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ANNOTATION

This paper presents the research results of solid structure and hollow steel billets obtained by
continuous casting. To substantiate the feasibility of using a hollow billet as an initial one in the
production of seamless hot-rolled pipes, a comparative analysis of the distribution of non-metallic
inclusions, macro- and microstructure, as well as segregation by structural zones was carried out.
When analyzing the macrostructure of a hollow billet, two distinct zones were revealed: equiaxed
small and columnar crystals, which distinguishes it, compared with a solid billet, by the absence of a
zone of misoriented crystals. This, in turn, helps to eliminate defects such as axial porosity and
segregation. The improved quality of the macrostructure during casting of a hollow billet is explained
by more favourable conditions for heat removal and a higher rate of solid-phase advance due to
bilateral cooling, and less shrinkage of the melt due to its cross-sectional geometry. The distribution of
nonmetallic inclusions, consisting of oxide, sulfide and oxysulfide compounds, and liquidation
elements, showed that they are concentrated mainly at the boundaries of crystalline zones, and for a
solid billet and in the central part. This fact is caused by the development of a zone of intense heat
removal. When research the microstructures of solid and hollow workpieces, a ferrite-pearlite mixture
is observed in both cases. The microstructure of the hollow billet is more dispersed, which is
confirmed by durometric measurements.
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cooling, which promotes better conditions for the

Introduction

The increasing requirements of the oil and gas
industry to the level of pipe products properties
requires intensification of work to improve the
technological properties and quality indicators of
continuously cast billets. To solve these problems,
pipe manufacturers are introducing modern
production  technologies and modernizing
equipment [1-6].

One of the effective methods for improving the
quality of pipe products is using a hollow billet as
an initial one. This will improve the quality, in
particular, almost wholly eliminate axial porosity
and segregation. Also, due to the presence of a
cavity in the billet, it is possible to use double-sided

crystallization of the melt and an increase in the
productivity of continuous casting machines [6-13].

In connection with the above, the purpose of
this work was to research the formation of the
macro- and microstructure of hollow and solid
billets and analyze the distribution of non-metallic
inclusions and liquidation elements.

Material and research methods

The research object is billets from steel 09G2S:
solid @ 210 mm and hollow @ 210x140 mm. The
billets under research were cast into sand molds
250 mm high to exclude the effect of end cooling,
in one of which a rod was used to form an internal
cavity. After casting, templates were cut from the
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1 —zone of equiaxed small crystals; 2 — zone of columnar crystals; 3 — zone of misoriented crystals

Figure 1 — Macrostructure of solid and hollow billets

billets at a distance of 100 mm from the end to
analyze the structure and chemical composition.

The macrostructure and the degree of
development of internal defects were determined
according to GOST 10243-75 “Steel. Test methods
and evaluation of macrostructure" after etching in
50% HCI solution at a temperature of 60° C for 40
minutes. Microstructures were researched by GOST
8233-86  “Steel.  Microstructure  Standards".
Preparation of thin sections for work on a
microscope was carried out according to a
technique that included surface polishing, etching
of thin sections in a 20% aqueous solution of HNOs.
The microstructure was revealed by etching in a 4%
HNOs solution. The study of the microstructure was
carried out using an Olympus BX53M microscope
by optical metallography.

To assess the liquation, the chemical
composition was determined on an optical
emission spectrometer SPECTROMAXx by the

spectral method according to GOST R 54153 “Steel.
Method of atomic emission spectral analysis”.

Determination of contamination and
identification of nonmetallic inclusions was carried
out on microsections sampled over the billets
section using optical microscopy on Olympus
BX53M and X-ray spectrometry using a
multichannel spectrometer CPM 25. Contamination
of the microsections was assessed separately for
oxide, sulfide and oxysulfide inclusions. The
calculation of contamination with non-metallic
inclusions was carried out by GOST 1778-70
"Metallographic methods for the determination of
non-metallic inclusions" (method L).

Durometric research of microstructures were
carried out using a PMT-3 microhardness tester
with a load of 20-100 g.

Research results and discussion

Macrostructure. The main structural zones
characterize the macrostructure of the templates
under research (Figure 1): the cortical zone, the
zone of columnar crystals, and for a solid billet,
there is also a zone of misoriented crystals.

The zone of small equiaxed crystals consists of
crystallites with a short length, a solid billet 18 mm,
and a hollow billet 8-9 mm. An increase in the
thickness of the solidifying layer, due to the
formation of a developed cortical zone, leads to a
decrease in the solid phase advance intensity.
Simultaneously, the value of the temperature
gradient remains sufficiently high, which leads to
the formation of elongated columnar crystals. The
lengths of columnar crystals zones for solid and
hollow blanks are 30 mm and 22 mm, respectively.

The absence of a pronounced zone with
misoriented crystals in a hollow billet indicates an
improvement in the cooling effect's efficiency on
the surface of continuously cast billets during
casting in comparison with a solid billet.
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Figure 3 — Distribution of non-metallic inclusions over the section of the billet

The obtained macrostructures during casting of
a hollow billet confirm more favourable conditions
for heat removal, a greater intensity of solid-phase
advance, and a more homogeneous steel structure.

Durometric studies were carried out to assess
the homogeneity of the structure of templates of
solid and hollow blanks. Figure 2 shows the
measurement results.

The microhardness values at a load of 25 g
confirm a more homogeneous structure for the
hollow blank.

Non-metallic inclusions. Analysis of non-
metallic inclusions identified by X-ray spectrometry
showed the presence of oxide (Al,0s), sulfide (CaS)
and oxysulfide (Al,0s-CaS) compounds, the cause of
which is the use of deoxidizers (Al) and modifying
additives (Ca).

The distribution of non-metallic inclusions over
the billet section is shown in Figure 3.

Analysis of the distribution of nonmetallic
inclusions over the cross-section of a solid billet
showed that the distribution is of a hopping pattern
associated with the conditions for changing heat
removal and changing crystalline zones.

The results, in Figure 3, show that the content
of inclusions increases when approaching the
centre of the billet, but this increase is not
monotonic. At a distance of 45-50 mm from the
edge of the solid billet, corresponding to the
columnar crystals zone's boundary, the content of
oxide and oxysulfide inclusions increases, then, as
the billet axis approaches, the range of inclusions
reaches its maximum value. The uneven
distribution of non-metallic inclusions is due to the
solidification features of the misoriented crystals
zone. A decrease in the temperature gradient due
to a reduction in the solid phase advance intensity
causes the intensive development of liquation.
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Figure 4 — Distribution of liquidation elements over the section of the billet
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Analyzing the hollow billet structure, it can be
noted that there is a uniform distribution of all
types of non-metallic inclusions. This indicates a
higher rate of solid-phase advance due to double-
sided cooling and lower billet section values.

Chemical heterogeneity. To research the
processes of segregation of continuously cast
billets, spectral chemical analysis was carried out
with a given distance of at least 12 mm, taking into
account the burnout diameter of 10 mm. Figure 4
shows the results of spectrometric analysis.

Surface layers of continuously cast billets,
solidified under intensive solid-phase advance
conditions, have a more uniform distribution of
elements and a low degree of segregation. A
change in the chemical composition of liquidating
impurities is observed in the case of a solid billet
when passing through the boundaries of crystalline
zones.

In the central part of the solid billet, an increase
in all elements' concentration was recorded. An

outside

outside

increase in chemical inhomogeneity in the axial part
of continuously cast billets is explained by a change
in the conditions of heat removal and the formation
of equiaxed crystals zone, which solidifies under
conditions of a minimum temperature gradient and
maximum concentration overcooling.

Regarding the change in the content of
liguidating elements over the hollow billet section,
it should be noted that liquation appears
insignificantly due to the significant development of
the intense heat removal zone.

Microstructure. The research of hollow and
solid billets microstructures showed a ferrite-
pearlite structure (Figure 5).

A solid billet, ferrite (F), and pearlite (P) grains
have an irregular shape with sharp corners. An
increase in the size of ferrite and pearlite grains is
observed along the section of the billet. The phase
components' shape changes from more equiaxed in
the cortical zone to elongated in the dendrite zone
and polygonal in the axial part of the billet.

middle of the wall thickness

Figure 5 — Microstructures of billets (x100)
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Both cases are characterized by acicular ferrite
in the form of Widmanstatten ferrite, which is
formed with a significant degree of liquid metal
overcooling and differing in the degree of ferrite
dispersion. The cast billets' obtained
microstructures confirm the change in the values of
the previously presented microhardness results.

Conclusion

The research results confirmed the
improvement in the structure of the hollow billet
after casting in comparison with the solid one.
Simultaneously, the absence of the billet central

part allows avoiding the occurrence of such defects
as axial porosity and segregation. Microstructure
analysis showed a more dispersed structure in the
hollow billet due to better cooling conditions. A
more favourable distribution of non-metallic
inclusions and liquidation elements is also observed
in the hollow billet. Thus, the purpose of the
research was achieved and the feasibility of using a
hollow billet for the production of seamless oil and
gas pipes was confirmed.
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TYRIHAEME

By/Nl XYMbICTA Y34JKCI3 Kyl HITUMKeCiHAE a/blHFaH TyTac »KaHe Kybic 60/i1aT paibiHAaManapapiy,
KYPbINbIMbIH 3epTTey HaTUxKenepi KenTipinreH. XikKci3 bICTbIKTal NpoKaTTanfaH Kybbipnap eHaipiciHae

KyblC AalblHAamaHbl 6actankpl peTiHAe naiganaHy oOpbIHAbINbIFbIH Herizgey ywiH 6eiimeTtann

Makana kengi: 28 aknax 2021
PeueH3eHTTeH oTTi: 10 Haypbi3 2021
Kabbinganabl: 04 mameip 2021

KipiHAiNnepaiH, MaKkpo- XaHe MUKPOKYPbINbIMAAPAbIH, TapanyblHa, COHAAN-aK KypblIbIMAbIK aliMaKTap
60VibIHIIA NNKBALMAFA CaNbICTbIPManbl Tanaay XKyprisingi. Kybic AalibiHAaMaHbIH MaKpPOKYPbINbIMbIH
Tangay KesiHge eKi alikbiH aliMaK aHbIKTaNAbl: TeH OCbTi YCaK *KaHe 6afaHanbl Kpuctanaap, 6yn oHbl

KaTTbl AaﬁblHAaMaMeH CanbICTblpfaHAa, 6afbITTanfaH Kpuctangap aﬁManlelH, 60!1MaybIMeH

epeKkweneHgipeni. byn e3 KeseriHae OCbTIK KeyeKTiNiK NeH /JIMKBAUMA CUAKTbI aKaynaphpbl KOkofa

KemekTecegi. Kybic AaiiblHAAMaHbl Kylo Ke3iHAE MaKpOKYPbIIbIMHBIH, aKCcapTblifaH canacbl blay

6epyaiH, HEFYP/IbIM KONaMNbl KaFdalNapbIMEH KOHE €Ki KaKTbl Ca/JKbIHAATY KaHe 6anKbIMaHbIH,
KeNgeHeH, KMMacbiHblH, reomeTpuacbiHa 6aitnaHbiCTbl a3 weryi ecebiHeH KaTTbl dasaHblH, MKblIXKY

KapKbIHABINbIFbIMEH TyCiHAipineai. OKcuATi, cynbduATI KaHe OoKcucyNbdUATI  KOoCbiNbiCTapaaH

TypaTbiH 6eimeTann KipiHginepaiH, CoOHAan-aK MMKBaLMANAHATbIH 3NeMeHTTEPAIH, Tapanybl 0NapablH,

HerisiHeH KpucTanabl almakTapAblH, WeKapanapbiHAa, an TyTac AaiblHAAMa YLWiH KSHE OpTanblK

6enirinae WofbipNaHFaHblH KepceTTi. byn dakT KapKblHAbI Kby LWblFapy almarbiHbIH, AaMyblHA
6alinaHbicTbl. TyTac aHe KybIiC AaliblHAAManapAplH, MUKPOKYPbLIIbIMAAPbIH 3epTTey KesiHge eki

XKafpaiaa ga depput-nepaut Kocnacokl 6aiikanafbl. Kybic AaiibiHAaMaHbIH, MUKPOKYPbINbIMbI YAKEH

AancnepcuameH cunaTttanaagbl, 6¥I1 APOMETPUANDIK elemaepmMeH pactanagbl.
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CpaBHUTENbHbDI aHaNU3 CTPYKTYPbI CM/IOWHbIX U NOAbIX CTa/IbHbIX INTbIX

3arotoBokK
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2 MIHcmumym memansnypauu, Ypansckoe omdeneHue Pocculickol akademuu Hayk, EkamepuHbype, Poccus

* dnekmpoHHaa noyma aemopa: aray_zhakupova86@mail.ru

AHHOTALUMUA

B paHHOM paboTe npuBeAeHbl pesynbTaThl UCCAEL0BaAHUA CTPYKTYPbl CRAOLIHBIX M MOJbIX CTasbHbIX
3aroTOBOK, MO/MYYEHHbIX HEMPEepbIBHOM pasnuekol. [na  obocHOBaHWMA  LenecoobpasHoCcTv
NPUMEHEHWA B KayecTBe WMCXOAHOM, NMpU MPOM3BOACTBE GECLIOBHbIX ropAvyeKaTaHbix Tpyb, monoi

CraTba noctynuna: 28 gespans 2021 3arOTOBKM, MPOBEEH CPABHUTE/bHbIM aHaAM3 pPacrpeAeNeHnNs HeMeTaNIMUYECKUX BK/IOUEHNIA,
PeueH3nposaHue: 10 mapma 2021 MaKpO- M  MUKPOCTPYKTYPbl, @ TaKXe JIMKBAUMW NO CTPYKTYpHbIM 30Ham. [lpu aHanuse
MpuHATa B Nevatb: 04 mas 2021 MaKpPOCTPYKTYPbl MO0 3arOTOBKM BbIABNEHO ABE APKO BbIPAXKEHHbIX 30H: PABHOOCHBIX MENKUX U

CTONBYATBLIX KPUCTANIOB, YTO OTIMYAET €€, B CPABHEHUM CO CMIOLWHOW 3arOTOBKOW, OTCYTCTBMEM 30HbI
Pa3oPUEHTUPOBAHHbBIX KPUCTannoB. ITO, B CBOK oyepedp, CMOCOBCTBYET WCKIOUYEHUID TaKUX
nedeKToB, KaK 0ceBas MNOPUCTOCTb M JIMKBAUMA. YNy4WEHHOe KayecTBO MaKPOCTPYKTypbl Npu
pasnvBKe MNOAON 3aroToBKM 0bbsAcHaeTcA 6osee 61aronpuATHLIMU  YCAOBUAMM TEMA00TBOAA M
60NblUeit MHTEHCUBHOCTBIO MPOABUNKEHUA TBEPAOW Gasbl 3a CYET ABYCTOPOHHEro OXNaXKAEHWUA U
MeHblUEel YyCaflKW pacniasa BBWAY €e TeOMeTpUM MNONepevyHoro ceveHus. Pacnpepenexve
HEMETA//IMYECKMX BK/IOYEHMUI, COCTOALMX W3  OKCUAHbLIX, CYyAbOUAHBIX U OKCUCYNbOUAHBIX
COEVMHEHUM, a TaKKe NMKBUPYIOLLMX 3NEMEHTOB, NMOKA3ano, YTO OHU KOHLEHTPUPYIOTCA B OCHOBHOM
Ha rPaHULAX KPUCTaNNMYECKUX 30H, @ A/1A CNJIOWHOM 3aroTOBKM M B LEHTPaNbHOM YacTu. [aHHbIv
baKT BbI3BaH  PA3BUTMEM 30HbI MHTEHCMBHOrO TEMI00TBOAA. [PU MCCAELOBaHUM MUKPOCTPYKTYP
CNMIOWHOM M NOMOW 3aroTOBOK B 060MX ciydasx Habaogaetca ¢eppuTHO-NEpAUTHAS CMECh.
MMUKPOCTPYKTypa NOMON 3aroToBKWM OTAMYaeTcA 6oNblueit AUCNEepPCHOCTbIO, UYTO MOATBEPHKAEHO
AOPOMETPUYECKUMMN U3MEPEHUAMM.

Knroyeeble cno6a: HenpepbiBHAsA pPa3NMBKa, JIMKBAUMA, MaKPOCTPYKTYpa, HemeTanamuyeckue
BK/IHOYEHUA.
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