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Abstract. The substantiation of the relevance of obtaining continuous cast steel pipe hollow billet is given from the position of improving the quality 

of pipes made of carbon and alloy steels is given. The article presents an assessment of the quality of the inner surface of pipes made of solid steel 
pipe billet. A new technology is proposed for the production of hollow steel pipe billets on a resource-saving unit of combined continuous casting 
and deformation. The photo of the continuous casting and deformation section of JSC Ural Pipe Plant is given, where a pilot unit of combined 
continuous casting and deformation is installed. The paper presents the results of a theoretical study of stress-strain state of the mandrel and 
sections of a pipe billet when it is compressed by the strikers of the unit of combined continuous casting and deformation. The authors discuss 
the general model of the mold – striker system. The initial data on calculation, dimensions of the hollow pipe billet and a description of the cali-
bration of strikers for compression of a hollow steel billet are given. The temperature field of a hollow billet was determined. To simulate the 
stress-strain state of the metal in the roll pass and the mandrel, four contact pairs were considered. Calculations were made by the finite element 
method. The dimensions of the final element in the roll pass of hollow billet were determined. The authors established the values and patterns 
of changes in metal displacements and axial stresses in the roll pass during the production of hollow steel billets in the unit of combined continu-
ous casting and deformation (strikers are made along a constant radius). The stress state of metal in the roll pass was assessed from the standpoint 
of improving the quality of hollow steel billets. 
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 Introduction

In light of the increased output, expansion of the seamless 
pipes range, and the strengthening of quality requirements, 
there is a pressing need for research related to the develop-
ment of new methods and units for producing continuous 
cast steel pipe hollow billets from carbon and alloy steels. 
It has been discovered that the quality of the inner surface 
of pipes produced from hollow billets is superior compared 
to  pipes rolled from solid billets. This is due to  the  fact 
that  segregation and shrinkage porosity are located within 
the wall of continuous cast hollow billets, whereas they are 
concentrated in the core zone of solid billet.

A new technology has been developed for the industrial 
production of steel pipe hollow billets using a unit for com-
bined continuous casting and deformation (Fig. 1) [1 – 3]. 

The  proposed technology involves the  formation  of  a 
steel annular shell with a wall that contains the liquid phase 
in a single-piece copper mold. This is followed by the com-
pressing of the wall crusts using strikers, resulting in the dis-
placement of  the  liquid phase. Afterward, the  hardened 
shell wall is compressed around its entire circumference in 
a single pass, and the finished hollow billet is calibrated.

 Research materials and method
 

A theoretical study was undertaken to evaluate the new 
technology for producing hollow steel billets and to estab-
lish the fundamental parameters of the unit. A general model 
of  the mold, striker, mandrel, and wall crusts of a hollow 
billet is depicted in Fig. 2. Dimensions of  the  deforma-
tion  areas during bending and compressing of  the  hol-
low billet walls by the  strikers, the  calibration  section, 
and the  mandrel are provided. In order to  achieve this, 
it is essential to  determine the  stress-strain state  (SSS) 
of the metal in the deformation zones during bending and 

compressing of the hollow billet wall, as well as when sub-
jecting the mandrel to  stress during production of  a steel 
hollow billet in the unit. 

The elastoplastic contact problem, taking into account 
significant displacements and deformations, was solved 
to compute the SSS [4 – 6].

The  calculations were performed using the  finite ele-
ment method within the  versatile ANSYS  15.0 software 

Fig. 1. Unit of continuous casting and deformation:
1 – induction furnace; 2 – DC electric motor; 

3 – synchronizer geared system; 4 – bed

Рис. 1. Установка непрерывного литья и деформации:
1 – индукционная печь; 2 – электродвигатель постоянного тока; 

3 – редуктор-синхронизатор; 4 – станина установки
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Аннотация. Приводится обоснование актуальности получения непрерывнолитых стальных трубных полых заготовок с позиции 

улучшения качества труб из углеродистых и легированных сталей. Представлена оценка качества внутренней поверхности труб, 
прокатанных из стальных сплошных трубных заготовок. Предлагается новая технология получения стальных трубных полых заготовок 
на ресурсосберегающей установке совмещенного процесса непрерывного литья и деформации. Приводится фотография участка 
непрерывного литья и деформации ОАО «Уральский трубный завод», показана опытная установка совмещенного процесса непрерывного 
литья и деформации. Статья содержит результаты теоретического исследования напряженно-деформированного состояния оправки 
и участков трубной заготовки при обжатии ее бойками установки совмещенного процесса непрерывного литья и деформации. В статье 
рассматривается общая модель системы кристаллизатор – бойки. Приведены исходные данные для расчета, размеры полой трубной 
заготовки и описание калибровки бойков для обжатия стальной полой заготовки. Рассматривается температурное поле полой заготовки. 
Для моделирования напряженно-деформированного состояния металла в очагах деформации и оправке рассматриваются четыре 
контактные пары. Излагается методика расчета с использованием метода конечных элементов и приводятся размеры конечного элемента 
в очагах деформации полой заготовки. Установлены величины и закономерности изменения перемещений металла и осевых напряжений 
в очагах деформации при получении стальных полых заготовок на установке совмещенного процесса непрерывного литья и деформации 
(бойки выполнены по постоянному радиусу). Авторы дают оценку напряженного состояния металла в очагах деформации с позиции 
улучшения качества стальных полых заготовок при получении на установке непрерывного литья и деформации. 
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package [7 – 9]. Fig. 2 provides a comprehensive overview 
of the components of the unit of combined continuous cas
ting and deformation, which forms the basis of the calcula-
tion model. The key dimensions are as follows: outer pipe 
diameter  – 100 mm, mandrel diameter  – 60 mm, internal 
mandrel channel  – 10 mm, calibrating section  length  – 
60 mm, deformation  zone  – 49 mm, crust thickness in 
the bending zone – 15 mm, and a 30 mm liquid phase situated 
between the crusts where ferrostatic pressure has an impact. 
The  tilt angle of  the striker working surface is 12.5°, and 
the mandrel tilt is 1°. The temperature of the inner surface 
of  the  pipe billet shell, specifically on  the  side subjected 
to  ferrostatic pressure, is 1450 °C, while the  temperature 
of the outer surfaces of the shells (in contact with the mand

rel, mold walls, and strikers) is 1200 °С. The temperature 
distribution follows a logarithmic law across the thickness 
of the mandrel and shells. The temperature of the pipe billet 
as it enters the striker is assumed to be 1200 °С, and after 
it exits the striker, it drops to 1000 °С. The angular speed 
of the eccentric shafts is 40 rpm. At this speed, the contact 
time of the billet with the strikers during the working stroke 
is 0.375 s, while the idle time is 1.125 s. Both the mandrel 
and the  striker are made from steel grade 4Kh4VMFS, 
while the  pipe billet is composed of  steel grade 09G2S. 
article [1] discusses the dependence of the elastic modulus 
and the resistance to plastic deformation on the degree, rate 
of  deformation, and temperature for the  steel under con-
sideration. Graphs illustrating this dependence are provided 
for the temperature range of 1200 – 1450 °С.

To  calculate the  stress-strain state of  the  mandrel and 
various sections of the pipe billet while it is being compressed 
by the strikers moving along the eccentric shaft, a finite ele-
ment model was developed  [10 – 12]. This model encom-
passes the  crusts of  pipe billet inside the  mold, the  mold 
walls in contact with the crusts, the mandrel, the bending 
section, and the deformation and striker zones. In this con-
text, the  crusts inside the  mold, the  mandrel, the  bending 
section, and the deformation zone are treated as solid bod-
ies. The material of these components, as well as the calibra
ting section, is assumed to be elastoplastic. The striker and 
the mold walls are modeled as perfectly rigid, which simp
lifies the problem’s dimensionality  [13 – 16]. The primary 
dimensions of  the  model elements are depicted in Fig.  2. 
The finite element mesh utilizes SOLID185, CONTA 174, 
and TARGE 170 elements. The size of the finite element in 
the bending zone, deformation zone, and the calibrating sec-
tion is set to 1 mm, while in other areas, it is 2 mm. 

Four contact pairs were established to  replicate 
the  stress-strain conditions of  the  mandrel, the  bending 
zone, and the deformation zone: between the mandrel and 
the bending and deformation zones; between the inner crust 
of  the  billet inside the  mold and the  mold wall; between 
the outer crust of  the billet within the mold and the mold 
wall; between the  bending section  zone, the  deforma-
tion zone, and the working surface of the striker.

To simplify the calculation due to symmetry, the analy-
sis was performed on  one quarter of  the  elements within 
the  model. Consequently, kinematic boundary condi-
tions (ensuring the  absence of  normal displacements) 
were imposed on  the  symmetry surfaces. The  simula-
tion involved compression of the billet by the striker, caus-
ing a 5 mm displacement of  the  striker along the  X-axis, 
along with a simultaneous downward motion of the striker 
by 5 mm (displacement along the Z-axis). 

 Results and discussion

The  calculation  results are presented along the  lines 
passing through specific points (Fig. 3), located in the  Y 
plane at Y = 0.

Fig. 2. Geometry of the mandrel, crusts in the mold, 
bending zone, roll pass, and striker:

a – general model; b – model elements

Рис. 2. Геометрия оправки, корочек в кристаллизаторе, 
зоны гибки, очага деформации и бойка:
а – общая модель; b – элементы модели



Известия вузов. Черная металлургия. 2023;66(4):485–491.
Лехов О.С., Михалев А.В., Непряхин С.О. Напряженное состояние системы заготовка – оправка при получении стальной ...

488

The  compression  force exerted by the  striker along 
the X-axis amounts to 722 MPa, along the Y-axis it mea-
sures 399 MPa, and the  pulling force along the  Z-axis is 
42 MPa.

The  calculation  results are tabulated in the  following 
table, specifying the particular values of displacements and 
stresses at points 1 – 15. Since the maximum and minimum 
values of these parameters do not consistently correspond 
to points 1 and 15, the maximum and minimum displace-
ments and stresses along these three lines are additionally 
provided. 

The  distribution  of  stresses in the  deformation  zones 
along the  three reference axes (SX, SY, SZ) is illust
rated in Figure 4, depicting the  compression  of  the  bil-
let by the striker by 5 mm while simultaneously lowering 
the striker by 5 mm, with the working surface of the striker 
oriented along the fixed radius.

The  axial stress diagrams reveal that, as the  strikers 
compress the hollow billet, the maximum compressive stress 
SX reaches –147.9 MPa on their contact surface at point 3. 
Concurrently, stresses SY and SZ are significantly lower or 

Results of calculation of displacements and stresses 

Результаты расчета перемещений и напряжений  

Point
Displacement, mm Stress, MPa

UX UZ SX SY SZ SXZ
Results along the line passing through points 1 – 5

1 –3.2 0.8 –0.5 –32.8 –7.0 –0.5
2 –4.1 –1.1 –91.2 –42.0 –3.1 –6.8
3 –5.0 –4.8 –147.9 –102.2 –86.4 –19.8
4 –0.2 –5.2 –0.2 19.8 17.5 –0.1
5 0 –5.2 –1.7 –8.7 –0.7 0.3

Min along the line 1 – 5 0 1.1 0.2 22.7 24.1 16.1
Мах along the line 1 – 5 –5.0 –5.2 –147.9 –102.2 –105.4 –22.9

Results along the line passing through points 6 – 10
6 –3.3 1.8 0.6 –3.6 11.9 3.0
7 –2.0 –0.1 –83.5 –39.9 –32.3 –6.8
8 –2.9 –3.7 –164.6 –89.0 –53.0 –4.2
9 –0.4 –5.5 –37.8 –19.4 –26.9 –17.2
10 0 –5.2 –8.8 –6.9 0.1 –0.2

Min along the line 6 – 10 0 1.8 0.9 13.7 13.7 3.8
Мах along the line 6 – 10 –4.0 –5.5 –164.6 –89.6 –56.3 –20.9

Results along the line passing through points 11 – 15
11 0 0.2 0 –1.0 –7.9 –0.1
12 –0.1 0 –94.4 –68.3 –60.2 25.2
13 –0.2 –1.4 –175.5 –116.4 –102.4 –44.6
14 0 –5.2 –48.6 –16.1 –14.1 –14.5
15 0 –5.2 –15.7 –10.0 –0.1 –4.5

Min along the line 11 – 15 0 0.6 0 10.9 1.6 25.2
Мах along the line 11 – 15 –0.2 –5.3 –179.0 –116.4 –102.4 –49.9

Fig. 3. Position of the points to represent the calculation results

Рис. 3. Положение точек для представления результатов расчета
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equal to –102.2 and –86.4 MPa (Fig. 4). The highest shear 
stress, SXZ, at  point 3 is 19.8 MPa. As we move along 
the  line where the  wall crusts of  the  hollow billet meet, 
the  nature of  axial stresses changes. The  highest value, 
which is –164.6 MPa, corresponds to stress SX at point 8, 
while stresses along the  other reference axes are notably 
lower (Fig. 4, b and Table). It’s worth noting that the maxi-
mum axial stresses, SX, SY and SZ, are observed on the con-
tact surface of the billet with the mandrel at point 13, with 
values of  –179.0, –116.4 and –102.4 MPa, respectively 
(Fig. 4, c). Additionally, the maximum shear stress is also 
located at this point, measuring 44.6 MPa. 

The  results presented demonstrate that  during 
the cyclic deformation of the hardened steel shell wall by 

the  strikers, significant compression  stresses, reaching up 
to –179.0 MPa, occur along all three reference axes. This 
indicates that the shell wall, when compressed by calibrated 
strikers, experiences nearly uniform compression from all 
directions. This is particularly significant when processing 
continuously cast metal to produce high-quality steel hol-
low billets [17 – 20].

 Conclusion

The article details a new technology for producing hol-
low steel billets using a resource-efficient and compact 
unit for combined continuous casting and deformation. 
The study revealed distinct patterns in metal displacements 

Fig. 4. Nature of stresses along the line drawn through points 1 – 5 (a), 6 – 10 (b) and 11 – 15 (c) 

Рис. 4. Характер напряжений по линии, проведенной через точки 1 – 5 (а), 6 – 10 (b) и 11 – 15 (c) 
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and axial stresses within the cyclic deformation zones dur-
ing the production of hollow steel billets using the unit. It 
was observed that when the wall of a hollow billet under-
goes deformation, the metal experiences uniform compres-
sion from all directions. This phenomenon greatly contri
butes to the production of high-quality steel pipe billets. 
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