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Abstract. The study of the cast structure of castings makes it possible to optimize the technological parameters of the casting process and improve
the quality of cast billets. Electron microscopic studies of nonmetallic inclusions and X-ray spectral analysis of their micro-volumes in metal plates
cut from defective sections of a massive casting were carried out. The “fresh” fractures of impact samples with a sharp /-shaped incision destroyed
at —60 °C were investigated. It was found that there are practically no oxide films and non-metallic inclusions at the boundaries and in the body
of the casting grains. The latter occur on the inner surface of micropores or near them at the edge, and aluminum carbonitrides are present
at the grain boundaries or in their body. Determination of chemical composition of non-metallic inclusions in micro-volumes of the order of 1 um?
allowed us to establish their nature and possible causes of their appearance, as well as formulate practical recommendations for the prevention
of visually observable defects in a massive casting. To improve the quality and reduce the number of micropores occurring in the casting, it is
necessary to use a cleaner charge that does not contain zinc. Zinc has a low boiling point (907 °C [10]), and, when casting the mold, its vapors,
along with other gases, rise to a casting head, under which, as a result of crystallization, they settle in pure form or in the form of ZnO-type
compounds on the walls of the resulting micropores, shrinkage porosities, cavities. In addition, it is necessary to remove the slag more carefully
so that it does not participate in pores formation, and its particles do not precipitate in or near the pores in the form of magnesia spinel, calcium
and manganese sulfides, iron, aluminum, calcium oxides, etc. It is also required to limit the residual aluminum content in steel after its deoxidation
to 0.03 %, as is customary in metallurgical production, and to minimize the resin content in the mold material.
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AHHOmayus. VizyueHue JIUTOH CTPYKTYpbl OTIIMBOK ITO3BOJISICT ONTHMHM3MPOBATh TEXHOJOTHMUYECKHE IMapaMeTphl INpolecca JUThs U MOBBICHTH
KayeCTBO JIUTHIX 3aroToBOK. IIpoBeneHbI 2/1€KTPOHHO-MUKPOCKOMMYECKUE MCCIENO0BAHHSA HEMETAIIMYECKUX BKIIIOYEHHH M PEHTTEHOCIEKT-
pasIbHBIN aHAIN3 X MUKPOOOBEMOB B METAJUIMUECKHUX IUIACTHHAX, BHIPE3aHHBIX U3 Ae(EKTHBIX yJacTKOB MAaCCUBHOM oTIMBKH. VccienoBaHbl
«CBEXKHUE» U3IIOMBI yIapHBIX 00Pa3IoB ¢ OCTPEIM /-00pa3HBIM HaApe3oM, pa3pylIeHHbIX Ipu —60 °C. YCTaHOBICHO, YTO Ha TPAHMIIAX U B Tele
3epeH OTJIMBKH MPAKTHYECKU OTCYTCTBYIOT OKHCHBIE IUNICHKU U HEMETAJUINYeCcKHe BKItoueHus. [locineanue BeTpeyaloTes Ha BHYTPEHHEH oBepX-
HOCTH MUKPOIIOP HJIX BOIM3M HUX 110 KPalo, a Ha TPAHHIAX 3¢PEH WU B UX TeJle IIPUCYTCTBYIOT KapOOHUTPUIBI alfoMUHKS. OTpeieIecHIe XUMU-
YECKOTO COCTABA HEMETAINTNYECKUX BKIFOUEHUH B MUKPOOOBEMAX Mopsiika | MKM® MO3BOJINIO YCTAHOBUTH MX IPUPOJLY M BO3MOYKHBIE TIPHYHHBI
HOSIBJICHUS, a TakXke CHOPMyIHpOBATh MPAKTHYECKIE PEKOMEHIANN [0 IPEIOTBPAIICHUIO BU3YyaIbHO HAOMIONAEMBIX A€(EKTOB B MAaCCHBHOU
omuBKe. J{J1s MOBBILIEHHS Ka4eCTBA M YMEHbIICHHS KOJIMYECTBA BO3HUKAIOMINX B OTIMBKE MUKPOIIOpP HEOOXOMMO UCIIONB30BaTh IIPU BHITUIABKE
cTanyu Oojee YHCTYIO MIUXTY, HE COACPIKAIIYI0 IUHK, KOTOPBIH MMeeT HU3KYI0 TeMIleparypy KumeHus. IIpu 3amuBke (opMBI €ro maphl BMECTe
¢ IPYI'MMHM ra3aMy MOJHHMMAIOTCS K NPUOBUIN, TI0J KOTOPOIl B pe3yibTaTe KpUCTAJUIN3aLUK OCeJaloT B YUCTOM BUJE WM B BHJE COCIMHEHUMH
tuna ZnO Ha CTeHKaX 00pa3yIoIIUXCs MUKPOIOP, PeIXIocTell, pakoBHH. Kpome Toro, TpebyeTcs Goee TIIATENbHO yIaXaTh ILIAK, YTOOBI OH HE
y4acTBOBAJ B 00pa30BaHUHU [1OP, M €r0 YACTHIBI HE 0CAXKIAINCH B OpaxX WX BOJIU3M HUX B BUJIE MAarHe3HaIbHOM IIHUHENH, CYIb(UI0B KaIbIHs
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W Maprasia, OKCU10B JKeJjI€3a, aJIlOMUHUA, KaJIbIUA U J1P. Takxe Tpe6yeTc;l OrpaHUYUTb OCTATOYHOEC COJACPIKAHUE aJIFOMUHUSA B CTAJIU ITOCJIC €€
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- INTRODUCTION

The quality of cast parts is a key economic factor
not only in the production of castings, but also in their
subsequent operation, for example, in the country’s oil
and gas sector [1; 2]. Therefore, the study of the cast
structure of such castings makes it possible to optimize
the technological parameters of the casting process and
improve the quality of cast billets [3; 4]. As numerous
studies have shown [5], regardless of the casting method
or material, defects in castings made of ferrous and non-
ferrous metals — such as discontinuities and inclusions —
are the main cause of production rejects. Improving
the quality of cast steels is directly related to reducing
the amount of non-metallic inclusions (NMIs) [6 — 10],
as well as understanding their chemical composition,
crystalline structure, morphology, location, size, and dis-
tribution [11 — 13]. With the advancement of scanning
electron microscopy, which enables X-ray spectral analy-
sis in micro-volumes of about 1 pm?3, new opportunities
have emerged for in-depth studies on the origin and for-
mation of NMIs in steels [14 — 16].

Combining these methods enables identification
of the causes of micropore formation that degrades cas-
ting quality and development of appropriate mitigation
strategies. The relationship between NMIs and micro-
pores is of particular interest as they have a significant
impact on the properties of castings. The aim of this study
is to investigate NMIs located near and inside micropores
in a massive casting, and to develop measures for redu-
cing their number.

[l MATERIALS AND METHODS

The chemical composition of the studied massive cast-
ing (a “housing”) weighing 10 tons without the casting
head, as determined from a ladle sample, corresponds
to cast microalloyed steel 20GL (GOST 977-88). Howe-
ver, the results of X-ray spectral analysis indicated higher
levels of nickel, copper, and zinc. The steel melting pro-
cess was carried out in an electric arc furnace (EAF) with
basic lining and a 25-ton capacity. The molds and cores
were produced using the a-set process. It should be noted
that during mold filling, the resin binder in the mold and
core undergoes thermal decomposition, releasing a large
amount of various hydrocarbons, which subsequently,
decompose into carbon and hydrogen. The latter promotes
formation of gas porosity in the castings [17]. Elect-

ron microscopic studies were performed using scanning
electron microscopy on the fresh fractures, microstruc-
ture, and composition of defective areas in the casting
located beneath the casting head, where surface defects
are most commonly found. Three billets for impact
samples and two billets for preparing longitudinal and
transverse microsections were cut from the central areas
of the plates that showed no visible cavities. The fresh
fractures (examined almost immediately after testing)
of impact samples with a sharp V-shaped incision, frac-
tured at —60 °C, were studied on a JSM-7001F scanning
electron microscope using secondary electron (SEI) and
backscattered electron (BSE) detectors, at magnifications
ranging from 30* to 20,000”. The hardness of the metal
plates was measured using the HV10 method, with
a 10 kg load accuracy. The microstructure was examined
and photographed using an Axio Observer.DIm optical
microscope. In parallel with the microstructure analysis,
the elemental composition of the samples was studied
using an OXFORD INCA X-MAX 80 energy-dispersive
X-ray spectrometer, both at discrete points and in map-
ping mode.

[ RESULTS AND DISCUSSION

The microstructure of the plates consists predomi-
nantly of ferrite and pearlite with varying degrees of dis-
persion. It also includes a Widmanstitten structure,
consistent with the microstructure of 20GL cast steel
described in the reference handbook [18]. The hardness
of the metal plates varies significantly, ranging from
162 — 181 to 192 — 214 HV10, while the impact tough-
ness increases from 5.1 —34.0 to 43.0 — 98.0 J/cm?.

Scanning electron microscopy (SEM) of the fresh
fractures revealed a mixed fracture mode in the impact
samples with a sharp V-shaped incision, tested at —60 °C.
Brittle fracture predominated, accompanied by a minor
ductile component and the presence of opened pores
(Fig. 1, @). On unetched longitudinal microsections, even
at relatively low magnification with an optical micro-
scope, areas containing numerous round or elongated
pores of various sizes were observed. Some of these
pores contained NMs. The diameters of the pore openings
on the external surface ranged from 120 to 130 um, while
the inclusions within them measured between 1.24 and
2.7 um. A general overview revealed grain boundaries
and grain bodies free from inclusions. At higher magnifi-
cation under SEM (Fig. 1, b), the inclusions were identi-
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fied as multiphase, and the chemical composition of each
phase was determined (Fig. 1, ¢). For example, the inclu-
sion shown in Fig. 1, b consists of a central region of mag-
nesia spinel (MgO-Al,O;,) enclosed by a lighter calcium
sulfide (CaS) shell — both phases that should have been
removed with the slag.

Microanalysis of the elemental composition in regions
containing NMlIs, conducted in various modes, enabled
the identification of their composition, nature, spa-
tial distribution, and likely causes of their origin. For
example, Fig. 2 presents a composite image combining
elemental distribution maps for iron, silicon, aluminum,
and carbon over an electron micrograph of the inner sur-
face of a micropore. Against the background of the iron
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Fig. 1. Photomicrography of the “fresh” fracture of the impact sample —
spherical particle of FeO in a micropore (a),
magnesian spinel (MgO-Al,0O,) in a sulfide (CaS) shell (b)
and spectrum indicated at the crosshair point (c)

Puc. 1. Muxpodororpadus «CBeKero» H3I0Ma yIapHOTro odpasma:
cepuueckas yactuna FeO B mukponope (a);
MarsesuaibHas mnusens (MgO-AlO,) B cynbdunoii (CaS)
obosouke (b); ceKTp, yKa3aHHBIN B TOUKE MEPEKPECTHs (C)
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matrix (green), particles containing silicon (red), car-
bon (blue), and aluminum (orange) are observed both
within the micropore and in its vicinity. These particles
are typically multicomponent rather than monoelemental.
A comparison of the silicon and aluminum maps clearly
shows that most particles contain both elements. In addi-
tion, spectral analysis confirms the presence of oxygen
and sulfur in the same region. These elements, along with
carbon, are likely gaseous products of thermal decom-
position of the resin in the mold, followed by pyrolysis,
which releases carbon, oxygen, and sulfur [17]. These
gases contribute to pore formation and subsequently con-
dense within them. In this micropore region, an uneven
distribution of aluminum was also observed — either
along grain boundaries or as discrete particles (Fig. 3, a).
Aluminum frequently forms nitrides with nitrogen, as
demonstrated in the corresponding elemental distribu-
tion maps (Fig. 3, b, ¢). In some micropores of impact
samples fractured at —60 °C, non-metallic particles
of MnS, CaS, MgS, and others that were not removed
with slag were also identified (Fig. 4). Scanning elect-
ron microscopy of fresh fractures from impact samples
cut from other plates revealed, in addition to previously
identified NMIs (MgO-Al,O,, CaS, SiC) located in and
around pores, the presence of additional compounds
(based on X-ray spectral microanalysis) containing car-
bon, oxygen, phosphorus (C+ O + Ca+ Mg+ P + Si),
as well as magnesium and silicon (C+ O + Mg + Si).
In one of the plates, near the incision area of the fracture,
a region densely populated with particles Bcontaining Al,
S, and O was found. Some pores also contained com-
pounds such as C+ O + S and C + O + Ca while in one
pore, particles composed of a wide range of light elements
(C+Mg+Al+Si+S+K+Ca+Ti) were detected.
Silicon carbides and iron oxides were also detected

Sl Elcctron]

Fig. 2. Map of distribution of Fe, Si, C and Al
on the micropore inner surface

Puc. 2. Kapra pacnpenenenus Fe, Si, C u Al
Ha BHYTPEHHEH OBEPXHOCTH MUKPOIIOPBI
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50 um
—

Fig. 3. Maps of distribution of Al (a, b) and N (¢) in the area of destroyed impact sample

Puc. 3. Kaptsl pacnpe/eneHus aqroMuHus (a, b) 1 a3oTa (¢) Ha yyacTke pa3pyIIEHHOTO YapHOro odpasia

Element

C | Mg

Al

Ca

Wt. %

3.77 | 2.44

0.74

2.39

29.24

Sl Electron]

Fig. 4. Electronic image of open micropore (a),
Table of the chemical composition

of one of the HBs in the pore (b)
and map of C distribution on the inner surface
of the other open pore (c)

Puc. 4. DnexTpoHHOE N300paKEHNUE PACKPBITOH MUKPOIIOPHI (a),
TabnMIIa XMMUYECKOro cocTasa ogHoro u3 HB B mope (b)
M KapTa pacnpe/eeHus yriepoaa
Ha BHYTPEHHEH IOBEPXHOCTH
B IPYroii packpsIToii mope (¢)

within the pores. In one of the electron micrographs
(Fig. 1, @), a spherical iron oxide particle can be seen
being drawn into a micropore. According to the results
of X-ray spectral analysis, some small, round precipitates
consist of pure zinc or its oxide, ZnO. In complex NMIs,
the zinc content ranges from 4.86 to 25.57 wt. % (Table).
The location, shape, and size of carbon particles on
the inner surface of the micropore are clearly distin-
guishable (Fig. 4, ¢). In opened pores, calcium sulfides
are sometimes observed surrounded by magnesia spinel,
along with aluminum carbonitrides and copper particles.

- CONCLUSIONS

Scanning electron microscopy of fresh fractures and
the microstructure of plates cut from a massive casting
showed that oxide films and NMlIs are virtually absent
at the grain boundaries and within the grain bodies. NMIs
were observed primarily inside micropores or near their
edges, while aluminum carbonitrides were found along
grain boundaries and within the grains. The chemi-
cal composition of NMIs, determined by X-ray spec-
tral analysis in micro-volumes of approximately 1 pm?,
revealed the presence of carbon, oxygen, sulfur, nitrogen,
zinc, and other elements. These findings helped to clarify
the nature and likely causes of the inclusions and formed
the basis for practical recommendations aimed at preven-
ting visually detectable micropores in massive castings.
To reduce the number of NMIs in castings, it is necessary
not only to lower the oxygen content by a factor of 2 — 3,
as proposed in [19], but also to implement the following
measures.

» Use a cleaner charge that is free of zinc during steel
melting to prevent its ingress into the melt. Due to its low
boiling point (907 °C [20]), zinc vaporizes during mold
filling and rises along with other gases toward the casting
head, where it condenses during crystallization — either
in pure form or as ZnO-type compounds — on the walls
of forming micropores, shrinkage porosities, and cavities.

* Remove slag more thoroughly to prevent its involve-
ment in pore formation and deposition of its particles in
or near pores in the form of magnesia spinel, calcium and
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Results of micro-X-ray spectral analysis of complex NMI in a different pores

Pesyabrarel MPCA HeKkoTOpBIX 371eMeHTOB B kKoMILIekcHbIX HB B pa3nbix mopax

Element C

Mn

Fe /n

Wt. % | 16.89 — 66.60

0.63 —1.05

56.97-76.45| 4.86 —25.57

manganese sulfides, and oxides of iron, aluminum, cal-
cium, etc.

* Limit the residual aluminum content in the steel
after deoxidation to 0.03 %, as aluminum reacts with
nitrogen to form nitrides that precipitate not only along
grain boundaries, impeding grain growth and promo-
ting an inherently fine-grained structure, but also within
the grains — either as thin plates or as irregularly shaped
regions in micropores.

* Avoid overheating the steel melt, as excessive arc
temperatures in the furnace promote formation of atomic
nitrogen, which dissolves in the molten steel and contri-
butes to the formation of aluminum nitrides and carboni-
trides.

* Minimize the resin binder content in the mold
material, since excessive resin generates large volumes
of gaseous thermal decomposition products (hydrocar-
bons), which subsequently break down into carbon and
hydrogen — promoting formation of gas-related defects
such as pores and cavities.

I REFERENCES / CIUCOK NIUTEPATYPbI

1. Kozlov L.Ya., Kolokol’tsev V.M., Vdovin K.I., etc. Produc-
tion of Steel Castings. Textbook for Universities. Moscow:
MISIS; 2003:352. (In Russ.).

ITpon3BOACTBO CTANbHBIX OTIMBOK: YUYEOHHMK IJISI BY30B /
Kosznos JI.4., Konokonbues B.M., Bnosun K.W. u np. / Tloxg
pen. JI.AL. Kosnosa. Mocka: MUCHC; 2003:352.

2. Shul’te Yu.A. Production of Castings from Steel. Kiev;
Donetsk: Vishcha shkola; 1983:184. (In Russ.).

lymere FO.A. IlpomsBomcTBo OTIMBOK n3 cTtanu. Kues;
Jlonenk: Buma mkoma; 1983:184.

3. Babaskin Yu.V. Structure and Properties of Cast Steel. Kiev:
Naukova dumka; 1980:240. (In Russ.).

Babackun FO.B. Ctpykrypa u cBoiicTBa juToii cranu. Kues:
HayxoBa gymxa; 1980:240.

4. Kazantsev M.N., Flegentov L.A., Zhevelev O.Yu. Quality

of cast body parts of shut-off valves and pumps. Oboru-
dovanie i tekhnologii dlya neftegazovogo kompleksa.
2016;(5):8-15. (In Russ.).
Kazanues M.H., ®nerenroB 1.A., XKesener O.10. KauectBo
JIUTBIX KOPITYCHBIX JeTallel 3alI0pHON apMaTyphbl U HAaCOCOB.
Obopydosanue u mexrono2uu Oisi Hehmezaz08020 Komn-
nexca. 2016;(5):8-15.

5. Chechukha V.I., Sadokha M.A. Defects in high-pressure
casting and measures to prevent gas defects. Lit’e i metal-
lurgiya. 2023;(4):16-24. (In Russ.).
https://doi.org/10.21122/1683-6065-2023-4-16-24

278

10.

11.

12.

13.

14.

Yeuyxa B.1., Cagoxa M.A. JIe(eKThl IpH JUTHE MO BBICO-
KUM JIaBIICHUEM M MEpbI MPEAYNPEKISHUS ra30BbIX Aedek-
TOB. JIlumve u memannypeusi. 2023;(4):16-24.
https://doi.org/10.21122/1683-6065-2023-4-16-24
Grigorovich K. V., Krasovskii P.V., Trushnikova A.S. Analy-
sis of non—metallic inclusions as the basis for quality control
of steel and alloys. Analitika i kontrol’. 2002;6(2):133-142.
(In Russ.).

I'puroposuu K.B., Kpacosckuii I1.B., Tpymnuxosa A.C.
AHaiM3 HEMETAJUIMYEeCKUX BKIIOYEHHII — OCHOBA KOHT-
pOJIsi Ka4ecTBa CTAJIM U CIUIABOB. AHAIUMUKA U KOHMPOTDb.
2002;6(2):133-142.

Harris M.L., Richards V.L., Lekakh S., O’Malley R. Evo-
lution of Non-Metallic Inclusions in Foundry Steel Casting
Processes: Masters Theses. 2016:22-39.

Panichkin A.V., Korotenko R.Yu., Kenzhegulov A.K., Kshi-
bekova B.B., Alibekov Zh.Zh. Porosity and non-metallic
inclusions in cast iron produced with a high proportion
of scrap. Complex Use of Mineral Resources. 2022;4(323):
68—76. https://doi.org/10.31643/2022/6445.42

Li P, Liu D., Pan Zh., Zhang P., Zhang G. Separation of non-
metallic inclusions from high strength low alloy steel by
electromagnetic stirring. JOP Conference Series: Earth and
Environmental Science. 2021;791:012085.
https://doi.org/10.1088/1755-1315/791/1/012085

Thiele K., Truschner C., Walkner C., Meisel T.C., Ilie S.,
Rossler R., Michelic S.K. Investigating the origin of non-
metallic inclusions in Ti-stabilized ULC steels using different
tracing techniques. Metals. 2024;14(1):103.
https://doi.org/10.3390/met14010103

GOST 1778-2022. Metal products made of steels and alloys.
Metallographic methods for the determination of non-metal-
lic inclusions. Moscow: Russian Institute of Standardization;
2023. (In Russ.).

T'OCT 1778-2022. MetaionpoayKuusi U3 cTajeil u cruia-
BOB. Meramiorpapuyeckue METOAbI OIpPEIeICHUs] HeMe-
TaJUTMYECKUX BKIoueHnd. MockBa: Poccuiickuii HHCTUTYT
cragmaptu3ammm; 2023.

Shu’lte Yu.A. Nonmetallic Inclusions in Electrical Steels.
Moscow: Metallurgiya; 1964:207. (In Russ.).

[ynsre F0.A. Hemerannmmueckne BKIIOUEHHUS B DJIEKTPO-
cranu. Mocksa: Metamryprust; 1964:207.

Kisling R., Lange N. Nonmetallic Inclusions in Steel. Mos-
cow: Metallurgiya; 1968:124. (In Russ.).

Kucmuar P., Jlanre H. Hemeramnnueckue BKIIOYEHUS B
cranu. Mocksa: Metamryprus; 1968:124.

Gorelik S.S., Skakov Yu.A., Rastorguev L.N. Radiographic
and Electron-Optical Analysis. Moscow: MISIS; 1994:328.
(In Russ.).

Topenuk C.C., CkakoB l0.A., Pacropryes JI.H. Pentreno-
rpadUUecKuil ¥ AIIEKTPOHHO-ONTHYCCKUN aHaimu3. Mocksa:
MUCHC; 1994:328.


https://doi.org/10.21122/1683-6065-2023-4-16-24
https://doi.org/10.21122/1683-6065-2023-4-16-24
https://doi.org/10.31643/2022/6445.42
https://doi.org/10.1088/1755-1315/791/1/012085
https://doi.org/10.3390/met14010103

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(3):274-279.
Goikhenberg Yu.N., Kulakov B.A., Polukhin D.S. Non-metallic inclusions in micropores of massive steel castings

15. Bykov Yu.A., Karpukhin S.D. Scanning electron micros-
copy and X-ray spectral microanalysis. Equipment, principle
of operation, application: Handbook on the course “Modern
methods of studying material structure”. Moscow: Bauman
STU; 2002:30. (In Russ.).

boikoB FO.A., Kapnyxun C.[I. PactpoBas siekTpoHHas
MUKPOCKOIHS U IPUMEHEHHe: YueOHoe 1mocodue mo Kypcy
«CoBpeMeHHBIE METOIbI HCCICAOBAHHUS CTPYKTYpBI MaTe-
puana» / Ilox pen. FO.A. BeikoBa. MockBa: M3narenscTBo
MI'TY um. H.D. Baymana; 2002:30.

16. Guo J., Cheng S., Guo H., Yaguan Mail. Determination
of non-metallic inclusions in an ingot of continuous casting
of steel with an ultra-low carbon content, free of impurities,
using the metallographic method, the electrolytic method and
the RTO method. Scientific Reports. 2019;9(1):2929.
https://doi.org/10.1038/s41598-018-36766-6

17. Boldin A.N., Davydov N.I., Zhukovskii S.S., etc. Cast
Molding Materials. Molding, Core Mixtures and Coatings.
Reference Book. Moscow: Mashinostroenie; 2006:507. (In
Russ.).

Bonnaun A.H., {aBeinos H.U., Xyxosckuii C.C. u ap. JIutsie
(hopmoBouHbIC Marepuaibl. DOPMOBOYHBIC, CTEPIKHEBBIC
cMmecu U mokpeiTusi: CpaBouyHuK. MockBa: MammHocTpoe-
Hue; 2006:507.

18. De Ferri Metallographia: Metallographic Atlas of Iron,
Steels and Cast Irons. Vol. II: Schrader A., Rose A. Structure
of Steels. Verlag Stahleisen; 1966:559.

Meramnorpadus xenesa. Tom 2. Hlpenep A., Poze A. Ctpyk-
Typa craneil. MoHorpadus ¢ atiacom MUKpodoTorpaduii /
[lep. ¢ anr. Jlenunrpan: Meramnyprus; 1972:284.

19. Krylov S.A., Shcherbakov A.l., Makarov A.A., Tony-
sheva O.A. Reduction of the content of non-metallic inclu-
sions in corrosion-resistant nitrogen-containing steel. Trudy
VIAM. 2017. 2017;53(5):3-13.
https://doi.org/10.18577/2307-6046-2017-0-5-1-1

KprutoB C.A., IllepbakoB A.M., MakapoB A.A., ToHbI-
meBa O.A. CHmwKeHHE COIEP)KAHUS HEMETAJUINYeCKUX
BKJIFOYCHWI B KOPPO3MOHHOCTOWKOW  a30TcoaepiKameit
ctanu. Tpyovt BUAM. 2017;53(5):3—13.
https://doi.org/10.18577/2307-6046-2017-0-5-1-1

20. Estrin I.A. Analysis from the point of view of energy effi-
ciency of zinc oxide heat technologies. Trudy Rostov-
skogo gosudarstvennogo universiteta putei soobshcheniya.
2021;(2(55)):147-150.
Octpun M.A. AHanu3 ¢ TOUKU 3peHHs 3HEeprodpdexTus-
HOCTH TEIUIOTEXHOJOTHI OKCHAa IHUHKA. Tpyost Pocmos-

CKO20 20Cy0apCmeenno20 yHusepcumema nymeu cooouje-
nus. 2021;(2(55)):147-150.

Yurii N. Goikhenberg, Dr. Sci. (Eng.), Senior Researcher, Prof. of the
Chair of Materials Science and Physical Chemistry of Materials, South
Ural State University

E-mail: goikhenbergyn@susu.ru

Boris A. Kulakov, Dr. Sci. (Eng.), Prof. of the Chair of Pyrometallurgical
and Foundry Technologies, South Ural State University
E-mail: kulakovba@susu.ru

Dmitrii S. Polukhin, Cand. Sci. (Eng.), Executive Director, LLC “Scien-
tific and Technical Centre KONAR”
E-mail: polukhin.dmitriy@konar.ru

Opuii Hagpmynoeuu l'otixeH6epz, 0.m.H., cmapwutl Hay4yHblll compyd-
HUK, npogpeccop kagedpvl «Mamepuasogederue u @dusuko-Xumus
Mamepuanoey, K0xxHo-YpanibCKUK rocyAapCTBEHHbIH YHUBEPCUTET
E-mail: goikhenbergyn@susu.ru

Bopuc Anekceesuy Kyaakos, d.m.H., npogeccop kagedpbl «[lupome-
manaypauyeckue u aumeliHble mexHosao2uu», 10xHo-YpanabCcKui rocy-
JlapCTBEHHBIH YHUBEPCUTET

E-mail: kulakovba@susu.ru

JAmumpuii Cepzeeeuu I1oAyXuH, K.m.H., UCNOJHUMEAbHbIU QUpeKmop,
000 «HayuHo-TexHudeckuii neHTp KOHAP»
E-mail: polukhin.dmitriy@konar.ru

Yu. N. Goikhenberg - formation of the article idea, research on a scan-
ning electron microscope, formulation of conclusions, writing the text.
B. A. Kulakov - metallographic research, formulation of conclusions,
writing the text.

D. S. Polukhin - preparation of the material, conducting tests for
impact strength and hardness, joint interpretation of the results.

I0. H. IoiixeH6Gepz - vJiesi CTaTbH, UCCI€A0BAHUS HA pACTPOBOM 3JIEKT-
POHHOM MHUKpOCKoOIe, pOpMy/IHpOBaHUE BbIBO/IOB, HAIUCAHUE CTAThH.
b. A. Kynakoe - meTtasiorpaduyeckre Hccaef0BaHUsI, GOPMYIHUPO-
BaHUe BbIBO/IOB, HANMCaHHUE CTAThbH.

. C. ITosyxuH - ToJroToBKa MaTepHasa, NMpoBeJileHHue HCIbITaHUH
Ha Y/apHY0 BS3KOCTb U TBEPJOCTb, COBMECTHAasl WHTEepIpeTalus
pe3yJIbTaToB.

Received 25.07.2024
Revised 15.04.2025
Accepted 23.04.2025

[octynuna B penakuuto 25.07.2024
[Tocne nopabdorku 15.04.2025
IMpunsta x myonukamuu 23.04.2025

279


mailto:goikhenbergyn@susu.ru
mailto:kulakovba@susu.ru
mailto:polukhin.dmitriy@konar.ru
mailto:goikhenbergyn@susu.ru
mailto:kulakovba@susu.ru
mailto:polukhin.dmitriy@konar.ru
https://doi.org/10.1038/s41598-018-36766-6
https://doi.org/10.18577/2307-6046-2017-0-5-1-1
https://doi.org/10.18577/2307-6046-2017-0-5-1-1

