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CAST HOLLOW BILLET STRUCTURE SIMULATION
MODELING FOR OIL GRADE PIPES

Simulation modeling of hollow billet casting processes for the production
of seamless oil grade pipes was performed. The aim of the work was to study the
influence of geometric shape on the quality and properties of a continuously cast pipe
billet. Modeling parameters, initial and boundary conditions were selected taking
into account the conditions of the current production. The object of the study was
a pipe billet with a diameter of 210 mm. When modeling the process of casting and
solidification of billets, low-alloy structural chromium-molybdenum steel was used.
For the simulation processes, three-dimensional models of billets were created, as
well as models of shapes. Several factors were taken into account when modeling
continuous casting and crystallization of a hollow billet: casting speed, chemical
composition of the alloy being poured, casting temperature; geometric dimensions
of the billet section. Modeling of hollow billet casting in the «LVM Flowy software
package predicted the non-shrinking structure formation a decrease in microporosity
(more than 0.85 according to the Niyama criterion) of the billet. As a result of
simulation modeling, the improvement of the structure is theoretically confirmed
when using a hollow steel billet as a starting point for the production of seamless
hot-rolled pipes. There were no signs of shrinkage and microporosity on the hollow
billet exceeding the permissible value according to the Niyama criterion.

Keywords: hollow billet, steel, modeling, pipe, 25CrMoV.

Introduction

Close conditions for the production and distribution of hydrocarbons cause a
constant increase in the oil industry requirements to the pipe products properties level.
This requires the intensification of work to improve the technological properties and
quality indicators of continuously cast billets used for the seamless pipes production
[1]. To obtain high strength characteristics of pipes, it is necessary to manufacture a
high-quality continuously cast billet with minimal chemical and structural heterogeneity.
Improving the quality indicators of continuously cast blanks requires technological
processes optimization of continuous steel casting based on modeling.

There is a problem of continuously cast billets internal defects intended for the
production of seamless oil grade pipes. Improving the production of continuously
cast billets, which allows to reduce the level of pipe defects, is relevant to increase the
competitiveness of domestic metal products [2,3].

The work purpose is to study the influence of the shape on the pipe billet quality and
properties. At the present stage of steel production development, the continuous casting
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process is the most rational way to obtain blanks for the seamless pipes production.
Distinctive features of a continuously cast billet are high crystallization rates and a
short duration of its complete solidification. The axial zone of cast billets is the thermal
center that hardens last. When solidifying a continuously cast billet in conditions of a
deep, highly elongated location of the crystallizing metal well, significant convective
flows are formed. These flows enhance axial segregation in a continuously cast billet
and cause the formation of porosity and segregation spots in the axial zone. At the
same time, an area of metal depleted by alloying impurities is often formed around the
segregation spot [4,5].

As aresult of the study [6], it was found that a two- or three-zone structure is formed
in a continuously cast billet, depending on the extent of the two-phase state zone. For
billets of large cross-sections, a three-zone structure is formed: the peripheral zone of
small crystals, the zone of columnar crystallization, which has limited development,
and differently oriented crystals in the axial zone.

In [7], a diagram of the continuously cast solidification process a billet. At the first
stage of solidification, a relatively uniform advance of columnar crystals solidification
front of occurs. At the second stage, the uniform advance of the front is disrupted. Part
of the columnar crystals grows faster, and there are prerequisites for the formation of
bridges in the middle uncured part of the billet. At the third stage, bridges are formed
as a result of the closure of the solidification fronts. These bridges are formed when
columnar crystals meet and as a result of the large crystals lowering that are “entangled”
between the solidification fronts. At the fourth stage, the bridges thicken and strengthen.
There are remnants of liquid metal under the bridges, which hardens similarly to metal
in a conventional mill, but at a much lower speed. Micro-heterogeneity in local volumes
can be almost completely eliminated as a result of heating before deformation and
deformation itself. Improving the macrostructure of a continuously cast billet requires
a wide zone of solid-liquid state with a solid phase predominance, where the course of
shrinkage and segregation phenomena is limited.

The quality of seamless pipes is largely determined by the initial billet quality. The
production process of rolled metal products includes a number of alterations, each of
which contributes to the formation of the final complex of metal properties. Nevertheless,
in most cases, the foundations for the formation of planned characteristics are laid
primarily in steelmaking. Defects formed due to deviations from a given technology
significantly reduce the technological plasticity of the metal during its further processing
and operation.

A modern, relatively new technology for the production of high-quality seamless
pipes is the use of initial hollow continuous cast billet. To date, there are enough known
methods of forming an axial cavity in the billet. Methods of forming hollow billets
directly from the melt have advantages. For example, a billet with a large cross-section
entering rolling always has an increased carbon content and most impurities in the axial
zone [8]. The low plasticity of the billet with a high metal impurities content in the axial
zone creates a risk of ruptures during subsequent rolling. Ruptures and accumulations
of impurities are stress concentrators and greatly reduce the fatigue strength of finished

136



HAYKA N TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

pipes. In this regard, the absence of the axial zone continuously cast metal billet is
advisable.

It seems promising to study the formation of hollow billets directly from the melt.
The advantages of a hollow billet are manifested at the stage of subsequent deformation
processing. The cavity prepared during casting, made strictly axially, avoids the
appearance of a large difference during subsequent piercing of the billet on a cross-
screw mill [9,10].

Materials and methods

Computer simulation of forming process a hollow continuously cast billet in «LVM
Flow» postprocessors has been performed. The object of the study is a pipe billet with
a diameter of 210 mm made of 25CrMoV steel, the chemical composition of which is
given in Table 1.

Table 1 — Continuously cast billet steel chemical composition, %
C Si Mn Ni S P Cr Mo \ Cu
0.25 0.19 0.56 0.11 0.004 0.009 1.63 0.33 0.17 0.13

The following requirements for the billet were taken into account: the macrostructure
of'the pipe billet should not have cracks, bubbles, crusts, foreign metal and slag inclusions
and flakes. The permissible defects of the macrostructure normalized in points should
not exceed the norms specified in Table 2.

For simulation processes, three-dimensional models of billet, as well as tools
(crystallizer and mandrel) were created in the Compas 3D program. Next, three-
dimensional models were imported into «kLVM Flow». «LVM Flow» is a program for
analyzing various foundry technologies, built on a modular principle and consisting of
several modules, the work in which is performed sequentially. The initial and boundary
conditions were set for the calculation: steel grade, material and size of the crystallizer
for casting, initial temperature of the tools, melt temperature and casting speed. Alloys
were selected in the materials database [11].

Table 2 — Permissible defects in the macrostructure of the pipe billet in points, no more

Steel class center edge pomnt light stripes | axial segregation segregation
porosity contaminations stripes
Alloyed 2 1 3 2 1
Unalloyed 3 2 3 3 2

When modeling in the processor module «Solidification», phase transitions and
gravity were taken into account. Solidification in the program was analyzed on the basis
of the thermal conductivity theory, taking into account the peculiarities of solidifying
melt and shape heat transfer. The solution of the problem was based on the kinetics of
the increase in the solid phase volume of the solidifying melt and the advance of the
solid metal front. The ability of the crystallizer to remove heat, the thermophysical
properties of the melt and the crystallizer design were taken into account. Metal seemed
to be a continuous medium. To analyze the result of melt pouring and crystallization, the
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Niyama criterion was used to assess the microporosity of the metal. The shrinkage of the
metal was taken into account to assess the reduction in volume and linear dimensions
during solidification [12].

Several factors were taken into account when modeling continuous casting of a
hollow billet: casting speed, chemical composition of the alloy being poured; casting
temperature; geometric dimensions of the billet section. The temperature of the casting
beginning was assigned to 80—100 °C above the melting point of steel. The casting speed
corresponded to that used at the operating plant of «kKSP Steel» LLP. The microporosity
index, the Niyama criterion, is taken as the output parameter Niy (1):

Niy = G/vR (1)

where G, R are the temperature gradient and the cooling rate in the region under research,
respectively, when the point is in a two-phase zone near the solidus temperature [13,14].

Results and discussion
All the specified input and output parameters were used in the simulation of

continuous casting in «KLVM Flow». The factors and their variation levels are given in
Table 3.

Table 3 — The factors and their variation levels

Name of factors -1 0 +1

X, — casting speed, tons/min 0.271 0.273 0.275
x, — casting temperature, °C 1600 1655 1710
X, — cross-sectional area,10* m? 333.1 339.7 346.2

For a three-factor experiment, the planning matrix will contain N=2°=8 experiments
according to Table 4.

Table 4 — Planning matrix

Experiment number X, X, X,
1 +1 +1 +1 1.52
2 -1 +1 +1 1.65
3 +1 -1 +1 0.87
4 -1 -1 +1 1.58
5 +1 +1 -1 0.89
6 -1 +1 -1 1.64
7 +1 -1 -1 0.69
8 -1 -1 -1 0.95

Regression analysis has produced a mathematical model (2):

y = 1.22 — 0.23%; + 0.20x, — 0.18x3 ()
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After building a mathematical model, a statistical analysis was performed.
Comparison of t-statistics with the tabular value Students coefficient showed that all
coefficients are statistically significant and the regression equation remains unchanged.
The Fischer test confirms the adequacy of the mathematical model.

Thus, the influence of changes in the casting speed, casting temperature and the
cross-sectional area of the billet on the microporosity index has been confirmed. This
model shows that reducing the cross-sectional area has a positive effect on improving
the quality of the billet.

Then, to confirm the influence of casting geometry and technological parameters,
computer simulation of the casting was carried out.

Figure 1 shows the results of modeling a hollow billet, where one feeding point
was used when casting metal.

After completing the casting and solidification process, the shrinkage of the metal was
analyzed (Figure 2). It can be seen that there are no shrinkage defects on the hollow billet.
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Figure 2 — Shrinkage in a hollow billet
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Further, the Niyama criterion was used to determine microporosity [15]. For dense
billet, values of at least 0.85 are considered the norm. The simulation results demonstrate
the occurrence of shrinkage and discontinuity of the metal in Figure 3.

The use of computer simulation systems of metallurgical processes, allows you
to reduce the cost of technology development. The specified modeling conditions: the
casting temperature of the billet is 1600 °C and the speed is 3.6 m/min, the material of
the crystallizer and mandrel when casting a hollow billet is copper. The macrostructure
of the billet is evaluated according to the normative document GOST R 58228-2018
«Continuous cast steel billet. Methods of control and evaluation of macrostructure.

Figure 3 — Microporosity in a hollow billet according to Niyama criterion

There are significant tensile stresses in the axial zone of the billet, which lead to
the destruction of its central zone when the billet meets the toe of the piercing mill
mandrel. If, at the same time, the central zone of the billet is weakened by defects such
as central porosity and axial segregation, then the probability of captivity formation
on the inner surface of the sleeve increases. The defects are small and tightly pressed
to the inner surface of the sleeve, and during subsequent calibration or reduction, such
defects are opened.

Segregation strips and cracks are formed when the temperature and speed regime
of casting the billet is breach. Internal cracks are fractures spreading through the
interaxial spaces of the dendritic structure, enriched with liquates and accompanied
by accumulations of sulfides and phosphorus segregation. Such defects will definitely
lead to the destruction of the metal in the process of casting the billet. When piercing
defective billets with segregation strips, coars scabs and rolled cracks are formed on the
outer and inner surfaces [16]. It should also be noted that an important advantage of the
hollow cast billets use in the pipes production is the rejection of hot deformation at a
temperature of 1250—-1280 °C. In this case, the danger of the oxides and scale formation
on the product surface is eliminated, the products quality is improved and energy costs
for the pipe production process are reduced.
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Conclusions

To predict the structure and properties of a continuously cast billet and the product
obtained from it, the process of casting a hollow billet was modeled. As a result of
computer modeling in «LVM Flow», the improvement of the structure was theoretically
confirmed when using a hollow steel billet as a starting point for the production
of seamless hot-rolled pipes. At the same time, there are no signs of shrinkage and
microporosity on the hollow billet exceeding the permissible value of more than 0.85
according to the Niyama criterion. Thus, the use of a hollow steel billet is advisable
for the production of oil and gas grade pipes. The next stage of research may be to
conduct a laboratory experiment on casting hollow billets, obtaining and examining
pipe samples from them.
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Bacein msirapyra 07.12.23 kaObliganabl.

MYHAW KYBBIPJIAPBIHBIH K¥UBIJIFAH KYBIC
JTAVBIHIAMA CBIHBIH KYPBLJIBIMBIH MOJIEJBIAEY

JKixciz mynaii Kyobipaapwin 6HOIpY YUuliH Kyblc 0alublHOAMAIAPObL KYH NPOYECiH
MoOdenvoey dcypeizindi. JKymvicmoly maxcamol eeomMempusiiblk NiWiHHIY Y30IKCi3
KyUbliean Kyowvlp OatiblHOAMACHIHbIY CANACbl MeH Kacuemmepine ocepin 3epmmey
oondvl. Modenvoey napamempiepi, OACMANKbl JHCOHE WEKAPALIK UWAPIMMAD
asblmMOazbl OHOIPIC HCA2OAUNAPBIH eCKepe OMbIPbIN MAKOAI0bl. 3epmmey HblCAHbl
ouamempi 210 mm KyOuip OatibinOamacsl OONObl. OAUBIHOAMALAPObL KYIO JHCOHE
Kamaimy npoyecin mMooeiboey Ke3iHOe MOMeH NeSUPIeH2eH KYpbLIbLMObIK XPOM-
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Moauboen boramul KoI0auwvLI0bL. IIpoyecmepdi moodenvoey yulin 0atiblHOAMAIapOblLH
yw  eawemoi moolenvoepi, COHOAU-aK NiwiH Mooeavoepi dcacanovl. Kyvic
OaublHOaMansl  Y30IKCi3  KYI0Obl JiCOHEe KPUCMANOAHYObl MoOenboey Ke3iHoe
Oiprewe ¢haxmopnap eckepindi. Kyio HCblA0AMObI2bl, KYUbLIAMbIH KOPbIMAAHLLIH
XUMUSLTBIK KYPAMbL, KYI0 MEeMNepamypacsl;, 0aublHOAMAHbIY KOI0eHel KUMACHIHbIY
eeomempusiivl  omuemoepi. «LVM  Flowy 6az0apramanvly KeuteHinOe KyblC
0atbIHOAMANAPObL KY100bl MOOeb0e)y OAUbIHOAMAHBIY WOSLIMEUMIH KYDblLIbLMbIHbLY
KAIbINMAacyblH  JiCOHe  MUKpOKeyekminieiniy meomenoeyin (Husma KkKpumeputli
oouvinuwa 0,85-men acmam) 6oaxcadvl. Umumayusinwly mooenboey HOmuicecinoe
KYblC 60aam 0aublHOAMAHbL HCIKCI3 bICMbIKMAU uieMoen2en Kyobipaapovl 6HOIpyOiH
bacmankwl Ko3i peminde natdaiany Kezinoe KypoliblMHbIY HCAKCAPYbl MEOPUSILIK,
mypevloan pacmanowvi. Kyvic oavibinoamaoa Husma kpumepuiii OotviHuwa pykcam
emineeH MOHHEH ACAMbIH WUO2Y JHCOHE MUKPO KeYeKMINIK benziiepi anblKmaieau Heok.
Kinmmi ce30ep: Kyvic oaiibinoama, boaiam, mooenvoey, Kyovip, 25XMDA.

A. T. Kaxynosa', A. H. ’Kaxynoé’
2TopaiireipoB yHuBepcutTeT, Pecryonuka Kazaxcraw, r. [TaBnonap.
[IpunsTo k n3nanuto 07.12.23.

MOJIEJMUPOBAHUE CTPYKTYPBI JINTOM
OJION 3ATOTOBKH HE®TSIHBIX TPYB

Ilposedeno  umumayuonnoe MoOoerupogaHue npoyecca AuMvs — NOJbIX
3A20MOBOK 0/ NPOU3600CMEA beculosHblx He@msnvix mpyo. Llenvio pabomwl
ObLIO UCCaeO08aNUe GIUAHUS 2COMEMPULECKOl POPMbL HA KAYECMBO U CBOUCEA
HenpepuleHOAUmo mpyonou 3a2omogxu. Ilapamempuvl Moderuposanus, HaYaIbHble
U epanuunble YCA06Us ObLIU GLIOPAHDL C Y4emOoM YCI08UL MeKYie20 npou3so0cmad.
Obvexmom uccrnedoganus a6aa1acy mpyonas sacomoska ouamempom 210 mm. Ipu
MOOEUPOBAnUL Npoyecca umbvsl U 3ameepoesans 3a20Mo60K UCHOIb308ANACH
HU3KONIe2UPOBAHHASL  KOHCMPYKYUOHHASL — XpoMoMoauboenosas — cmanv.  Jna
MOOEUPOBANUA NPOYECCOB ObLIU CO30AHBI MPEXMePHble MOOEU 3A20MOBOK, A MAKICEe
mooenu popm. [lpumoodenruposanuu HenpepvlHOU paA3IUBKU U KDUCTIATLIUZAYUU NOTOT
3A20MOBKU YUUMBIBALOCH HECKONLKO (PaKmopos: CKOPOCHb PA3IUEKU, XUMULECKUL
coCmas paznueaemozo Cniasd; memnepamypa JIumvs, 2eomMempuiecKkue pamepbi
ceyenus 3acomosku. Mooenupoganue aumvs HOABIX 3A20MOBOK 8 NPOSPAMMHOM
xomnaexkce «LVM  Flowy cnpoenosuposano gopmuposanue 6e3ycadounoll
CMpPYKmMypbl U CHUdICenue muxkponopucmocmu (bonee 0,85 no xpumepuio Husmwl)
3ae0mosKku. B pesynemame umumayuonHozo MOOenUpOBAHUs MeopemuyecKu
NOOMBEPICOCHO  YIVUUleHUe CMPYKMypbl Npu UCTOAb308AHUU NOAOU CMATbHOU
3a20MOBKU 8 Kauecmee UCX0OHOU O0isl NPOU3BOOCEA DECUIOBHBIX COPIYEKAMAHBIX
mpy6. Ha nonoii 3a20moexe ne ulsigneHo NPusHaKos ycaoku U MUKpOnopucmocmi,
NpesuLIUAIOWUX OONYCmUMOoe 3HayeHue no Kpumepuio Husmo.

Knouegvle cnosa: nonas 3a2omoseka, cmaib, mooeauposanue, mpyoa, 25XMPA.
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