTypbl (LU(PbI y KPUBBIX — IPOLEHT
xonemanura) ipu Si0,/MgO: 0,75 (a); 1,00 (b); 1,25 (c)

Plan of the experiment and its results

Table 3

Tabnuya 3. Ilnan npoBeleHUs1 IKCIIEPUMEHTA
U ero pe3yJibTarhbl

Fraction . .

IT\f(ft Si0,MgO | of colemanite r;ftifrfépec Vlsclc))sﬂy,

wt. %

1 0.75 10 1520 1.64
2 0.75 15 1500 1.24
3 0.75 20 1450 1.30
4 1.00 10 1500 1.43
5 1.00 15 1400 1.85
6 1.00 20 1350 1.50
7 1.25 10 1370 3.23
8 1.25 15 1345 2.24
9 1.25 20 1280 3.65
10 1.00 15 1400 1.85
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and its outcomes are detailed in Table 3 and presented
graphically in Figs. 2 — 4.

Fig. 2 provides an overview of the response func-
tion depicting slag viscosity and the temperature at
which the desired viscosity is achieved, in relation
to the Si0,/MgO ratio and colemanite content.

Fig. 3 shows isolines representing equivalent slag
viscosities and the respective temperatures required
to achieve those viscosities, contingent on the Si0,/MgO
ratio and colemanite content.

The analysis depicted in Figs.2 and 3 elucidates
the profound impact of the SiO,/MgO ratio and cole-
manite content on viscosity. Point 4 in Fig. 3 marks
the minimum slag viscosity, attained with a Si0,/MgO
ratio of 0.78 and a colemanite content of 17 %. At a con-
sistent Si0,/MgO ratio, an increase in colemanite con-
tent results in a decrease in the temperature needed
to achieve the desired viscosity. For instance, the tem-

H >40
B <37
| <32
]=<27
<22
W <17
M <12

Viscosity, Pa.s

I >1550
W <1540
I <1490
I <1440
[] <1390
I <1340
I <1290
W <1240

Temperature, °C

Fig. 2. General view of slag viscosity response function (a)
and equal temperature at which the required viscosity is achieved (b),
depending on SiO,/MgO ratio and proportion of colemanite
in the charge

Puc. 2. O6muii Buz QyHKIIME OTKIINKA BA3KOCTHU HITAKA (a)
Y paBHOI TeMIIepaTyphbl, IPH KOTOPOU JI0OCTUTaeTcsi Tpedyemast
BA3KOCTb (b), B 3aBUCHMOCTH OT cooTHOmIeHus Si0,/MgO
U JIOJIH KOJIEMAHHUTA B ILIHXTE
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Puc. 3. V3onuHnN paBHOM BSI3KOCTH 1IUIAKa (@) U paBHOI TeMIlepaTypsbl,
IIPH KOTOPOH JOCTHTraeTcs TpedyeMast BI3KOCTb (b), B 3aBUCUMOCTU
ot cootHomenus SiO,/MgO u /10111 KOJIeMaHUTA B IMXTE

perature required to achieve the minimum viscosity with
a Si0,/MgO ratio of 0.78 and a 17 % colemanite content
is 1460 °C.

Using the STATISTICA software [24], the experi-
mental results were processed, enabling the calcula-
tion of regression equations describing the behavior
of the response function (viscosity (/) and tempera-
ture (2)) based on the main factors:

n=10.93 - 15.58x + 8.3x2 — 0.4y + 0.009y> + 0.15xy; (1)
T=1801.7 — 199.5x — 28.6x> — 7.19y + 0.03)” — 4.0xy, (2)

where x is the Si0,/MgO ratio, units; y is the colemanite
content, wt. %.

Fig. 4 illustrates the comparison between experi-
mental and calculated values of viscosity and tem-
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Fig. 4. Correlation diagram of experimental and calculated values
of viscosity (a) and temperature (b)

Puc. 4. Jluarpamma KOppeJisiiiiy 9KCIIEPUMEHTAIBHBIX U PACYETHBIX
3HA4YEHMH BA3KOCTH (@) 1 Temmneparypsl (b)

perature to evaluate the model’s adequacy determined
by the regression equation. The results, assessed via cor-
relation of experimental and calculated data, are visu-
ally represented in this figure. The data analysis demon-
strates that the regression equation effectively describes
the experimental findings. Most of the experimental data
points fall within the confidence interval demarcated
by the reliability ellipse.

The findings confirm that when the SiO,/MgO ratio
stands at 0.5, the inclusion of colemanite does not yield
favorable outcomes. Below temperatures of 1600 °C,
the slag retains heterogeneity, impeding the smelting
of metallized siderite in electric furnaces. Conversely,
in slags featuring a SiO,/MgO ratio surpassing 0.75,
a high-temperature region with viscosity measuring less
than 3.65 P is evident. This corresponds to temperatures
exceeding 1520 °C, with colemanite fractions ranging
from 10 to 20 %. The transition temperature from high
to low-temperature regions can be managed by altering
both the SiO,/MgO ratio and the colemanite fraction.
Specifically, achieving the same transition temperature
involves concurrently increasing the SiO,/MgO ratio
while decreasing the colemanite fraction.

601



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):597-603.
Bycuxuc A.C, /leoumves JL.H., Muxeenkos M.A. Bnusinvie 60pHOr0 aHTUAPU/A HA BA3KOCTb IIJIAKOB 3JIEKTPOINJIABKH META/IJIM30BAHHOTO ...

- CONCLUSIONS

Lump siderite concentrate, reduced to a metallization

degree of 95 % in a rotary kiln and loaded into an elec-
tric furnace at hot temperatures (above 1000 °C), supple-
mented with raw colemanite additives within the range
of 60 — 120 kg per ton of concentrate, can undergo melt-
ing. This process yields a metal-semi-product at outlet
temperatures around 1600 °C, suitable for subsequent
steel production. Simultaneously, it results in the for-
mation of a homogeneous magnesia slag exhibiting low
viscosity (below 3.65 P). This occurs specifically when
the original siderite boasts an MgO/SiO, ratio ranging
from 0.75 to 1.25.
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EFFECT OF HYDROGEN ON NICKEL OXIDE REDUCTION
ON THE SURFACE OF NOZZLE BLADE OF A GAS TURBINE UNIT
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I Perm National Research Polytechnic University (29 Komsomolskii Ave., Perm 614990, Russian Federation)
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Abstract. Currently, there is a growing interest in the use of hydrogen in the composition of fuel mixtures for turbojet engines and gas turbine units
(GTU). The effect of hydrogen on heat-resistant nickel alloys of gas turbine blades has been little studied. In this regard, this work is devoted
to studying the effect of hydrogen on nickel oxide reduction on the surface of the nozzle blade of a gas turbine engine. Hydrogen is a good reducing
agent. Therefore, this article discusses the effects of hydrogen under various conditions with metal oxides, and methods of metal oxides reduction
on the surface of the blades of a gas turbine engine. The thermodynamics of the interaction of aluminum, titanium, nickel and tungsten oxides
with hydrogen fluoride and reactions of fluoride with hydrogen was investigated in the temperature range 273 — 1373 K. It was established that the
interaction of aluminum oxide with hydrogen fluoride occurs in the temperature range from 273 to 1073 K, titanium oxide with hydrogen fluoride —
from 273 to 373 K, nickel oxide with hydrogen fluoride — from 273 to 873 K. In this case, of the resulting fluorides, only nickel fluoride interacts
with hydrogen at temperatures above 673 K. Hydrogen interacts with nickel oxide throughout the entire temperature range, and with tungsten oxide
at temperatures above 1173 K. We studied the effect of hydrogen on heat-resistant nickel alloys of gas turbine blades subjected to preliminary
fluorination and not treated with fluorine compounds. Nickel oxide reduction with hydrogen proceeds better after the preliminary fluorination
process. In this case, particles 2 — 5 um in size containing 90.16 % Ni are formed on the surface of the blade sample. Without fluorination, this
process at 1223 K and duration of 1 h does not occur.

Keywords: hydrogen, reduction properties, surface cleaning, nozzle blades, heat-resistant nickel alloys, gas turbine unit, hydrogen fluoride, Dayton
process
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BAUAHUE BOAOPOAA HA BOCCTAHOB/IEHUE OKCUOA HUKENA
HA NOBEPXHOCTU COMJIOBOIA NIONATKM
A30TYPEMHHOW YCTAHOBKM

. 1. ®omuna “, B. 3. [loit1oB, A. H. lFa/LigaMoB

IMepMckuii HANMOHAJIBLHBIN HCCIeT0BATEILCKUN MouTexHUYecknii yausepeuret (Poccus, 614990, Ilepmb, Komcomonbc-
Kuif p., 29)

&) Fomina97@yandex.ru

AHHOomayus. B HacTosmee BpeMs pacTeT HHTEPeC K HCIOIb30BAHHUIO BOZOPOA B COCTABE TOIUIUBHBIX CMeceil I TypOOpeakTHBHEIX ABUraTelIei
1 ra3oTypOMHHBIX YCTAHOBOK. Bo3ielcTBHe BOZOpOIA Ha >KapONpPOYHBIC HHUKEJIEBBIE CIUIABBI JIOMATOK ra30TypOMHHBIX YCTAHOBOK Mallo
u3ydeHo. JlaHHas paboTa IOCBSANIEHA HCCICIOBAHMIO BIMSHHSA BOJIOPOJIA HAa BOCCTAHOBICHHE OKCHIA HHKEIS HA MOBEPXHOCTH COIIOBOH
JIONATKHU ra30TypOMHHBIX YCTAHOBOK. PaccMOTpeHO B3auMoaeHCTBHE BOAOPOA HMPH PAa3IHUHBIX YCIOBUSAX C OKCHUAAMH METAJJIOB, CIOCOObI
BOCCTAHOBJICHHS OKCHIOB METAJIOB Ha IIOBEPXHOCTH JIONATOK Ia30TypOMHHOTO ABHrarens. TepMOIMHAMHKA peaknuil B3amMOICHCTBHA
OKCHJIOB aJIIOMHHUS, TUTAHa, HUKEJIS U BOJIb(paMa ¢ PTOPOBOJOPOIOM U peakiuil TOPUIOB C BOJOPOJOM H3ydeHa B JHANa30He TeMIeparyp
273 — 1373 K. YcraHOBIEHO, YTO B3aUMOJCHCTBHE OKCHJA ATIOMHHUS C (TOPOBOJOPOAOM IpOTEKaeT B JIUanasoHe Temieparyp ot 273
o 1073 K, okcuga turaHa ¢ ¢propoBogoponoM — ot 273 no 373 K, okcuna Hukens ¢ ¢gropoBogoponom — ot 273 no 873 K. IIpu stom u3
00pa30BaBIIHXCS (PTOPUIOB C BOZOPOJOM pearupyer TOIBKO (TOPUI HUKEII IpH TeMiepaTypax Beime 673 K. Bomopon Bo BceM mHTepBaie
TEMIIepaTyp B3aUMOJICHCTBYET C OKCHIOM HMKEJs, a ¢ OKCHJIOM Boib(pama — mnpu Temneparypax Boime 1173 K. M3ydensl ocodeHHOCTH
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BO3JCHCTBHSI BOZOPOJAa HA JKApOINpPOYHBIE HHMKEJIEBBIC CIUIABBI JIONATOK I'a30TypOMHHBIX YCTAaHOBOK, MOJABEPTHYTHIX INPEABAPUTEILHOMY
(bTOpPHUPOBAHUIO U He 00PaOOTaHHBIX COCIUHCHUSIMH (HTOPA. YCTAaHOBICHO, YTO BOCCTAHOBIICHHE OKCUIa HUKEIIS BOZOPOIOM JIydIlle IPOTEKaeT
THocJie npolecca npeiBapuTeasHoro Gropuposanus. [Ipy 3ToM Ha MOBEPXHOCTH 00pa3lia JIOMATKH 00Pa3yIOTCsl YACTULIBI Pa3MEPOM 2 — 5 MKM,
conepxkamue 90,16 % Ni. be3 dTopupoBaHus Iponecc BOCCTAHOBICHHS OKCHa HUKENA BOZOPOAOM IIpH Temreparype 1223 K u qnmureasHOCTH

1 4 HE TPOUCXOAMT.

Kawuessle cnosa: BOAOPO/J, BOCCTAHOBUTEJIBHBIC CBOﬁCTBa, OYHMCTKA MOBEPXHOCTH, COIIOBBIC JIONATKH, JKAPOIMPOUHLIC HUKEJICBBIC CIIaBbI, Ia30Typ-

OWHHAs yCTAaHOBKA, (pTOpUCTHIH Boxopox, JefiToH-nporecce

BbaazodapHocmu: Pe3ynbrarhl MOTyYEHBI IPH BBITOIHEHAH TOCYIAPCTBEHHOTO 3aaHusi MUHHCTEPCTBA HAyKH U BBICIIEro oOpa3oBaHus Poccuiickoit
Denepannn Ha BBINOIHEHNE (DYHIAMEHTAIBHBIX HayuHbIX HccienoBanuii (mpoekt FSNM-2023-0004).

Jna yumupoeanus: ®omuna J1.J1., [Totinos B.3., 'amnsmoB A.H. Biusinue Bogopoaa Ha BOCCTAHOBJICHUE OKCHA HUKETSI HA TOBEPXHOCTHU COTIIIOBOM
JIONIATKY ra30TypONHHON yCTaHOBKH. M36ecmus 8y306. Yepnaa memannypeus. 2023;66(5):604-609.
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[ INTRODUCTION

Hydrogen finds extensive application across chemi-
cal, power generation, and metallurgical industries as
a versatile fuel, effectively curbing carbon dioxide emis-
sions into the atmosphere. It serves as an energy reser-
voir, a chemical reagent for synthesizing organic com-
pounds, and a potent reducing agent, among other roles.
Although hydrogen is typically chemically inert, its reac-
tivity amplifies, especially when subjected to heat. Under
these conditions, molecular hydrogen engages in chemi-
cal interactions with various metals, non-metals, and
complex compounds. The heightened chemical activity
of hydrogen, influenced by additional factors, stems from
the partial formation of atomic hydrogen, significantly
more reactive than its molecular counterpart. Notably,
hydrogen proves to be an exceptional agent for reduc-
ing metal oxides into metals. Both atomic and molecular
hydrogen can carry out reducing functions [1 — 3].

Atomic hydrogen interacts with the surfaces of solids
upon heat absorption, necessitating consideration of dif-
ferent substances’ propensity to interact with hydrogen
atoms. The recombination of hydrogen atoms occurs
most efficiently due to the catalytic effects of metals, with
activity decreasing in the following order: Pt > Pd > W >
Fe>Cr>Ag> Cu> Pb.

Additionally, the recombination of hydrogen atoms
(involving the capture of a free electron by an ion) occurs
on the surfaces of oxides such as MgO, CaO, BaO, Al,O,,
Cr,0, [4].

An important aspect involves exposing the surface
of'a metal covered with an oxide film to molecular hydro-
gen, thereby eliminating this film by reducing the oxides
to their metallic state. This study delves into the impact
of hydrogen on the surfaces of alloy components used in
gas turbine unit (GTU) blades, examining both theoreti-
cal implications and practical application.

The effectiveness of hydrogen’s reducing capabilities
is detailed in [5], wherein the authors explore the reduc-
tion of various metal oxides. Atomic hydrogen, generated
on a heated tungsten catalyst, is employed for the reduc-

tion process. The study revealed that oxides of Cu, Ru,
Nb, Mo, Rh, Pd, Ir and Pt can be reduced by atomic
hydrogen at a substrate temperature of 313 K.

Studies conducted in [6; 7] investigated the extraction
processes of nickel from serpentine and limonite ores through
leaching at elevated temperatures and pH = 13, followed
by the reduction of nickel salts using hydrogen. Exploring
the use of hydrogen plasma [8], generated via inductive
radio frequency glow discharge at 27.12 MHz and 700 W
RF generator power, at a density of 1 —3U9-19 m within
hydrogen pressures ranging from 0.05 to 50 Pa, holds sig-
nificance for copper oxide reduction. Researchers in [9]
similarly employed the reduction process in H, plasma
for phosphide synthesis. Remarkably, high efficiency was
attained in hydrogen plasma due to hydrogen’s heightened
reactivity in reduction processes.

The ability to reduce iron (III) oxide in a hydrogen-
rich atmosphere has been investigated, revealing that
an insufficient supply of hydrogen impedes the comple-
tion of the reduction process [10]. Additionally, hydrogen
plays a crucial role in restoring cathode materials within
lithium-ion batteries [11]

In examining methods for cleaning nozzle blades as
outlined in [12; 13], the reducing properties of hydro-
gen are leveraged in a stage aimed at cleansing the sur-
face of gas turbine engine (GTE) blades from metal
oxides, using elemental fluorine [14; 15]. This method
is employed to clean damaged metal parts composed
of a heat-resistant nickel alloy containing microcracks,
facilitating part repair via soldering. Elemental fluorine
acts as an intermediary reagent, eliminating metal oxides
from heat-resistant nickel alloys and forming metal fluo-
rides with the alloy components. The source of elemen-
tal fluorine originates from the products resulting from
the thermal decomposition of fluorocarbon resin. Sub-
sequently, the reduction of metal fluorides is carried out
using hydrogen at elevated temperatures.

The treated part exhibits a surface layer devoid
of oxides. It has been noted that the surface contains trace
amounts of titanium and aluminum, enhancing the ease
of soldering the part.
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The patents [16; 17] outline a process involving
the exposure of a part to an atmosphere containing car-
bon, oxygen (in the form of carbon monoxide), hydro-
gen, and fluorine (C—O—H-F). Initially, these patents
detail the decomposition process of polytetrafluoroethy-
lene (PTFE), resulting in the formation of tetrafluoroethy-
lene monomer, which subsequently reacts with hydrogen,
producing hydrogen fluoride.

Distinguishing themselves from [14;15], pa-
tents [16; 17] operate within a distinct temperature range
of 973 — 1073 K, with a duration of 4 h within this gas
environment. During this phase, metal fluorides are gener-
ated. In a subsequent step, hydrogen is applied to the part’s
surface within a temperature range of 1223 — 1373 K.

Existing publications lack an assessment of the effi-
ciency in reducing metal oxides of heat-resistant nickel
alloys solely subjected to prior fluorination and not treated
with fluorine compounds. Therefore, this study aims
to elucidate the characteristics of the process involved in
reducing metal oxides of heat-resistant nickel alloys with
hydrogen subsequent to preliminary fluorination and in
the absence of further treatment with fluorine compounds.

- THERMODYNAMIC ANALYSIS RESULTS

Thermodynamic analysis of fluorination

The thermodynamic analysis conducted involved
the examination of the interaction between aluminum,
titanium, nickel, and tungsten oxides with hydrogen fluo-
ride, as well as the subsequent reaction of fluorides with
hydrogen. The following thermodynamic characteristics
pertain to the reducing potential of hydrogen during its
interaction with the oxide film present on the surface
of the heat-resistant nickel alloy GTU. Presented here are
the primary reactions that may occur during these pro-
cesses, along with enthalpy and entropy values obtained
from the reference book [18].

ALO, + 6HF = 2AIF, + 3H,0; (1)
TiO, + 4HF , = TiF, + 2H,0; )
NiO + 2HF,, = NiF, + H,0; 3)
WO, + 6HF , = WF  +3H,0. (4)

The examination of the Gibbs energy of reac-
tions (1) —(4) indicates specific temperature ranges for
interactions between aluminum oxide and hydrogen fluo-
ride (273 to 1073 K), titanium oxide and hydrogen fluoride
(273 to 373 K), and nickel oxide and hydrogen fluoride
(273 to 873 K), as confirmed by their respective negative
Gibbs energy values. Notably, the reaction between tung-
sten oxide and hydrogen fluoride does not occur.
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It’s noted that above 873 K, aluminum fluoride subli-
mates from the surface of the GTE blade. A similar sub-
limation phenomenon occurs when titanium fluoride is
heated to temperatures higher than 353 K [19].

Bl Thermodynamic analysis of metal

fluoride-hydrogen reactions

The interaction of metal fluorides with hydrogen can
proceed according to the following reactions

2AIF, + 3H, = 2Al + 6HF; (5)
TiF, + 2H, = Ti + 4HF; (6)
NiF, + H, = Ni + 2HF, (7)

Analysis of the Gibbs energy indicates that reac-
tions (5) and (6) do not occur as their corresponding
Gibbs energy values are positive. Additionally, the reduc-
tion of nickel fluoride (7) takes place at temperatures
equal to or higher than 673 K.

[l Thermodynamic analysis of metal

oxides-hydrogen reactions

The interaction of metal oxides with hydrogen can
proceed according to the following reactions

ALO, +3H,, =2A1 + 3H,0,; ®)
TiO, + 2H,, = Ti + 2H,0 ; )
NiO + H,, =Ni + H,0,; (10)
WO, +3H,, =W +3H,0,,. (11)

Analyzing the Gibbs energy of reactions (8)—(11)
reveals that hydrogen reduces nickel oxide across
the entire temperature range under consideration. Addi-
tionally, tungsten oxide reacts with hydrogen at tempera-
tures exceeding 1173 K. This aligns with existing lit-
erature datal, which specifies that the reduction process
of tungsten anhydride takes place in a hydrogen flow with
moisture content not exceeding 2 g/m* and oxygen con-
tent not surpassing 0.4 vol. %.

- EXPERIMENTAL

The study utilized a gas turbine engine nozzle blade
provided by Perm Motors JSC as the subject of investiga-
tion.

! Reduction of higher oxide of tungsten metal with hydrogen. URL:
https://stal-kom.ru/vosstanovleniye-vodorodom-vysshego-oksida-
metalla-vol-frama/ (Accessed on: 03.03.2023).
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Potassium bifluoride served as the source to generate
hydrogen fluoride and facilitate the surface fluorination
process. Thermal decomposition of potassium bifluo-
ride occurred at temperatures exceeding 1023 K within
a single-zone tube furnace manufactured by Protherm
furnaces company. The fluorination process was con-
ducted at a temperature of 1023 K for a duration of 2 h
within an oxygen-free environment. To achieve this,
the reactor underwent purging with argon, which was
purified to eliminate traces of oxygen using copper chips
and titanium sponge at temperatures up to 1073 K. After
fluorination, the sample surface underwent reduction
by hydrogen supplied from a hydrogen generator. This
reduction process occurred at a temperature of 1223 K for
a duration of 1 h. Subsequently, the sample was cooled
to room temperature in an oxygen-free environment.
The surface analysis of the sample was conducted using
an S-3400N electron scanning microscope manufactured
by HITACHI, Japan, equipped with an attachment from
Bruker (Germany) for X-ray spectral and X-ray fluores-
cence analyses.

[ RESULTS AND DISCUSSION

The description provides an analysis of the blade sur-
face post-fluorination and hydrogen reduction, illustrated
in Fig. 1, highlighting the presence of small white-col-
ored inclusions indicative of nickel particles. At a higher
magnification (Fig. 2), the spherical nature of these nickel
particles becomes apparent.

The composition analysis depicted in Fig. 3 confirms
that these spherical particles, ranging in size from 2
to 5 um, contain 90.16 % Ni. This observation leads
to the conclusion that hydrogen effectively reduces nickel
fluoride to elemental metallic nickel.

Fig. 1. Micrograph of the blade sample surface
after fluorination and reduction with hydrogen

Puc. 1. MukpodoTtorpadust moBepXxHOCTH 00pa3La JOmaTku
nociie GTOpUPOBAHUS U BOCCTAHOBIICHHUSI BOIOPOIOM

Fig. 2. Micrograph of nickel particles on the blade sample surface
after fluorination and reduction with hydrogen

Puc. 2. Muxpodotorpadust 4acTHIl HUKENS HA TOBEPXHOCTH 00pa3ua
JIONIATKH 10ciIe (PTOPHPOBAHKS U BOCCTAHOBJICHHS BOJOPOIOM
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Fig. 3. Spectrum of a nickel particle on the blade sample surface
after fluorination and reduction with hydrogen

Puc. 3. CHCKTp JacTULbI HUKEJISI HAa ITIOBEPXHOCTU 06pa311a JIOTIATKH
mocie (l)TOpl/IpOBaHI/lH 1 BOCCTAHOBJICHUS BOAOPOAOM

In contrast, an experiment examining the interaction
of a non-fluorinated sample with hydrogen at a temper-
ature of 1223 K for a duration of 1 h showed different
results, as depicted in Fig. 4. Unlike the previous case
(Fig. 1), no nickel particles are observed on the surface
of the blade. This absence of nickel reduction by hydro-
gen is contrary to the thermodynamic possibility of nickel
oxide reduction with hydrogen. It was noted in [20] that
structural and functional materials based on chromium and
nickel demonstrate considerable resistance to hydrogen
at both normal and elevated temperatures. The hindrance
to the nickel reduction process with hydrogen seems
to stem from kinetic limitations rather than thermody-
namic factors. This limitation likely arises due to a dense
film of aluminum, titanium, and tungsten oxides pre-
sent on the sample surface. This film appears to impede
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Fig. 4. Micrograph of the blade sample surface
after hydrogen exposure

Puc. 4. Mukpodotorpadust noBepxHOCTH 00pasiia JOmaTKH
TocJie BO3AeHCTBHS BOJOPOAA

the process of hydrogen reduction of nickel oxide. When
hydrogen fluoride interacts with the dense film compri-
sing aluminum, titanium, and tungsten oxides, it initiates
the destruction of this film. This promotes the reduc-
tion process by providing hydrogen the necessary access
to the nickel oxide reaction zone.

- CONCLUSIONS

A comprehensive thermodynamic analysis investi-
gated the interaction of aluminum, titanium, nickel, and
tungsten oxides with hydrogen fluoride across tempera-
tures ranging from 273 to 1373 K. The findings revealed
distinct temperature ranges for each oxide’s interac-
tion with hydrogen fluoride: aluminum oxide from 273
to 1073 K, titanium oxide from 273 to 373 K, and nickel
oxide from 273 to 873 K. Notably, among the resulting
fluorides, only nickel fluoride displayed reactivity with
hydrogen above 673 K. Hydrogen reacts with nickel
oxide over the entire temperature range, and with tung-
sten oxide at temperatures above 1173 K.

Further experimental observation showed that
the reduction of nickel oxide occurred through fluori-
nation followed by hydrogen reduction at 1223 K over
a 1 h duration. This process resulted in the formation
of 2 -5 um particles containing 90.16 % Ni on blade
surfaces. Importantly, without fluorination, the reduc-
tion process of nickel oxide did not occur. This dis-
crepancy was attributed to the presence of a dense film
composed of aluminum, titanium, and tungsten oxides
on the sample surface, impeding the hydrogen reduction
of nickel oxide. Exposure to hydrogen fluoride disrupted
this film by generating volatile aluminum and titanium
fluorides, allowing hydrogen access to the nickel oxide
reduction zone.
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WAGNER INTERACTION COEFFICIENT
BETWEEN NITROGEN AND COBALT IN LIQUID STEEL
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Abstract. A simple theory of thermodynamic properties of liquid nitrogen solutions in Fe—Co alloys is proposed. This theory is completely analogous
to the theory for liquid nitrogen solutions in alloys of the Fe—Cr system proposed previously by the authors in 2019. The theory is based on lattice
model of the Fe—Co solutions. The model assumes FCC lattice. In the sites of this lattice are the atoms of Fe and Co. Nitrogen atoms are located in
octahedral interstices. The nitrogen atom interacts only with the metal atoms located in the lattice sites neighboring to it. This interaction is pairwise.
It is supposed that the liquid solutions of Fe—Co system are perfect. The initial values for the calculation are the Sieverts law constants for nitrogen
solubility in liquid iron and in liquid cobalt. Result of the calculation is value of Wagner interaction coefficient in liquid iron-based alloys at 1873 K
£’ = 1.8. This value is in good agreement with the experimental data obtained by Schenck, Frohberg and Graf, 1958; Maekawa and Nakagawa, 1960.

Keywords: thermodynamics, solutions, nitrogen, iron, cobalt, Wagner interaction coefficient, Langenberg interaction coefficient, Sieverts law
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Annomayus. IlpensnoxeHa npocrast TeOpHst TEPMOANHAMUYECKUX CBOIMCTB JKUIKMX PAaCTBOPOB a30Ta B cutaBax cucteMsl Fe—Co. Drta Teopust HOTHOCTHIO
aHaJIOrMYHa TEOPUH JUTS JKHKHUX PacTBOPOB a30Ta B cruiaBax cucteMsl Fe— Cr, npeoxenHoit asropamu B 2019 . Teopust ocHOBaHa Ha pELICTOMHOI
mozenu pactBopoB Fe—Co. Ilpenmnonaraercs moznenbHas pemerka thna LK. B y3nax 9Toif pemieTku pacrosiaratoTcsi aToMbl xkenes3a u Kodasbra.
ATOMBI a30Ta PacHoIaraloTCsi B OKTAYIPUUECKUX MEKAOY3/IHsAX. ATOM a30Ta B3aUMOJCHCTBYET C aTOMaMH METAJIOB, HAXOIAIIMMHCS B COCEIHHX
C 3THM aTOMOM Y3/1aX PEeUIeTKH. DTO B3auMozelicTBIe apHoe. [Ipennonaraercs, 4To xuakue pactBopsl cucteMsl Fe—Co SBISIOTCS COBEPIICHHBIMU.
B KauecTBe MCXOIHBIX JUISl PACUETOB B3AThI 3HAYEHUsI KOHCTAHT 3akoHa CUBepTCa JUIsl PACTBOPUMOCTH a30Ta B KHJIKOM JKEJIEe3€ U B )KMIKOM KoOasbTe.
Pesynbratom pacuera sIBJIsieTcsl 3HaYSHHE BarHEPOBCKOTO MapamMeTpa B3auMOJICHCTBUS B JKHIKUX CIUIABaX Ha OCHOBE JKene3a mpu temreparype 1873 K
sg" = 1,8. D10 X0Opo1110 cortacyercst ¢ IKCIEPUMEHTATbHBIMU JaHHBIMHU, 1oyueHHbIMU [lenk, dpobepr, I'pad B 1958 . 1 Maekasa, Hakarasa B 1960 r.

Kalouesvle c/08a: tepMoanHamMuKa, pacTBOPHI, a30T, jKeJIe30, KOOANbT, BATHEPOBCKHH MapaMeTp B3aUMOJACHCTBHs, JIAHTCHOCPrOBCKUiII MmapaMerp
B3anMozeiicTBus, 3akoH CuBeprca
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. Mzeecmus 8y306. Yepnas memannypeus. 2023;66(5):610-612. https://doi.org/10.17073/0368-0797-2023-5-610-612

To predict the solubility of nitrogen in liquid steel, experimental investigations of nitrogen solubility in the
understanding the nitrogen solubility in liquid iron is melts of binary metal systems like Fe —j, rwhere iron
crucial, along with at least obtaining the first order inter-  serves as the solvent and j represents the alloying ele-
action coefficients between nitrogen and alloying ele- ment. Nevertheless, values obtained through this method
ments. Typically, these coefficients are derived from often encompass experimental uncertainties, occasionally
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of significant magnitude. This scenario also holds true for
the interaction between nitrogen and cobalt.

Currently, cobalt finds diverse technological applica-
tions, including its use in alloying special steels known
for their high-speed, magnetic, and heat-resistant prop-
erties. The significance of the Wagner interaction coef-
ficient between nitrogen and cobalt in liquid steel lacks
consensus. Hence, an intriguing avenue lies in investiga-
ting this matter from a theoretical perspective.

To delve into the thermodynamics of nitrogen solu-
tions in the Fe — Co system’s liquid alloys, we denote
the concentrations of the components in molar fractions
as cg,, ¢, and ¢y . Alternatively, expressing these con-
centrations in mass percentages yields [% Fe], [% Co]
and [% N]. Let ay means present the thermodynamic
activity of nitrogen in the solution, yy = Z—N — the rational

N
ay

[% NJ
the mass-percentage coefficient of nitrogen activity.
The thermodynamic first order interaction coefficients
between nitrogen and cobalt in liquid iron-based alloys
of the Fe—Co—N systems are determined by the follow-
ing formulas

coefficient of nitrogen activity in the solution, fn=

ey = Oy pu ¢, > 1
oce,
oS = O8I o 04 Fe] = 100,
8% Co]

where €5 is the Wagner interaction coefficient, while
ey’ is the Langenberg interaction coefficient. A correla-
tion between these parameters is presented in [1]:

Ex :230,3%@50 +—AF6A_ oo (1

Fe Fe
where A, and A4 are the atomic masses of the corre-
sponding elements.

The solubility of nitrogen in liquid alloys of the
Fe—Co system, expressed in mass percentage, is denoted
as [% NJ". At a partial pressure of nitrogen in the liquid
phase Py, approaching zero Py, — 0, the square root law,
also known as Sieverts law, applies:

. R
[%N]" =K' |2,
)

where P, is the standard pressure (P,= 1 atm~=
~0.101 MPa); K' is the Sieverts law constant. Let
K'=K'(Fe)at c,, = 1 and K’ = K'(Co) at ¢, = 1.
Following the proposed simple theory regarding the
thermodynamic properties of liquid nitrogen solutions in
Fe—Co alloy systems, an alignment is observed with the
theoretical framework governing nitrogen solutions in

Fe—Cr and Ni—Cr alloy systems [2]. The abstract of this
paper outlines the theoretical model. Utilizing the find-
ings from [2], we arrive at the model presented below:

co _ |y |AcK'(Co)
e$ _6(1 6/—AF6K'(Fe) j 2)

At a temperature of 7= 1873 K K'(Fe) = 0.044 wt. %
[3] and K'(Co) = 0.0047 wt. % [4]. With 4. = 55.847 and
A, = 58.9332. applying formula (2) yields the theoreti-
cal Wagner interaction coefficient between nitrogen and
cobalt in liquid steel at 7= 1873 K as £ = 1.8. Subse-
quently, equation (1) provides the corresponding value of
the Langenberg interaction coefficient e’ = 0.0076.

Consideration of experimental values of the e’ coeffi-
cientin liquid steel at 7= 1873 K reveals various findings.
In [5], nitrogen solubility in Fe—Co alloys was studied by
quenching samples to a concentration of [% Co] = 24 wt.
%, resulting in an estimated ey’ =0.0072. Continua-
tion of this study in [6] up to [% Co] = 100 wt. % pro-
duced an estimate for nitrogen solubility in liquid cobalt,
K'(Co) = 0.0044 wt. %, which closely aligns with the
value used in this paper, K'(Co) = 0.0047 wt. %.

In [7], an experimental value of e’ =0.007 was
reported.

Additionally, [8] investigated the nitrogen solubility
in melts of the Fe—Co system using the Sieverts method,
determining an experimental estimate of the interaction
coefficient at 1873 K as ey’ = 0.011.

Comparing these estimates of the Langenberg inter-
action coefficient at 7= 1873 K: eﬁo =0.0072 [5] and
e§° =0.007 [7] are closer to the theoretical estimate
e’ =0.0076 than the experimental one e’ = 0.011 [8].
Consequently, based on the theory presented in this paper,
the estimates from [5] and [7] appear more plausible than
the one described in [8].

- CONCLUSIONS

Theoretical estimates for the thermodynamic first-
order interaction coefficients between nitrogen and cobalt
in liquid steel at 7= 1873 K: £5° = 1.8; e’ = 0.0076.

The experimental estimates of the Langenberg inter-
action coefficient e’ =0.0072 [5] and ey’ = 0.007 [7]
appear more credible or reliable compared to the estimate
e’ =0.011 [8].
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ON THE STUDY OF PULSED METAL HEATING
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Abstract. The work makes it possible to simplify development of pulsed metal heating technology. A software product was created to select the
optimal values of operating parameters of pulsed heating on a mathematical model, which significantly reduces the setup time of a thermal unit
using this technology. Test calculations showed adequacy of the results obtained to the operating parameters of functioning through-pass heating
furnaces equipped with high-speed jet burners. The problems of controlling metal heating became particularly relevant due to the proliferation
of high-performance rolling mills and increasing requirements for the quality of metal heating. In this regard, full implementation of the research
program will make it possible to develop specific recommendations for increasing the productivity of heating furnaces and improving their energy
efficiency.

Keywords: heating mode, automatic process control system, impulse heating, heat furnaces, mathematical model, gas burner, temperature, metal

For citation: Apasova A.D., Levitskii I.A., Shatokhin K.S. On the study of pulsed metal heating. Izvestiya. Ferrous Metallurgy. 2023;66(5): 613—615.
https://doi.org/10.17073/0368-0797-2023-5-613-615

K UCCNEAOBAHUIO UMNYNbCHOIO HATPEBA META/I/IA
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AHHOomayus. Pe3ynprathl TaHHOW pabOThI MO3BOJSIFOT YIPOCTUTh OTPAOOTKY TEXHOJIOTMH MMIYJIbCHOTO Harpesa mertayuia. Co3maH MporpaMMHBIN
TIPOIYKT JUIS OA00PA ONTUMAIBHBIX 3HAYEHHH PEKMMHBIX ITAPAMETPOB MMITYJIbCHOTO HAarpeBa Ha MaTeMaTHYECKOW MOJICIH, YTO CYIECTBEHHO
COKpAIlaeT BpeMsl HaJaJKHU TEIUIOBOTO arperara, UCHOJb3YIOLIEro 3Ty TeXHOJIOrnio. TecToBble pacyeThl MOKa3alu a/IeKBaTHOCTh MOMY4YEHHBIX
PE3yNbTaTOB PEKUMHBIM TapaMeTpaMm (YHKIHOHHUPYIOLUIUX IMPOXOAHBIX HArPEBATENbHBIX IeYeH, OCHAIIEHHBIX CKOPOCTHBIMH CTPYHHBIMH
ropeskamu. [IpoGiembl yrpaBieHUs: HarpeBOM METaula CTaJIM OCOOCHHO aKTyallbHbI B CBSI3U C PACIPOCTPAHEHHEM BBICOKOIIPOU3BOANTEIBHBIX
MIPOKATHBIX CTAHOB M BCE 0OJiee TMOBBIMIAIONIMMUCS TPEOOBAHUSIMH, NPEIBIBISIEMBIMU K KauyeCcTBY HAarpeBa MeTamia. B cBSI3M ¢ 9TUM, MOJHAs
peasu3anys nporpaMmbl HCCIIEI0BaHN O3BOIHT BEIPA00TaTh KOHKPETHBIC PEKOMEHIAIMH 110 YBEJIMYEHHIO IIPON3BOANTEIBHOCTH HarPeBaTEIIbHBIX
reyeil U yaydlIeHHIo oKa3arelieil ux 3HeprodpeKTHBHOCTH.

Katoueavle cnosa: pexxum Harpesa, ACY TII, ummynabcHBIN HarpeB, HarpeBaTeIbHbIE MEYH, MaTeMaTHYeckas MOJIeNb, Ta30Bas ropelika, TeMIeparypa,
MeTaI

s yumupoeanus: Anacosa A.Jl., Jlesuukuit N.A., lllaroxun K.C. K nccinenoBannio HMIyabCHOTO HarpeBa MeTaiuia. M3zeecmus 8y306. Uephas
memannypeus. 2023;66(5):613-615. https://doi.org/10.17073/0368-0797-2023-5-613-615

The pursuit of hidden reserves of energy-saving mea-
sures and their utilization represents a crucial factor in
enhancing the competitiveness of products. Among fin-
ished products, rolling production ranks second in terms
of energy consumption, following blast furnace ironmak-
ing. Notably, gas and electricity constitute 95 % of the
costs, with 60 % allocated to the heating of ingots for the
rolling process [1].

© A.D. Apasova, . A. Levitskii, K. S. Shatokhin, 2023

When calculating energy costs in the technological pro-
cess of metal heating, several approaches are considered:

— manufacturing furnaces with minimal heat release
into the environment and the impact of these losses on the
metal heating process;

— achieving optimum metal processing temperatures
within a shorter duration;
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— enhancing the automatic process control system [2 —4].

The method employed for heating metal ingots, adhe-
ring to specified requirements, must achieve optimal tem-
perature conditions within a brief period while exerting
localized effects yet transferring adequate heat for pro-
cessing ingots have a localized effect, but at the same
time transfer enough heat to process ingots. Pulse modes
of metal heating are considered a technology that fulfills
these criteria.

High-speed jet burners operating on natural gas
constitute the primary class of burner devices utilized
in pulsed heating systems [5]. Pulsed heating relies
on either an automatic interrupt-based positioning sys-
tem or an interruption system with adjustable pulse fre-
quency and ratio, where the “on-off” period ranges from
0.5 to 2.5 min. The convection coefficient a_ can reach
300 W/(m?-K) or higher [6].

Determining the operating mode of the burners is
typically achieved through experimentation during the
setup of thermal generating units, a process that is time-
consuming due to the high thermal inertia of furnaces.
Hence, it is advisable to preliminarily determine the oper-
ating parameters of pulsed heating using a mathematical
model.

A program has been developed to simulate the out-
comes of the following process: an ingot in the form
of a plate or cylinder, possessing a homogeneous tem-
perature field, is placed within a through-pass heating
furnace. In this setup, the zones are defined with specific
temperatures and a_  values corresponding to the “on”
and “off” states of burners. The “on — oft” modes switch

614

once the set heating time ¢ or the set temperature diffe-
rence AT across the ingot’s thickness is reached.

The provided figure illustrates the furnace tempera-
ture conditions and the metal heating interval, consider-
ing the following parameters:

— temperature in the methodical zone without burners:
800 °C, a___ : 100 W/(m*-K);

— temperature and a__ in the welding zone for
the “on” and “off” modes: 1700 °C and 300 W/(m?-K),
1100 °C and 100 W/(m?-K), respectively;

— temperature and @ in the soaking zone for
the “on” and “off” modes: 1300 °C and 200 W/(m?-K),
1100 °C and 100 W/(m?-K), respectively;

— burners’ operation and shutdown time: 1 min.

- CONCLUSIONS

The software product has been developed to optimize
the operating parameters for pulsed heating of metal
in through-pass heating furnaces.

Successful implementation of the research prog-
ram will enable the formulation of recommendations
aimed at improving furnace productivity and enhancing
the energy efficiency of the ingot heating process.
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PHYSICOCHEMICAL CHARACTERISTICS
OF NEW COMPLEX NIOBIUM-CONTAINING ALLOYS

0. V. ZayaKin, I. N. Kel’%, D. S. Reney, A. V. Sychey,
L. Yu. Mikhailova, A. V. Dolmatov

I Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences (101 Amundsena Str., Yekaterinburg 620016, Russian
Federation)
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Abstract. The authors studied the physicochemical characteristics of new complex alloys containing, %: 11 —30 Nb, 23 — 28 Si, 3 - 10 Al and 3 — 4 Ti.
It was shown that complex alloys have the most favorable values of density and crystallization temperatures compared to standard ferroniobium
(60 wt. % Nb). Complex alloys with a low concentration of niobium have acceptable crystallization temperatures and optimal density values
(5740 — 6560 kg/m?). This allows the pieces of ferroalloy to be completely in the liquid steel when it is released into the ladle, and to be constantly in
motion, which increases absorption of the leading components. When the niobium concentration increases to 30 %, phase composition of the alloy
changes: a decrease in the proportion of the low-temperature FeSi phase with low density values and an increase in the proportion of the high-density
ternary compound NbFeSi, with a crystallization temperature of ~1713 °C. An increase in Nb concentration from 11 to 17 % leads to a decrease
in the crystallization temperature, and a further increase to 30 % Nb, on the contrary, is accompanied by an increase in the liquidus and solidus
temperatures to 1700 and 1610 °C, respectively, which is consistent with liquidus line in phase diagram of the Fe—Nb system with a minimum in Nb
concentration range ~18 %. The best characteristics, both from the point of view of obtaining ferroalloys and use for alloying steel, belong to an alloy
containing, wt. %: 17.1 Nb, 24.6 Si, 7.6 Al and 3 Ti. This alloy is characterized by the temperature of crystallization onset (1550 °C) below the liquid
steel bath temperature and belongs to the category of low-melting alloys. It has optimal density values — 6390 kg/m?, which has a positive effect on
the performance characteristics of niobium ferroalloys.

Keywords: metallurgy, niobium, silicon, physicochemical properties, crystallization temperature, density, complex ferroalloy, phase composition
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PU3UKO-XUMUYECKUE XAPAKTEPUCTUKU
HOBbIX KOMMNNEKCHbIX HMOBMﬁCOAEP)KALIJMX CNNABOB

0. B. 3aakun, U. H. Kean ©, 1. C. PeHes, A. B. Cbiues,

JI. 10. MuxaisioBa, A. B. loimaToB
| HuctutyT Metasuryprun Ypaasckoro otaeiaenusi PAH (Poccus, 620016, EkarepunOypr, yia. AMyHzaceHa, 101)

&3 dunnington@mail.ru

AnHomayus. B pabote n3yueHsl (PH3UKO-XUMUUECKUE XapaKTEPUCTUKU HOBBIX KOMILIEKCHBIX CILIABOB, cozieprkaniux, %: 11 —30 Nb, 23 — 28 Si, 3 — 10 Al
u 3 — 4 Ti. [TokazaHo, 4TO KOMIUICKCHBIE CIUIaBbI C OHKEHHOM KOHIIEHTpaLiel HHOOKs 001aaloT Hanbosiee OIaronpHsSTHBIMU 3HAYCHHUSIMH TUIOTHOCTH
Y TEMIIepaTyp KPUCTAJUTH3ALMH IT0 CPABHEHHUIO CO CTaHAapTHBIM (heppoHroduem, conepxarium 60 % (o macce) Nb. [Tepexon OT BEICOKOIIPOLIEHTHOTO
(heppoHHOOUST K KOMILUICKCHBIM CIUIABAM C ITOHIKCHHOH KOHIEHTpaleld HUOOMS MO3BOJISET MEPEBECTH CIUIABbI U3 IPYIIIBI CBEPXTYTOILIABKHX
B TYTOILIABKHE, 00Ja[ar0IMe ONTUMAJIBHBIMHE 3HAYEHUAMHU IWIOTHOCTH (5740 — 6560 kr/M*). OHM MOJHOCTBIO TIOTPYKAIOTCS B JKUIAKYIO CTajlb IIPH
BBIITYCKE B KOBILL, OJ1arofiapst 4eMy HaXOZSITCs B ABKIKSHUH, HE [OJIBEPTalOTCsI OKMCIICHUIO KMCIOPOIOM aTMOC(hepbl U XapaKTEepH3YIOTCs 00JIee BHICOKUMH
1 CTaOMIIBHBIMU 110KA3aTeNSIMU CTENIEHN YCBOGHHS BEIyIIUX KOMIIOHEHTOB. [1py yBennyeHnu koHeHTpaun Huoous 10 30 % nporcxXoauT u3MeHeHue
(ha30BOro cocTasa CIUIaBa: CHIKESHUE JI0JI1 HU3KOTeMIeparypHoii (ha3el FeSi ¢ HU3KMME 3HaUYSHHUSIMU IUIOTHOCTH U YBEJIHYEHUE J0JU BHICOKOILUIOTHOTO
Tpoiinoro coenunenus NbFeSi, ¢ Temneparypoii Hadana kpuctaumsauu ~1713 °C. Yeenuyenue KoHUeHTpauuk Huobus ¢ 11 1o 17 % npusonur
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K YMEHBIICHHIO TEMIIepaTypbl KPHCTAJUIM3aLMK, a JaybHeiniee nosbimienne 10 30 %, HA000pOT, CONMpPOBOXKIACTCS YBEIMYEHHEM TEMIIepaTyp
mkBugyca u comumayca 1o 1700 u 1610 °C cooTBeTcTBEHHO. DTO COMIacyeTcs C JMHHUEH JIMKBUAyca Ha AWArpaMMe COCTOSIHHS BOIHON CHCTEMBI
Fe—Nb ¢ MuHMMYMOM B 001aCTH KOHLIEHTpAUK HHOOMs ~18 %. Hanmyummmu XxapakTepiuCTHKaMH, KaK ¢ TOYKH 3pEHUs MOTy4YeHus (eppoCIIaBoB, TaK
M IPUMEHEHHUS TSl JISTHPOBAHMSI CTAJH, 00JIaaeT CILIaB, cozeprkanuii, % (1mo Macce): 17,1 Nb, 24,6 Si, 7,6 Al u 3 Ti. JlaHHBIii cITaB XapakTepu3yeTcst
Temreparypoit Hauana kpucraumsaiuu 1550 °C (Hmke Temiieparypbl RKUIKOH CTAIBHOH BAHHBI) M OTHOCUTCS K Paspsily JIETKOIUIABKHX CILIABOB,
00a1aeT ONTUMATTBHOM IUIOTHOCTBIO 6390 KI/M3, 4TO GIIATONPHUSTHO OTPAXKAETCS HA CITyKEOHBIX XapAKTEPUCTHKAX HUOOHUEBBIX (heppPOCILIABOB.

Kaloyesvle c108a: MeTamtyprus, HIOOUH, KpeMHHUH, (PU3UKO-XUMHYIECKIE XapaKTePHCTHKH, TEMIIEpaTypa KPACTaUIN3AIUH, INIOTHOCTh, KOMIIICKCHBIN

cr1aB, (ha3oBbIil cOCTaB
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[ INTRODUCTION

In recent decades, there has been a significant increase
in niobium consumption in Russia and globally. While
previously primarily used to enhance the corrosion resis-
tance of heat-resistant and stainless steels, niobium is
now also employed to impart a strengthening effect in
numerous grades of structural steel [1; 2].

Niobium, as an element, plays a crucial role in
suppressing the recrystallization of austenite [3;4].
The development of niobium carbonitrides Nb(C, N)
near the grain boundaries of austenite leads to locali-
zed reduction in carbon concentration. The presence
of the Nb(C, N) phase along the austenite grain bounda-
ries serves as heterogeneous sites for initiating ferrite
nucleation, thereby enhancing the metal’s plastic proper-
ties. Simultaneously, dissolved niobium exists in a liquid
state within the steel, resulting in a dual effect. It aids in
refining grain size by impeding the growth of austenitic
grains during austenitization, achieved through segrega-
tion at the grain boundary and a reduction in their energy.
Consequently, this decelerates the grain-boundary tran-
sition of ferrite while promoting martensitic or bainitic
transformations [4; 5]. The coexistence of both ferrite and
bainite contributes to enhancements in strength, ductility,
and toughness. Consequently, altering the niobium type
in steel enables the modification of resulting properties.

Given the mechanism through which niobium influ-
ences steel properties, its primary application lies in
structural grades of steel for various purposes such as
large-diameter gas and oil pipelines, shipbuilding, trans-
portation, etc. [4; 6 — 10].

It’s important to highlight that within the global niobium
consumption structure, the majority (over 88 %) is allo-
cated for the production of high-strength low-alloy steels
containing fractional percentages of niobium. The principal
spectrum of niobium alloys consists primarily of various
grades of ferroniobium, containing 55— 70 wt. % Nb,
manufactured through an aluminothermic process using
pure niobium pentoxide or pyrochlore concentrate. Ferroal-
loys produced in Russian facilities typically contain, wt. %:
55 —70 Nb; up to 6 Si; up to 8 Ti; up to 6 Al; up to 0.5 C;

up to 0.3 S; up to 2 P; 1 — 8 Ta; the remaining component is
Fe (State Standard GOST 16773 — 2003). The high concen-
tration of niobium in the ferroalloy results in a higher melt-
ing point compared to the temperature of the molten metal
(steel) being processed. This characteristic, in conjunc-
tion with the high density of the ferroalloy (~8500 kg/m?),
causes solid pieces of ferroniobium to settle at the bot-
tom of the ladle, subsequently dissolving at a slower rate.
Consequently, this significantly extends the steel’s doping
time and leads to an uneven distribution of niobium within
the liquid metal volume [11].

Therefore, it is rational to explore the development
of new complex niobium alloys that could offer more
advantageous values for key parameters, including crys-
tallization (melting) temperature and density [12].

The crystallization temperature (7)) plays a pivotal
role in both the production technology of alloys and their
operational characteristics. However, the precise defini-
tion of this term often varies among publications, leading
to conflicting information. Some sources present 7 as
a specific value [13], while others express it as a tempera-
ture range [14]. In the case of binary and ternary com-
pounds, T can be derived from their phase diagrams.
However, for multicomponent systems containing com-
plex alloys, determining the crystallization temperature
typically necessitates experimental investigation.

Multicomponent alloys typically exhibit a range
of temperatures within which they melt. Consequently,
the alloy’s properties are more accurately characteri-
zed by the temperature at which crystallization initiates,
known as the liquidus temperature 7}. However, discrepan-
cies exist in publications regarding the optimal values for
T, [15 —17]. According to the findings presented in [15],
the melting temperature of ferroalloys should ideally fall
within the range of 1100 — 1300 °C. Lower values might
lead to oxidation of alloy components, necessitating
the use of refractory materials to extend their melting dura-
tion. This paper proposes a conditional relative categori-
zation of alloys into distinct groups based on temperature
ranges: low-melting alloys (7,<T_), refractory alloys
(T, <T,<T, ) and ultra-refractory alloys (7} > T

where T . is the temperature of the steel bath.

t. bath. )’
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Density (p) is an important technological property that
significantly influences the degree and stability of assimi-
lation of ferroalloy elements, the rate of their dissolution,
and the uniformity of their distribution within the metal.
This value is determined by the crystal structure and
atomic mass of the elements comprising the alloy.

Density plays a crucial role in both the production and
utilization of alloys. In ferroalloy production, it’s essential
that the densities of the metal and slag differ significantly.
When their densities are too close, it results in increased
metal losses due to inadequate separation of metal from
slag. This complication significantly impacts the techno-
logy involved in ferroalloy production.

The determination of density in ferroalloys can be
accomplished through both experimental methods and
calculations. Rational density values for ferroalloys were
established via simulation in a laboratory unit and through
calculation methodologies [11]. Ferroalloys are typi-
cally categorized as heavy (p> 7000 kg/m?), optimum
(p = 5000 — 7000 kg/m?), or light (p <5000 kg/m3). When
introducing light ferroalloys into steel, they tend to become
entrapped in slag and undergo partial oxidation. Conversely,
heavy alloys settle at the bottom of ladles or melting units,
slowly dissolving over time [18]. Alloys within the density
range of 5000 — 7000 kg/m? either remain completely sub-
merged in liquid steel or create a small open area above
the surface (no more than 10 %). Such positioning allows
these alloys to be in motion and avoids oxidation by atmo-
spheric oxygen, aiding in better absorption. Typically,
ferroalloys are introduced into steel in solid form during
the metal’s release from the furnace. The energy of the jet
assists in mixing and immersing pieces of ferroalloy
into the melt. Ferroalloys with optimum density are drawn
into circulating bath streams, ensuring uniform distribution
throughout the steel volume. This facilitates the complete
and rapid dissolution of the ferroalloys.

Insufficient data regarding the properties of niobium
ferroalloys are available in publications [19]. To develop
rational compositions for new complex niobium-con-
taining ferroalloys, the densities and crystallization tem-
peratures of alloys within the Fe—Si—Al—-Nb—Ti system
were determined.

[l MATERIALS AND METHODS

The first stage of the experimentation involved obtain-
ing experimental samples of complex alloys in laboratory
settings using the method of melting in corundum crucib-
les within an argon flow, and these samples are outlined
in Table 1.

Among the alloys presented in Table 1, alloy 4 was
selected as the reference sample. This particular alloy,
corresponding to the niobium content similar to FNb60
grade ferroniobium, was chosen due to its widespread use
in modern steelmaking practices.
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Table 1

Chemical composition
of niobium-containing alloys, wt. %"

Tabnuya 1. XuMUYeCKUii cOCTAaB HHOOU i COIEPKAIIIMX
cmiaBoB, % (o macce)”

Alloy No. Nb Si Al Ti
1 11.3 | 284 9.9 4.0
2 17.1 | 24.6 7.6 3.0
3 30.0 | 22.8 3.4 4.0
4 60.0 - - -

* Remainder: Fe and impurities.

To determine the crystallization temperatures, both
the liquidus (7) and solidus (7}) temperature curves were
recorded during the cooling process of the alloys For this
purpose, the samples were positioned within corundum
crucibles placed in the operational zone of an electric
resistance furnace. Temperature measurements were con-
ducted using tungsten-rhenium thermocouples, specifically
VR-5/20 with alundum tips, utilizing a Termodat-19M4
multimeter. During the measurements, one thermocouple’s
tip was placed at the center of the melt, while the other
was positioned in the working space of the furnace in close
proximity to the crucible containing the melt. The tem-
perature of the melt was determined based on the readings
of the first thermocouple, while the furnace temperature
was determined using the second thermocouple.

The samples were heated to temperatures ranging
from 50 — 100 °C above the anticipated crystallization
initiation temperature. Subsequently, they were cooled
at a controlled rate of 10 — 15 °C/min, and temperature
plateaus were recorded on the cooling curves. The first
region observed on the cooling curves corresponded
to the 7}, while the second region corresponded to the 7.

The density of solid ferroalloys was measured using
the pycnometric method, which has sufficient accuracy
and ease of experimentation, in accordance with State
Standard GOST 22524 — 77 [20].

The chemical composition of the samples was deter-
mined using inductively coupled plasma atomic emis-
sion spectrometry. The phase composition of the samp-
les was identified through X-ray phase analysis using
a Shimadzu XRD 7000C diffractometer (Ural-M Center
for Shared Use).

[ RESULTS AND DISCUSSION

The findings concerning the physicochemical char-
acteristics of the investigated niobium-containing alloys
are detailed in Table 2. It is evident that all the complex
niobium alloys under study exhibit more favorable values
in terms of density and crystallization temperatures
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Table 2

Physicochemical characteristics
of niobium-containing alloys

Tabnuya 2. DU3NKO-XUMUYECKHE XapAKTePHCTUKHI
HUHOOUIicoep:KAIMX CIIJIABOB

Alloy No. T,°C | T,°C |p, kgm?
1 1690 1650 5740
2 1550 1500 6390
3 1700 1610 6560
4 1720 - 8500
* Data from [11].

compared to high-percentage ferroniobium containing

60 % Nb.

Figs.1 and 2 depict the relationships showcas-
ing changes in density and crystallization temperatures
of complex alloys in relation to the niobium content.

8500
8000
7500
7000
6500
6000
5500
5000

3

Density, kg/m

Alloy

Fig. 1. Dependence of complex alloy density
on niobium concentration

Puc. 1. 3aBUCUMOCTb IIIOTHOCTH KOMILIEKCHOTO CIljIaBa
OT KOHLICHTPALUH HUOOUS
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Fig. 2. Dependence of complex alloy crystallization temperatures
on niobium concentration:
[ - liquidus; [l — solidus

Puc. 2. 3aBucHMOCTb TEMIEpaTyp KpUCTALIU3ALNT
KOMIIJIEKCHOTO CIIaBa OT KOHIIEHTPAIMU HUOOUSL:

[l — nuxBuyc; [ll — conunyc

Areduction in the niobium fraction within complex alloys
from 30 to 11.3 wt. % demonstrates a positive impact on
their density, notably decreasing from 6560 to 5740 kg/m?>.
This is primarily attributed to niobium being the dens-
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Fig. 3. XRD pattern of complex niobium-containing alloys:

1 —FeSi; 2~ NbFeSi,; 3 -Ti
6 —Ti(Fe, 5, Al

a—alloy I; b —alloy 2; ¢ —alloy 3;
s0.64F €Al s 4 —a-Fe; 5 — AINb_;

049)25 7 — TiAl; 8 = TiSi,; 9 —FeSi,; 10— NbFeSi, .,

Puc. 3. lucpakrorpaMmMbl KOMIUICKCHBIX HUIOOMHCOACPIKAIINX CILIABOB:

1 —FeSi; 2 —NbFeSi,; 3 - Ti
6 —Ti(Fe, 5,
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' 50,64EegsAl41; 4— fx-Fe; 5 7A1Nb7;
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est component of the alloy, with a density of 8570 kg/m?).
Additionally, alterations in the phase composition (Fig. 3)
also contribute to this observed phenomenon.

In alloy /, a significant proportion of the FeSi phase
(up to 63 %) contributes to reducing the overall density
of the alloy. Conversely, in alloy 2, the formation of a ter-
nary compound NbFeSi, occurs, characterized by a high
density of 6669 kg/m?. Additionally, there’s the pres-
ence of niobium intermetallic compound AINb., which
holds a density of 8431 kg/m3. As the niobium concentra-
tion escalates to 30 %, there’s a reduction in the fraction
of the lighter FeSi phase and a subsequent increase in
the fraction of the high-density ternary compound NbFeSi,.

A comparable examination was conducted to investi-
gate the impact of niobium concentration on the crystal-
lization temperatures of complex alloys (Fig. 2).

Alloy 1 demonstrates a crystallization range spanning
1690 — 1650 °C, primarily due to the substantial presence
of the FeSi phase (~60 %) with a crystallization tempera-
ture of 1550 °C. Elevating the niobium concentration
from 11.3 to 17.1 % results in a decrease in the crystal-
lization temperature, aligning with the liquidus line on
the phase diagram of the Fe—Nb binary system as nio-
bium concentration approaches ~18 % [21; 22]. A further
elevation of niobium content in complex alloys to 30 %
corresponds to an elevation in both the liquidus and soli-
dus temperatures, reaching 1700 and 1610 °C, respec-
tively. This trend mirrors the liquidus line observed in
the Fe-Nb phase diagram, showing a peak at 1627 °C
at ~45 % Nb. The notably high liquidus temperature
values in alloy 3 are attributed to the considerable con-
tent (~53 %) of the refractory phase NbFeSi,, initiating
crystallization at ~1713 °C.

Overall, the findings regarding the correlation between
niobium concentration and crystallization temperatures
in complex alloys align qualitatively with existing data
for binary alloys. Shifting from conventional high-per-
centage ferroniobium featuring 60 % Nb to complex
alloys integrating silicon, aluminum, and reduced nio-
bium concentrations allows the transition of alloys from
super-refractory to refractory. Notably, alloy 2, compris-
ing 17.1 % Nb, 24.6 % Si, 7.6 % Al and 3 % Ti, repre-
sents low-melting alloys, thereby positively influencing
the performance characteristics of niobium ferroalloys.

- CONCLUSIONS

The research into the physicochemical properties
of novel complex niobium-based alloys has revealed
promising attributes. These alloys, incorporating silicon,
aluminum, and reduced niobium content, exhibit notably
advantageous characteristics in terms of density and crys-
tallization temperature when compared to the standard
ferroniobium alloy (60 % Nb). Among these new alloys,
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the one containing 17.1 % Nb, 24.6 % Si, 7.6 % Al and
3% Ti stands out for its exceptional qualities. With
a crystallization initiation temperature of 1550 °C (lower
than the liquid steel bath temperature), this alloy falls
into the category of low-melting alloys. It boasts an
optimal density of 6390 kg/m?, significantly enhancing
its performance attributes, and making it highly recom-
mended for steel processing in ladle applications.
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DEVELOPMENT OF TECHNOLOGY FOR INGOTS PRODUCTION
USING ELECTROSLAG REMELTING AT DIRECT CURRENT
WITH CONSUMABLE ELECTRODE ROTATION

I. A. Alekseev! @, I. V. Chumanov?, D. V. Sergeev?

!South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
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Federation)
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Abstract. The paper describes the problem of increasing the productivity of electroslag remelting (ESR) furnaces. The remelting technology on direct
current is proposed as the most effective method. The description of the technology touches upon positive and negative effects affecting the specific
productivity of smelting, energy consumption, and quality of the obtained ingots in terms of their physical and mechanical properties and chemical
purity. The authors proposed the electroslag remelting method with rotation of the consumable electrode as a new technology, and realized a
brief comparison with the external magnetic field application technology. The schemes that clearly demonstrate the principle of controlling the
crystallization front shape and the thermal center localization in the slag bath are considered. A stationary numerical model for the slag bath of the
operating semi-industrial furnace ESR A-550 on direct current with polarity reversing ability was developed. The mathematical apparatus consisting
of electrothermal, hydrodynamic and convective parts was constructed. The authors designed the mesh domain for a slag bath located between the
consumable electrode and the water-cooled crystallizer with diameters of 60 and 90 mm, respectively. The height of the sub-electrode zone is 10 mm.
The current limit is 800 A and the voltage is 46 V. Numerical fields of current density and temperature distribution in the slag bath volume are obtained.
The range of temperature values is located in the range from 1400 to 2200 °C at the peripheral and subelectrode zones of the slag bath, respectively.
The scheme of the ESR furnace modernization is given in terms of mechanical part automation and transferring to direct current.

Keywords: clectroslag refining, electrothermy, consumable electrode, finite volume method, computational fluid dynamics, computer simulation,
mathematical modeling, technology, rotating electrode, direct current
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PA3PABOTKA TEXHOJIOTUU NONYYEHUA CAUTKOB NPu SLUM
HA NOCTOAHHOM TOKE C BPALWLEHUEM PACXOAVYEMOTO 3NNIEKTPOAA

U. A. AnekceeB!®, U. B. YymaHog?, [I. B. Ceprees?
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21O3kH0-YPAJIbCKUil rOCYIapCTBEHHBIH YHUBEPCUTET (HAMOHAILHBINH HCCII0BATEILCKHI YHUBEPCHTET), Guinal
B I. 3aaroycr (Poccus, 456217, YUensabunckas ooin., 3naroycr, yi. Typrenera, 16)
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AnHomayus. B paborte paccMOTpEH BOIPOC TOBBIICHHUS POU3BOAUTEIBHOCTH IEUeHl AIEKTPOILIAKOBOTO MeperuiaBa. B kauecTBe Hambosee
3¢ eKTHBHOrO MeTo/1a MPEUIOKEHA TEXHOIOTHS BEICHHUSI [IepeIliaBa Ha MOCTOSHHOM Toke. ONHUCaHUe TEXHOJIOTUH 3aTParuBaeT MOJ0KHTEIbHBIC
U oTpuLaresbHbe YGGEKTI, BIUIIONINE KaK HA YIeIbHYI0 IPOM3BOAUTENBHOCTD IUIABKH, SHEPronoTpedlieHne, Tak 1 Ha KaueCTBO MOJIyYaeMbIX
CIIUTKOB B YaCTH MX (DU3MKO-MEXaHMYECKHX CBOHCTB M XUMHUYECKOM 4MCTOTHI. CHOCOO BEACHHS 3JICKTPOILIAKOBOrO MEperuiaBa ¢ BPaICHUEM
PAcXooyeMoro »JeKTpoja IpPEeUIOKEH B KAaueCTBE HOBOM TEXHOJIOI'MH, OCYIIECTBICHO KPAaTKOE CPAaBHEHHME C HCIHOJIL3YeMOH TEeXHOJIOrHei
HAJIOXKCHHUs BHEIIHEr0 MAarHUTHOrO mouisi. IIpoieMOHCTPUPOBAHBI CXEMbI, KOTOPbIE HAIISIIHO MOKA3bIBAIOT MPUHIMIT YIPaBICHUs (HOPMOii
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(hpoHTA KpUCTAIUTM3ALMU U JIOKaJIM3allMel TeIIoBOro LEHTpa IIIaKkoBOH BaHHBL. PazpaboTana cranuoHapHasi YMCIEHHAs MOJeNb 11 pabouei
30HBI AelcTByomeill momynpoMemuieHHoH nean DI A-550 Ha mocToSHHOM TOKe co cMeHOM momspHocTH. Co3/1aH MaTeMaTHYECKHUH arapar,
COCTOSIIIUH U3 EKTPOTEPMHUUYECKOH, THAPOMHAMUYECKOH U KOHBEKTUBHOM yacTeil. [eomerpuueckas pacueTHas oOJIacTh CIIPOSKTUPOBAHA IS
IIIAKOBOHM BaHHBI, PACIOIOXKEHHOH MEXIy PacXoZyeMbIM 3JIEKTPOIOM M BONOOXJIAXIACMBIM KPUCTAIM3aTOpoM ¢ aumameTrpamu 60 m 90 M
COOTBETCTBEHHO. BhicoTa nojanexkrpoanoit 30161 cocrasisier 10 mm. [Ipenenbras Bennunna Toka 800 A, Hanpsbkenue 46 B. [lonyyens! unciosble
HOJISL pacIpeielIeHNs IIIOTHOCTH TOKa M TeMIIepaTyphl B TOJIIE IIITAKOBOH BaHHBI. J{Mama30H 3HAYE€HUH TeMIIepaTyphl pacloigaraeTcs B Ipeenax
ot 1400 no 2200 °C Ha nepudepuitHOH U MOJPIEKTPOIHON 30HaX IUIAKOBOM BaHHBI COOTBETCTBEHHO. [IpHBeaeHa cxemMa MOJCPHHU3ALUH MEUH
OIIT 3a cueT aBTOMATH3AIMHA MEXAaHIMYECKOW YaCTH M TIEPEBO/IA HAa MOCTOSIHHBIN TOK.

Kawuessle caoea: 3HCK1'pOIIIJ'IaI(0BLIﬁ TIepeIlIaB, dJICKTPOTEPMHUL, paCXOZ[yeMBIﬁ DJIEKTPOA, METO/] KOHEYHBIX OGBCMOB, BbIYUCIIUTCIIbHAS TMAPOANHAMUKA,
KOMITBIOTEPHOC MOJICIIMPOBAHNUEC, MATEMATHYCCKOC MOACIIMPOBAHUE, TEXHOJIOT U, Bpama}omuﬁcx OJICKTPOX, MTOCTOSTHHBIN TOK

BaazodapHocmu: Pabota BbinosHeHa 3a cueT rpanTa Poccuiickoro Hay4dHoro ¢ouma Ne 22-29-20049, https://rscf.ru/project/22-29-20049/.

/Jlns yumupoeaHus: Anekcees U.A., Uymanos U.B., Ceprees /|.B. Pa3paborka texnonorun nonyuerust ciutkoB npu DI Ha mocTosHHOM TOKe
C BpAILlCHUEM PaCXOLyeMOro aJeKTpona. M3zeecmus 6y306. Yepras memannypeus. 2023;66(5):623—-630.

https://doi.org/10.17073/0368-0797-2023-5-623-630

- INTRODUCTION

One of the promising directions for improving electro-
slag remelting (ESR) technology, as well as other indus-
trial electrometallurgical processes, involves optimizing
the technical and economic performance of smelting fur-
naces. The prevalent design of ESR equipment consists
of furnaces operating on alternating current at industrial
frequency [1]. In line with electrical engineering prin-
ciples, direct current has an advantage over alternating
current in minimizing energy losses due to the absence
of inductive reactance in the main current-carrying circuit.
Using this characteristic of electric current, it is rational
to carry out remelting using direct current, which not only
reduces energy losses, but also facilitates the arrange-
ment of polarization in the slag bath. This directly impacts
not only the localization of heat generation following
the Joule-Lenz law, also known as Joule heat, but also
enables electrolysis reactions [2; 3]. The inclusion of elec-
trolysis stands as a pivotal aspect of utilizing direct cur-
rent, notably employed in vacuum arc remelting (VAR)
furnaces to eliminate hydrogen from the chemical com-
position of remelted steels and alloys. Direct current is
acknowledged to have a significant adverse effect, nota-
bly evident in continuous liquid and gas environments,
termed magnetic blowout [4]. In engineering, the preva-
lent method to counteract the negative impacts of mag-
netic blowout in direct current welding involves control-
ling the behavior of the electric arc, particularly in manual
electric welding [5]. During direct current ESR, magnetic
blowout distorts the crystal structure of the ingot, comp-
letely compromising its isotropic physical and mechani-
cal properties. There exist methodologies to mitigate
the influence of magnetic blowout on metal during direct
current ESR, incorporating the utilization of a symmet-
rical current conductor to the tray and the consumable
electrode. However, it remains challenging to entirely
eliminate the adverse effects of magnetic blowout due
to the presence of a current-conducting crystallizer, lead-
ing to magnetic blowout when employing current conduc-
tors with a pipe—spike arrangement. Consequently, ESR
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with direct current is exclusively performed at the maxi-
mum achievable fill factor, using reverse polarity, thereby
enhancing the refining capacity of the remelting process
and optimizing heat utilization, primarily emanating from
the consumable electrode’s end [6].

This study proposes the use of direct current in ESR
technology along with a rotating consumable electrode,
presenting an effective approach to enhance metal remelt-
ing. This method ensures the isotropic nature of physi-
cal and mechanical properties in resulting ingots without
compromising the refining capacity inherent in ESR tech-
nology. Maintaining isotropy in physical and mechanical
properties implies preserving a high-quality crystal struc-
ture characterized by a uniform orientation of dendrite axes
aligned coaxially with the ingot’s geometric axis, as well
as achieving a higher density of crystals. The chemical
properties of metal are characterized by ensuring homo-
geneity in the chemical composition of the base metal and
addressing the presence of harmful impurities and gases.
Homogeneity, in this context, refers to the uniform dis-
tribution of the base metal and particles of detrimental
impurities and gases throughout the body of the crystal-
lized ingot. This distribution occurs without permitting
additional contamination during the remelting process.

The objective of this study is to acquire data
of the electrothermal process occurrence within the slag
bath of the A-550 ESR furnace by creating a digital twin,
subsequently enabling its validation.

The research aims are as follows:

— development of a numerical model of current kine-
tics within the slag bath of an ESR furnace;

— acquisition of the distribution field of current density
and temperature within the spatial confines of the slag
bath, followed by comprehensive analysis;

— formulation of a schematic diagram designed
to upgrade the A-550 ESR furnace, facilitating the imple-
mentation of a direct current-based system allowing
rotation of the consumable electrode, alongside its sub-
sequent realization.
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[l MATERIALS AND METHODS

The impact of rotating the consumable electrode
on the metal mirrors the effect observed when applying
an external magnetic field via a coil surrounding a water-
cooled crystallizer. In both scenarios, an active rotation
of the slag and metal baths takes place. However, the expo-
sure to an external magnetic field at the interface between
the slag bath and the metal film, located at the consumable
electrode’s end, prompts the liquid slag to drag the liquid
metal film due to interfacial surface tension forces [7].
In contrast, when employing the rotation of a consumable
electrode, its structure captures the slag bath and transmits
a co-directed rotational motion to it, gradually dissipating
from the center towards the periphery [8]. The external
magnetic field generated by the coil predominantly affects
metal droplets at the outer edge of the consumable elect-
rode’s end, influenced by surface tension, with limited
impact on the central droplets. Conversely, the rotation
of the consumable electrode directly influences the entire
liquid metal formed at its end until it separates into drop-
lets due to gravitational forces.

Both methods offer means to mitigate the effects
of magnetic blowout. However, utilizing the consumable
electrode’s rotation technology not only efficiently sup-
presses Ampere forces acting on the metal film and metal
droplets during their transfer through the slag bath but
also allows for tracking and controlling their trajectory
within the slag bath and their landing on the metal bath
surface. Fig. 1 presents a schematic diagram depicting
the approximate trajectories of falling metal drops under
two conditions: a stationary consumable electrode (or
a consumable electrode rotating at an insufficient speed)
and a rotating consumable electrode operating at an opti-
mal speed.

Metal droplets
tracks

Consumable electrode
end circumference

Crystallizer wall

Fig. 1 illustrates that by using the impact of the con-
sumable electrode’s rotation, it becomes feasible to effi-
ciently mitigate the effect of magnetic blowout under any
conditions while exercising control over the trajectories
of falling metal drops. This control is achieved through
the centrifugal force’s magnitude, which is directly reli-
ant on both the rotation speed and the diameter of the con-
sumable electrode.

Addressing the energy efficiency concerns of a DC
ESR furnace involves managing the positioning
of the heat center and the associated heat release, adher-
ing to the Joule—Lenz law. The utilization of direct cur-
rent facilitates the polarization of charges within the slag
bath, directly influencing the placement of the heat cen-
ter. The intensity of Joule heat release correlates directly
with the specific current density. Within the operational
space of an ESR furnace’s slag bath, the specific elect-
rical conductivity remains relatively consistent but
varies proportionally with specific temperature. As metal
droplets traverse the slag bath, they encounter regions
of heightened electrical conductivity, momentarily crea-
ting branches of current flow. The refinement of droplets
and their increased formation represent prerequisites
for elevating the specific current density within the slag
bath. Fig. 2 depicts a diagram illustrating the distribution
of heat within a slag bath featuring both stationary and
rotating consumable electrodes.

In Fig. 2 illustrates that when employing direct pola-
rity in direct current, the heat center within the slag bath
resides at its interface with the metal bath. This displace-
ment results in the formation of a pronounced menis-
cus within the resulting ingot, with its vertical extent
expanding due to axial metal droplet transfer. Notably,
for the sake of comparative clarity with the technology
involving the rotation of the consumable electrode,

Fig. 1. Metal droplets tracks and vectors of the acting forces:
a — stationary or rotating with insufficient speed consumable electrode;
b —rotating with optimal speed consumable electrode; F, — Lorentz force; /. — centrifugal force

Puc. 1. Tpaekropun nageHus Kameib MeTajlIa U BEKTOPBI BO3ICHCTBYIONINX CHIL:
@ — CTallMOHAPHBIN UM BPAIAIOLIMIICS ¢ HEIOCTATOUHON CKOPOCTHIO PACXOYEMBbIi HTIEKTPOJ;
b — Bpamaromuics ¢ ONTUMAILHOH CKOPOCTLIO PACXO/LyeMBIi 31eKTpOs; 7, — cuna Jlopenua; F . — neHTpodexHas cuna
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Fig. 2. Heat centers’ positions and directions of the convective fluxes
at stationary (a) and rotating (b) electrodes in direct current polarity:

Vo~ convection in slag bath; @ — angle speed

Puc. 2. PacrionokeHue TeIIoBbIX IEHTPOB U HANIPABICHHOCTh
KOHBEKTHBHBIX TIOTOKOB IPH CTalMoHapHOM (a) u Bpamaroiiemcs (b)
PacxXoIyeMBbIX MEKTPOAAX MPH HPSIMOM MOJISPHOCTH TOKA:

VQ — KOHBEKIIUS B IIUTAKOBOM BaHHE; () — YIJIOBasi CKOPOCTh

the impact of magnetic blowout is not accounted for in this
scenario. Under the rotation of the consumable electrode,
active movement of the slag bath ensues, accompanied
by reversed convective fluxes compared to the stationary
method. The transfer of droplets shifts from the center
to the periphery of the slag bath. This alteration, coupled
with the revised direction of convective fluxes, modifies
the shape of the crystallization front, resulting in a flat-
ter metal bath. This alteration proves advantageous for
the ingot’s crystal structure. As the consumable elect-
rode’s rotation speed escalates, the intensity of droplet
transfer and convective flux velocity increases. Conse-
quently, these flows begin to wash the end of the consu-
mable electrode upward along its axis. When combined
with the direct current’s polarity, this phenomenon can
effectuate the displacement of the heat center along
the consumable electrode’s axis and within the ingot.
However, surpassing critical values might lead to the for-
mation of a concave end on the consumable electrode,
diminishing droplet transfer intensity, enlarging droplet
size, thereby creating an undesirable melting condition.
Additionally, a peripheral meniscus in the metal bath
might also form. Further insight into this issue, studied
through physical simulation, is detailed in [9].

The determination of the effective current mode, coup-
led with the corresponding rotation mode of the consum-
able electrode, is achievable through the construction of a
numerical model based on computational fluid dynamics
principles. This approach has proven efficient in studying
ESR, spanning from initial stationary problems [10; 11]
to unsteady magnetohydrodynamic scenarios involving
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multiphase flow [12; 13]. The numerical simulation
was conducted to analyze current distribution [14; 15]
and the impact of external factors — such as the rotation
of the consumable electrode — on melting speed [16; 17].
Additionally, electrochemical simulation concepts aimed
at determining the resulting metal’s chemical homogene-
ity were developed [18 — 20].

The task of determining the amount of Joule heat
released and localizing the heat center necessitates
a combined approach to solving three subproblems: elec-
trothermal, hydrodynamic, and convective. The electro-
thermal problem simulates direct current kinetics, adher-
ing to the following fundamental law of the motion:

LA ) (1)
ot

where j is the vector of specific current density, A/m?; t is
the time step, s; Vo is the gradient of electrical poten-
tials’ difference, V; o is the specific electrical conducti-
vity of the environment, S.

The hydrodynamic problem is described by the
Navier—Stokes transport equation:

?+Vv(v) ==Vp+V(uVvv) +S, = S;v, (2)
T

where v is the specific speed vector, m/s; p is the spe-

cific hydrostatic pressure, Pa; p is the kinematic viscosity

of the environment, Pas; S, is the Archimedes buoyant

force, N; S . is the origin of crystallization/melting phe-
SJ

nomena.

The problem of convective propagation and heat
distribution is addressed through the energy transport
equation:

a£+V(\7H)=V(7th)+qJH—‘aﬂ, 3)
ot ot

where H is the specific enthalpy, J; A is the specific ther-
mal conductivity, J/kg'K; ¢, is the specific amount
of heat released according to the Joule-Lenz law, J.

[ RESULTS AND DISCUSSION

Iterative calculations were carried out on a compu-
tational grid, representing a two-dimensional portrayal
of'a slag bath in a longitudinal section. To facilitate subse-
quent validation on an operational ESR furnace, the geo-
metric dimensions corresponding to the consumable elec-
trode and the water-cooled crystallizer were considered.
The outer surface diameter of the consumable electrode is
60 mm, the internal diameter of the crystallizer is 90 mm,
and the height of the subelectrode zone is set at 10 mm for
enhanced result visualization. Given the relatively small
length of the simulated area in comparison to the total
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length of the 590 mm water-cooled crystallizer, the incli-
nation angle of the internal surface of the crystallizer
(1.2°) was disregarded. During simulation, the current
regime was set at 800 A and 46 V. The electrical conduc-
tivity of the environment was fixed at 120 S.

Post the iterative calculations on the established
numerical model, output data was obtained and processed
visually. This processing yielded information regarding
the current kinetics in the slag bath and the temperature
field. Figures displaying numerical fields of direct current
kinetics are presented in Fig. 3.

Observations reveal that when melting using direct
current of direct polarity is executed, the highest elect-
ric current density occurs above the surface of the metal
bath. This density exhibits a gradient, declining from
the center to the periphery and from the metal bath sur-
face towards the consumable electrode surface. Con-
versely, the reverse pattern is evident in the image depict-
ing reverse polarity, where the highest current density is
observed at the end of the consumable electrode. Since
Joule heat is released in regions of highest current den-
sity, its distribution reflects the pattern of the current
density distribution. The silhouette of Joule heat mirrors
the current density distribution pattern, as the equation
determining the amount of Joule heat yields a scalar value
derived from the absolute value modulus of the current
density vector. Variations exist only in the absolute val-
ues of the numerical fields.

Fig. 4 depicts the temperature distribution diagram
within the space of the slag bath.

Under the application of direct polarity current,
a gradual reduction in the temperature gradient is obser-
vable, extending from the center of the metal bath sur-
face towards its periphery. This configuration highlights
the hottest zone, represented as a concentrated spot at
the center of the metal bath surface. The overall gradi-
ent exhibits a convex shape, tapering towards the end
of the consumable electrode. However, in its vicinity,

Current
density,
Am’

2,7
[ 25
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- 20
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Fig. 3. Numerical fields of current density distribution in slag bath
in direct (a) and reversed (b) current polarities

Puc. 3. UncnoBble mons pacrpeaeaeHust INIOTHOCTH TOKa B IITAKOBON
BaHHE JUIsI IPsIMOiA (a) 1 0OparHoit (b) monspHOCTEH TOKa

the temperature field expands somewhat, creating a dis-
tinctive hourglass shape with a lengthened lower part
and a shortened upper section. A decline in temperature
is evident as one approaches the periphery, particularly
noticeable in the upper section of the crystallizer wall and
the atmosphere — slag interface. Increased temperature
at the slag-metal interface near the mold wall results from
heightened current density arising due to the use of direct
polarity. Upon examination of the temperature numerical
field with reverse polarity current, the temperature gradi-
ent is similarly distributed from the central area towards
the periphery. However, there is no evident localiza-
tion of heightened current density foci akin to the direct
polarity scenario. This lack of concentration could pos-
sibly stem from the smaller diameter of the consumable
electrode relative to the metal bath, resulting in a reduced
amount of released heat under reverse polarity. This
decrease is attributed to a lesser amount of current flow-
ing through a smaller diameter section, leading to reduced
specific density. The longitudinal profile of the tempera-
ture gradient exhibits a concave shape, converging towards
the surface of the metal bath but remaining nearly linear
in its proximity, with a temperature drop evident towards
the crystallizer wall. Here, the mold wall demonstrates
higher efficiency in absorbing heat around the slag — metal
interface due to the change in current direction. The vici-
nity surrounding the surface of the consumable electrode
acts as a heightened heat source, causing relatively poorer
heat removal at the atmosphere — slag interface compared
to direct current polarity.

Quantitative data pertaining to current density and
temperature characterizes the thermal distribution within
the slag bath space, facilitating the prediction of furnace
operating boundaries ranging from the complete absence
of metal droplet transfer to the occurrence of jet metal
transfer. Considering that the maximum temperature
under direct polarity can reach 2200 °C above the metal
bath’s surface, it becomes imperative to employ the rota-
tion of a consumable electrode with a 60 mm diameter,

Tempe-
rature, °C

2200
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- 1930

— 1800
— 1670
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b

Fig. 4. Numerical fields of temperature distribution in slag bath
in direct (a) and reversed (b) current polarities

Puc. 4. Yuciosle oISt pacnpeieNieHust TeMIIEpaTypsbl B MIIAKOBOH
BaHHE JUTs NpsiMoit (a) u oOparHoii (h) monspHOCTE# TOKA
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Fig. 5. Functional scheme for semi-industrial ESR furnace A-550

Puc. 5. dyHkIMoHaIbHAS cXeMa JieiicTBYOIIEH nonynpoMbinuieHHon eun DT A-550

within a speed range of 80 — 120 rpm. This selection aligns
with empirical results obtained from experimental melts
detailed in [3]. This rotational mode, in conjunction with
the designated power of the ESR furnace, necessitates
conditions ensuring enhanced efficiency while maintain-
ing the maximum achievable melting speed without tran-
sitioning to jet metal transfer.

To further advance the technology and validate
the numerical model, experimental melts are essential.
Throughout the project, the existing A-550 ESR fur-
nace underwent modernization, involving the automa-
tion of mechanical and electrical components and recon-
figuration to operate using direct current. Fig. 5 depicts
the functional diagram of the modernized furnace.

The furnace’s power supply system incorporates several
key components, including a current regulator featuring a
single-phase transformer (T), a controllable rectifier (CR),
a phase pulse control unit (PCU), a smoothing filter (SF), a
feedback loop on the current (/;,), cdetected via a resistive
shunt (R, ), within the furnace power circuit, a control pro-
grammable logic controller (PLC), and an operator touch
panel (OP). Furthermore, the automated furnace control
system encompasses a slag pool voltage regulator, con-
structed around an electrode supply drive housing a trans-
mission mechanism (M), an asynchronous squirrel-cage
motor (AM), a transistor frequency converter (FC), a con-
trol programmable logic controller (PLC) that receives
a feedback signal (Uy), and an operator touch panel (OP).

- CONCLUSIONS

A numerical model of an operating semi-industrial
ESR furnace running on direct current of direct and
reverse polarity has been developed. This model includes
a computational grid, mathematical apparatus, an algo-
rithm implemented on a computer, and a program code.

Iterative simulations were conducted, yielding results
in the form of numerical fields that underwent post-pro-
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cessing for visualization purposes. These results clearly
demonstrate the nature of the distribution of electric cur-
rent and temperature in the slag bath. They do not contra-
dict previously conducted research in this area and do not
violate the laws of nature, which makes them valid for
further application.

The acquired insights into temperature and current
density distribution within the slag bath offer both quali-
tative and quantitative perspectives on the electrothermal
processes occurring in this space. However, this model
necessitates further development, particularly in incor-
porating the magnetic component of direct current, spe-
cifically the Lorentz force achieved through the rotation
of the consumable electrode. Simulating this scenario,
considering the magnetic aspect of the current, would
require transitioning to a wave representation of electric
current movement within a blend of electric and magnetic
fields through their respective potentials.

The A-550 ESR furnace underwent modernization,
involving the automation of its electrical and mechanical
components and conversion to direct current for conduct-
ing experimental validation melts.
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