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Аннотация. В статье представлены результаты теоретического исследования напряженно-деформированного состояния системы заго-

товка ‒ оправка при производстве стальных полых заготовок на установке совмещенного непрерывного литья и деформации, в которой 
рабочие поверхности калиброванных бойков выполнены с переменным радиусом. Обоснована необходимость выполнения рабочей 
поверхности калиброванных бойков с переменным радиусом и приведены исходные данные для расчетов. Результаты рассматриваются 
по линиям объемной модели, проходящим через характерные точки очагов деформации. Авторы определили усилия при обжатии бойками 
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Abstract. The paper presents the results of theoretical research of stress-strain state of a billet – mandrel system when producing steel hollow billets 

in a unit of combined continuous casting and deformation, in which the working surface of the calibrated anvils are made with a variable radius. 
The necessity of making the working surface of the calibrated anvils with a variable radius is substantiated and initial data for the calculations 
is given. The calculation results are considered along the lines of the volumetric model passing through the characteristic points of deformation 
centers. The authors determined the forces when the anvils compress the wall of a hollow billet and the force of pulling the hollow billet from 
the mold. The laws of metal axial displacements and stresses in the deformation centers during compressing the wall of a hollow billet was established 
at the combined process of continuous casting and deformation in the unit. Nature of the stressed state of the metal wall of a hollow billet is considered 
from the perspective of improving its quality. The technique studied allows to determine the stress-strain state of a mandrel when producing a hollow 
steel billet using such a unit. The authors provided the recommendations for reliable gripping and compression with calibrated anvils of a hollow steel 
billet coming from a water-cooled copper mold of the unit of combined continuous casting and deformation. 
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 Introduction

The study [1] presents the results of calculating 
the stress-strain state of the metal in the deformation cen-
ters during the production of steel hollow billets in a unit 
of continuous casting and deformation, where the work-
ing surfaces of the anvils are made with a constant radius. 
This paper presents the results of calculating the ben-
ding zone and the deformation center of the tube during 
the compression of the billet by 5 mm with simultaneous 
lowering of the anvil by 5 mm, where the anvil’s working 
surface is made with a variable radius. This configuration 
allows for reliable gripping and compression of the hol-
low billet by the anvils as it exits the unit’s mold.

 Calculation results

The simulation involved compressing billet by 5 mm 
(anvil movement of ‒5 mm along the X-axis) with simul-
taneously lowering the anvil by 5 mm (anvil movement 
of ‒5 mm along the Z-axis).

The results are presented through points along lines in 
the Y = 0 plane (Fig. 1).

The nature of the displacements and stresses is illus-
trated in Figs. 1 and 2.

In the Cartesian coordinate system, the displacement 
and stress lines align with those in the cylindrical coordi-
nate system [2 ‒ 4].

During compression of the hollow billet wall by 
the anvils, the force along the X-axis is 694 kN, and along 
the Y-axis, it is 384 kN. The pulling force of the billet 
from the crystallizer along the Z-axis is 41 kN.

In addition to the graphs (Fig. 2), Table 1 provides spe-
cific values of displacements and stresses at points 1 ‒ 15. 
Since the maximum and minimum values of the para-
meters are not always located at these points, the maxi-
mum and minimum displacements and stresses along 
these three lines are also provided.

From the data, it is evident that along the length 
of the deformation center (line 2 ‒ 3 ‒ 4), at point 3, 
the billet wall is compressed by 5 mm with simultaneous 
movement of the billet by 5 mm in the casting direction 

(Table 1, Fig. 2, a). Notably, when the hollow billet wall 
is compressed by the calibrated anvils, the metal displace-
ment along the X-axis decreases to 3 mm (point 8), while 
along the Z-axis, it increases to 6.6 mm (Fig. 2, b, point 9).

When compressing the hollow billet with anvils de -
signed with a variable radius working surface, the nature 
of the metal’s stressed state in the deformation cen-
ter changes [5 ‒ 7]. In this case, the highest compres-
sive stresses arise in the billet wall along the X-axis 
and line 3 ‒ 8 ‒ 13, with values of ‒152.0, ‒187.5, and 
‒190.0 MPa, respectively (Table 1, Figs. 2, c, d, 3). 
The maximum compressive stress (‒190 MPa) occurs 
at the contact surface between the hollow billet wall and 
the mandrel (Table 1, point 13). 

Fig. 1. Location of points for representing the calculation results

Рис. 1. Положение точек для представления результатов расчета

стенки полой заготовки и силу вытягивания полой заготовки из кристаллизатора установки. Исследованы закономерности осевых пере-
мещений металла и напряжений в очагах деформации при сжатии стенки полой заготовки при совмещенном процессе непрерывного 
литья и деформирования. Характер напряженного состояния металлической стенки полой заготовки рассмат ривается с точки зрения 
повышения ее качества. Изученная методика позволяет определить напряженно-деформированное состояние оправки при изготовлении 
полой стальной заготовки с использованием установки непрерывного литья и деформации. Авторами представлены рекомендации для 
осуществления надежного захвата и обжатия калиброванными бойками полой стальной заготовки, посту пающей из водоохлаждаемого 
медного кристаллизатора установки совмещенного процесса непрерывного литья и деформации. 
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Table 1. Results of calculation of displacements  
and stresses at the points 1 ‒ 5, 6 – 10 and 11 ‒ 15 

(billet compression with the anvil by 5 mm 
with simultaneous lowering of it by 5 mm; 

working surface of the anvil is made with a variable radius) 

Таблица 1. Результаты расчета перемещений 
и напряжений в точках 1 ‒ 5, 6 – 10 и 11 ‒ 15 

(обжатие заготовки бойком на 5 мм с одновременным 
опусканием последнего на 5 мм; рабочая поверхность 

бойка выполнена по переменному радиусу)

Point
Displ ace-
ment, mm Stress, MPa

UX UZ SX SY SZ SXZ
Results along the line passing through points 1 ‒ 5
1 ‒3.9 0.2 0 ‒22.7 0.5 0
2 ‒4.4 ‒2.3 ‒91.0 ‒43.4 ‒8.7 ‒7.7
3 ‒5.0 ‒5.0 ‒152.0 ‒106.7 ‒105.7 5.2
4 ‒0.4 ‒6.2 0.2 24.4 29.4 1.5
5 ‒0.1 ‒6.3 ‒2.1 ‒5.2 0.9 1.2

Мin along line 
1 ‒ 5 0 0.2 9.3 24.4 33.9 28.0

Мах along line 
1 ‒ 5 ‒5.0 ‒6.3 ‒155.0 ‒127.0 ‒112.8 ‒24.3

Results along the line passing through points 6 ‒ 10
6 ‒4.1 0.2 0 ‒7,1 0.5 0
7 ‒2.3 ‒1.6 ‒84.7 ‒39.4 ‒44.7 ‒5.9
8 ‒3.0 ‒5.2 ‒186.5 ‒104.1 ‒71.0 10.8
9 ‒0.3 ‒6.6 ‒24.9 –5.4 ‒23.5 ‒9.1
10 0 ‒6.3 ‒17.6 ‒12.3 ‒0.2 ‒1.2

Мin along line 
6 ‒ 10 0 0.2 0 15.1 5.2 10.8

Мах along line 
6 ‒ 10 ‒4.4 ‒6.7 ‒188.4 ‒104.1 ‒73.7 ‒14.5

Results along the line passing through points 11 ‒ 15
11 0 ‒1.6 ‒0.2 6.0 1.6 ‒0.6
12 ‒0.1 ‒2.5 ‒106.4 ‒52.4 ‒43.0 31.3
13 ‒0.1 ‒3.7 ‒190.0 ‒131.2 ‒117.6 ‒39.1
14 0 ‒6.4 ‒42.0 ‒11.3 ‒15.5 ‒12.3
15 0 ‒6.3 ‒30.9 ‒16.1 ‒9.1 ‒2.5

Мin along line 
11 ‒ 15 0 ‒1.4 ‒0.2 13.8 2.1 36.4

Мах along line 
11 ‒ 15 ‒0.1 ‒6.5 ‒190.0 ‒137.0 ‒137.2 ‒48.6

Fig. 2. Patterns of displacements (а) and stresses (b, c, d) 
along the lines passing through points 1 – 2 – 3 – 4 – 5 (а, b), 

6 – 7 – 8 – 9 – 10 (c) and 11 – 12 – 13 – 14 – 15 (d) 
(billet compression with the anvil by 5 mm while simultaneous 

lowering by 5 mm, working surface of the anvil 
is made with a variable radius) 

Рис. 2. Характер перемещений (а) и напряжений (b, c, d) 
по линиям, проведенным через точки 

1 – 2 – 3 – 4 – 5 (а, b), 6 – 7 – 8 – 9 – 10 (c) 
и 11 – 12 – 13 – 14 – 15 (d) (обжатие заготовки бойком на 5 мм 

с одновременным опусканием последнего на 5 мм, рабочая 
поверхность бойка выполнена по переменному радиусу)

 Calculation of the stress-strain state
 

of the mandrel

The stress-strain state of a mandrel with a diameter 
of 60 mm and a channel diameter of 10 mm was calcu-
lated. This was done by solving an elastoplastic problem 
using the finite element method within the ANSYS soft-
ware package [8 – 10]. 
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The simulation involved compressing the billet by 
5 mm (anvil movement of ‒5 mm along the X-axis) while 
simultaneously lowering the anvil by 5 mm (anvil move-
ment of ‒5 mm along the Z-axis). 

The calculation results are provided along the line 
passing through points 16 ‒ 20 (Fig. 3). The stress dis-
tribution is shown in Fig. 4. In addition to the graphs, 
Table 2 provides specific values of displacements and 
stresses at points 16 ‒ 20. Since the maximum and mini-
mum values of the parameters are not always located at 
these points, the maximum and minimum displacements 
and stresses along this line are also provided [14 ‒ 16].

The data indicate that at the contact surface between 
the mandrel and the billet wall in the deformation center 
(along line 17 ‒ 18 ‒ 19), the mandrel experiences maxi-
mum compressive stresses (‒130.8 MPa) in the direction 
of the X-axis. This should be considered when select-
ing the structural parameters and material for the mand-
rel [17 – 20].

 Conclusion

The regularities of metal displacement and axial stress 
distribution in the deformation centers during the com-
pression of the hollow billet wall by anvils with a variable 
radius working surface have been determined. The stressed 
state of the mandrel during the production of steel hollow 
billets in a unit of combined continuous casting and defor-
mation processes has also been established.

Fig. 3. Location of points for representing the calculation results 
of the mandrel

Рис. 3. Положение точек для представления результатов 
расчета оправки

Fig. 4. Stress patterns along the lines passing through 
the points 16 – 17 – 18 – 19 – 20:

a and b – compression by 5 and 11 mm

Рис. 4. Характер напряжений по линиям, проведенным 
через точки 16 – 17 – 18 – 19 – 20:

а и b – обжатие 5 и 11 мм

Table 2. Results of calculation at the lines’ points, 
maximum and minimum values of the studied parameters 

along the line passing through the points 16 ‒ 20 
(working surface of the anvil is made with a variable radius)

Таблица 2. Результаты расчета в точках линий, 
а также максимальные и минимальные значения 
исследуемых параметров по линии, проходящей 

через точки 16 ‒ 20 
(рабочая поверхность бойка по переменному радиусу)

Point
Displace-
ment, mm Stress, MPa

UX UZ SX SY SZ SXZ
16 ‒0.01 ‒0.08 0 0 3.90 0
17 ‒0.07 ‒0.15 ‒66.90 ‒13.20 ‒10.00 19.60
18 ‒0.12 ‒0.27 ‒127.20 ‒29.20 ‒20.20 ‒25.60
19 ‒0.06 ‒0.27 ‒56.80 ‒30.10 ‒37.00 ‒22.10
20 0 ‒0.25 ‒5.30 ‒2.10 –4.00 ‒3.80

Мin along 
line 

16 ‒ 20
0 ‒0.08 0 0 8.60 19.60

Мах along 
line 

16 ‒ 20
‒0.12 ‒0.29 ‒130.80 ‒47.50 ‒51.20 ‒37.40
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