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STUDY OF THE PROCESSES OF SHAPING 
THE HOLLOW BILLETS FROM ANTIFRICTION 
ALLOYS BY THE CENTRIFUGAL 
AND CONTINUOUS CASTING METHODS

The focus of this work is a comparative analysis of the mechanisms of shaping of the 
hollow billets, which affect the yield of the centrifugal and continuous casting of 
ÁðÎ8Í4Ö2 (Cu–8% Sn–4% Ni–2% Zn)- and ÁðÎ5Ö5Ñ5 (Cu–5% Sn–5% Zn–5% Pb)-
type bronzes. As revealed, the action of centrifugal forces causes the segregation of 
chemical elements of the alloys, depending on their density. The alloying elements 
of the alloy, Sn and Pb, which have an increased density, contribute to this process 
more actively as compared with other elements. The factors affecting the intensity 
of the segregation process for alloying elements, the density of which is several 
times higher than the density of other alloy components, are determined. The causes 
of the appearance of tin, as an element with a maximum density, surrounded by the 
compounds with a minimum density are investigated. As established, the process of 
segregation occurring during the centrifugal casting reduces the uniform distribu-
tion of alloying elements throughout the billet bulk and significantly increases the 
allowances for machining. As shown, in the process of continuous casting, the force 
of gravity acts on the melt, but does not cause the separation of denser alloying 
elements during the shaping of the billet. As revealed, only one factor determining 
the amount of allowance for machining for the continuous casting process is the 
depth of the deformation hole on the outer surface of the billet, which is necessary 
to engage and remove the billet from the mould. The depth of the deformation hole 
is established, at which the shear stress of the cut corresponds to the shear stress 
on the cut for samples of the studied bronze grades. A three-dimensional model is 
constructed and proposed for determining the yield of suitable continuous casting 
of hollow billets depending on both the surface temperature of the billets and the 
forces acting on the billet from the side of the withdrawal-roll set. To assess the ef-
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1. Introduction

Hollow billets, which are made of copper alloys, are widely used in the 
industry: from antifriction sleeves in mechanical engineering to facing 
tubes of propeller shafts in shipbuilding. Bronze alloys having antifric-
tion properties contain corresponding alloying elements (tin and lead), 
due to which the indicated properties are possible. In modern engineer-
ing, 70–75% of machine parts are produced by various casting methods 
(see, e.g., Ref. [1] and references therein). At present, hollow billets of 
metals and alloys are cast mainly on centrifugal and continuous casting 
machines. Hollow billets with a length of 300 mm are made on centrifu-
gal machines, and billets of unlimited length are made on continuous 
casting machines.

This work deals with studying the process of fabrication of hollow 
billets with antifriction properties, which today are fabricated on cen-
trifugal machines (300 mm long) and on continuous-casting machines. 
As known, the advantages of centrifugal casting are to obtain internal 
cavities without the use of rods (relative to the basic technological pro-
cess of hollow billets in a sand-clay mixture) and a certain amount of 
alloy savings due to the absence of the gating system. However, during 
centrifugal casting, slags accumulate on the inner surface of the billet 
that causes an increase in machining allowances. The work [2] concerns 
the determining the yield for the whole complex of technological opera-
tions, starting from the charge and ending with the finished casting or 
billet. In the same work, the definition for the yield of casting is given, 
which can also be used in our article: forms, losses to the gating system, 
scrap and fabrication returns. In general, centrifugal casting is used for 
the manufacture of castings of limited length (300 mm) [3, 4]. This cir-
cumstance is due on the one hand to the limitation of the drive power 
of the centrifugal casting machine, and on the other hand, the limita-
tion on the length of the billet is because this contributes to the dis-
placement of the axis of the billet during its fabrication, which ulti-
mately increases the allowances for machining. Therefore, in this paper, 

fect of technological parameters on the yield of the continuous and centrifugal cast-
ing processes, the web method is applied, which allows to expand the understanding 
of the various mechanisms of formation of billets. The study shows that, in com-
parison with the known indicators of the continuous-casting yield of 95.06–96.04% 
for billets with outside dimensions of 80–150 mm, one could increase the yield of 
casting up to 97.29–97.72%. It is concluded on the expedient fabrication of billets 
from antifriction alloys by continuous casting, since it allows increasing the yield of 
suitable casting by 22.35–47.72% for the studied standard size of billets.

Keywords: centrifugal and continuous casting, cast billets, suitable casting yield, 
surface deformation hole.
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the proposed consideration of fabrication of hollow billets with a diam-
eter of 80–150 mm on centrifugal and centrifugal casting machines.

In addition to centrifugal casting in the developed countries of the 
world, the continuous casting process is widely used. At present, the 
continuous casting process is used for casting billets of the iron-based 
[5–11] and copper-based [12–16] alloys. In the papers [17–19], the me-
chanical properties of metals and alloys are presented using the so-
called ‘cobweb’ method, which is essentially a method of presenting in-
formation by a radial diagram. This method allows expanding the 
information field on the different characteristics and is easy to use.

2. The Purpose and Research Tasks

The goal of the work involves the implementation of two stages, the es-
sence of which is as follows bellow.

The first stage is as follow:
•to identify the pattern of formation of hollow billets on centri-

fugal and continuous casting machines and explain the mechanism 
of the process of segregation of denser alloying elements to the outer 
wall of the billet;

•to choose the process of forming hollow billets, excluding stratifi-
cation of alloying elements having different density, which will allow 
to produce billets with minimal allowances for machining, to have  
a uniform distribution of alloying elements in the billet volume.

The second phase is as follows: to determine the mechanism of the 
process of engaging the billet with rolls of the cage during continuous 
casting, to determine the rational depth of the deformation hole, which 
will reduce the allowances for machining.

To achieve this goal, it is necessary to perform the following tasks:
•to investigate the mechanism of formation of a layer of alloying 

elements having an increased density in centrifugally cast billet, of an-
tifriction alloys, depending on the speed of rotation of the billet;

•according to the macrostructure of the samples, to estimate the 
distribution of alloying elements of various density over its volume and, 
calculate the amount of allowances for mechanical processing related to 
this distribution;

•on the basis of experimental data (macrostructure), to determine 
the uniform distribution of alloying elements of different density by 
volume of continuously cast billets and evaluate the machining allow-
ances for blanks from antifriction alloys;

•to set the critical value of the depth of the deformation hole, at 
which the maximum allowable and shear stresses on the shear for a par-
ticular billet will be equal;

•to determine the interval of the rational depth of the deformation 
hole formed on the side of the billet for billets from 80 to 150 mm;
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•to evaluate the increase in the yield of continuous casting at 
rational values of the effort from the rolls to the billet and the tem-
perature of its surface in the withdrawal-roll set;

•concerning the continuous casting process, to derive the depen-
dence of the indicators of the yield of useful casting on the surface 
temperature of the billet and the forces acting on it from the side of 
the withdrawal-roll set;

•to build a three-dimensional model of the yield of suitable cast-
ing of continuously cast billets with a diameter of 150 mm from 
bronze ÁðÎ8Í4Ö2-type.

3. Contributing Ingredients for Experimental Study

To implement the study of formation of hollow billets from antifric-
tion alloys using the methods of centrifugal and continuous casting, 
the following materials and equipment along with calculation meth-
ods were used.

Materials are as follow: ÁðÎ8Í4Ö2- (Cu–8% Sn–4% Ni–2% Zn) 
and ÁðÎ5Ö5Ñ5-type (Cu–5% Sn–5% Zn–5% Pb) bronzes.

Technological processes are as follow:
•preparation of melts of the studied bronzes for the manufac-

ture of hollow billets;
•melting of the charge in the melting furnace IC-0,5F-400;
•bringing the chemical composition to indicators that comply 

with regulatory documents;
•implementation of the uniform distribution of chemical elements 

throughout the furnace by electromagnetic stirring of the melt.
Equipment and experimental studies are as follow:
•the process of obtaining a melt, and pouring it into centrifugal 

and continuous casting machines;
•the melt of one of the investigated alloys is melted in a single 

furnace of the appropriate capacity, both centrifugal casting and 
castings are carried out from the same furnace;

•performing experiments on a centrifugal casting machine;
•the process of shaping billets with an external diameter of 80–

150 mm on a centrifugal casting machine with drive rotation speeds 
equal to 1450 rpm and 965 rpm using a common industrial Inovert 
frequency converter, 150 kW/hour;

•the execution of experiments on a continuous casting machine with 
an outer diameter of 80–150 mm on a continuous casting machine.

Manufacturing processes are as follow:
•fabrication of samples from the cross section of hollow billets 

of stamps bronze ÁðÎ5Ö5Ñ5 and ÁðÎ8Í4Ö2 to control the distribu-
tion of alloying elements in the cross section of the samples;
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•grinding, etching, and photographing of the samples;
•fabrication of samples for etching and study of the macrostruc-

ture of billets obtained at different frequencies of rotation of the drive 
of a centrifugal casting machine;

•grinding and etching of samples for the study of the macrostruc-
ture of the billets obtained by the centrifugal casting machine;

•determination of efforts to overcome the sliding friction force in 
a pair billet–graphite crystallizer, taking into account the effort to 
overcome the static friction force;

•fabrication of samples from the cross-section of continuously cast 
billets for the study of their macrostructure: grinding and etching of 
samples for the study of the macrostructure of billets obtained by a 
continuous casting machine;

•fabrication of samples from the blanks of the studied bronzes to 
determine the temporal resistance during compression;

Methods are as follow:
•determination of forces acting on the billet in the transverse and 

longitudinal direction;
•determination of force acting on the billet by the rollers 1 (Fig. 1) 

pulling the cage;
•determination of force, acting in the direction of the axis of the 

billet and creating shear stresses of shear;
•determination of the mechanical properties of samples obtained 

from continuously cast billets;
•determination of the shear stress of the cut of samples from the 

studied bronzes obtained by the method of continuous casting;
•determination of the deformation depth wells on the billet surface 

by the depth indicator of the mark IG 100.
Basic methodological research goal is the development of a method 

of reducing allowances for mechanical processing in the fabrication of 
billets on continuous casting machines. This method consists in the fol-
lowing:

•determination of the critical depth of the deformation hole at 
which the current tangential cut stress (τ) is equal to the maximum per-
missible cut stress (τmax) of the billet: τ = τmax;

•determination of the range for the current depth of the deforma-
tion hole (hcur), which corresponds to the condition hcr < hcur < hgiv (hcr is 
the critical deformation of the billet surface, hgiv is a normatively given 
specified depth of the deformation hole);

•determination of the rational reduction of hcur < hgiv to reduce the 
allowance for machining.



372 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 3

O.M. Khoroshylov, V.V. Kurylyak, O.S. Podolyak, and N.S. Antonenko

4. Methods for Determination of Tangential 
Cut Stresses and Forces Acting on the Billet

This section presents methods for determining the tangential stresses 
on the shear, the determination of forces acting on the billet, both in 
the direction of its axis, and in the direction perpendicular to the axis 
of the billet. It is necessary to find out how the forces applied to the 
billet and its temperature at the time of formation of the deformation 
well affect the yield of the continuous casting.

Figure 1, a shows a diagram for determining the area of a circle 
segment (cross-section of the billet of radius R) for different values of 
the depth of the deformation hole (h1–h4). At the engagement of teeth 2 
with two rollers 1 of billet 3 (Fig. 1, b), the tangential shear stresses 
(see formula (1) below) emerge.

Figure 1 demonstrate the action of external forces in the formation 
of a deformation on the surface of the billet when it engages with the 
rollers.

Figure 1 shows the pattern of forcing teeth 2 of the roller 1 of the 
surface of the billet, and shows the relationship between the values of 
hcr, hoptim, and h — the specified value of extrusion. In the process of 
applying force P, the teethes 2 of rollers 1 are pressed into the solid of 
the billet to a depth h in the range of 1.0–1.5 mm, which creates an 
engagement of the rolls with the billet (Fig. 1).

The cut stress is determined from the equation

 τaver = Ph/Ssegm, (1)

where Ðh is a force from the withdrawal-roll set to the lateral surface 4 
of the billet (Fig. 1, b).

The equation for calculation of the segment area [20] reads as

 Ssegm = 0.5 R2 (α – sina) , (2)

where Ssegm is the area of the segment formed because of forcing the 
surface of the billet with the withdrawal-roll set, α is an angle (in radi-

Fig. 1. Illustration of 
the engagement of the 
billet with rollers pul-
ling the cage: (a) sche-
me of the change in 
the cut surface area at 

various values of the depth of deformation well (hole); (b) 1 designates the upper 
pressure roller, 2 designates the teeth on the roll surface, 3 designates the continu-
ously cast billet, 4 designates the lateral surface of the deformation well
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ans) located in the centre of the billet, which limits the width of the 
tooth located on the rolls of the pulling cage.

Let us determine the angle in radians through the radius of the bil-
let and the depth of the deformation hole h:

 α = 2 arccos (1 – h/R), (3)

where h is a depth of deformation hole (in meters), R is a radius of con-
tinuously cast billet.

The values of the tangential cut stress τ and the depth of the defor-
mation h are related to the effect of forces on the billet both in the lon-
gi tudinal stress Ðh and in the direction perpendicular to the axis of the 
billet Ðv. The method of determining these efforts is illustrated in Figs. 
2 and 3. Figure 2 represents a diagram of the engagement of the billet 
during its movement from the mould of the continuous casting machine.

Fig. 2. Diagram of the effect of force Ðv 
from the rollers on the side surface of the 
billet. Here, 1 — support of the with-
drawal-roll set; 2 — mainstay of the 
withdrawal-roll set; 3 and 4 — flywheel 
and screw creating a force Ðv in a pair of 
‘rolls–billet’; 5 and 6 — device, which is 
holding caster roll; 7 — mainstay of the 
device, which is holding the roll; 8 — 
continuously cast billet

Fig. 3. Diagram of the device, which allows determining the ejection force billet 
produced at the pulling roller cage: 1 — a metal fixture for fastening thereon strain 
gauges 4; 2 — continuous casting mould; 3 — rolls of cage; 5 — wires from strain 
gauges to an information processing device; 6 — a device for processing a signal 
from strain gauges; L — the length of the base, for which the calculation of force 
arising in the billet is carried out
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The calculated force on the billet, which causes the formation of a 
deformation hole, is determined by the formula:
 Ðv = Ðv/n, (4)

where n is the number of props between the rollers and billet. As follows 
from Fig. 2, in this scheme of engagement of the continuously cast bil-
let in the withdrawal-roll set, the number of stops is 3. The force was 
determined by tensionmeters, which were installed perpendicular to the 
axis of the billet on the compression line of the withdrawal-roll set to 
the lateral surface of the billet.

Figure 3 demonstrates a device for determining the effort to extract 
the billet from the mould (Ph), directed along its axis. The device con-
tains a device 1, on which strain gauges are attached to determine the 
force Pv. To improve the accuracy of the measurement, device 1 is made 
of a tubular shape. The wall thickness of the device 1 is selected from 
the condition of permissible strain gauges (Δl in the longitudinal direc-
tion of the billet). The use of radial diagrams in this article is expedient 
for clarity of determining the influence of some factors of centrifugal 
and continuous casting processes on the yield of casting, allowances on 
machining and the uneven distribution of alloying elements.

5. Results and Discussion of the Comparative Analysis 
of Mechanisms Affecting the Yield of Casting 
during Shaping the Hollow Moulded Billets

Let us carry out comparative assessment of the yield of suitable hollow 
castings produced with different mechanisms for the formation of hol-
low billets of antifriction alloys, which contain alloying elements with 
an increased density, such as tin and lead.

Note that the maximum allowances for machining cast hollow billet 
obtained in centrifugal casting machines are determined based on [21, 
22] and is not more than 3.5 mm. However, results of experimental 
studies (Fig. 4, a, b) show that the actual machining permission for 
casting in ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 bronze goes beyond permissible.

In Figure 4, as an example, the macrostructures of centrifugally 
cast billets with a diameter of 150 mm (made of ÁðÎ8Í4Ö2 bronze) are 
presented at different speeds of rotation of the drive of a centrifugal 
casting machine.

For samples, the hollow billet obtained on the machine of centrifu-
gal casting, samples were taken at three points I, II, and III, the re-
spective vicinities of the outer layer billet (point I), the middle of the 
thickness of its wall (point II) and in the vicinity of the inner surface 
of the billet (point III, Fig. 4). To study the content of the main chem-
ical elements, Zn, Sn, and Ni, samples were taken from a ÁðÎ8Í4Ö2 
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bronze billet. Quantitative analysis of alloying elements near points I, 
II and III (Fig. 4) was determined in the chemical laboratory PJSC 
‘Svitlo Shakhtarya’ (Ukraine). The test results for determining the ba-
sic chemical elements of ÁðÎ8Í4Ö2 near points I, II and III in the 
samples obtained by the centrifugal method are presented in Table 1.

The increased tin content in the bronze alloy of the brand ÁðÎ8Í4Ö2 
(Table 2) confirms the separation of Sn at the outer wall of the billet, 
which confirms the data presented in Fig. 4, à and b. Analysis of the 
macrostructures of the cross-section of the billets showed the following. 
In accordance with the periodic table, we summarized (in Table 2) times 
the ratio of the relative atomic masses of the main chemical elements 
found in bronze alloys of ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5.

Fig. 4. Macro-
struc ture of the 
hol low centrifugal-
ly cast billet sam-
ple of ÁðÎ8Í4Ö2 
at 965 rpm (a) and 
1495 rpm (b) [22]

Table 1. The distribution of chemical elements 
in the transverse section of the billet [23]

Method 
of obtaining billets

Point number

The average content of alloying elements 
in the cross-section of the billet, %

Zn Sn Ni

Centrifugal (Fig. 4)   I
 II
III

1.89
1.86
1.81

10.32
  8.45
  8.43

4.62
4.60
4.49

Table 2. Values of relative atomic masses and their 
multiplicity for various chemical elements of the ÁðÎ8Í4Ö2 
and ÁðÎ5Ö5Ñ5 alloys, relative to the atomic masses of tin and lead

Name 
of chemical 
elements

Atomic mass 
of chemical 
elements

The ratio 
of the excess of the 
atomic mass of tin 
(à.m. Sn = 118.69)

The ratio 
of the excess of the 
atomic mass of lead 
(à.m. Pb = 207.2)

Zn 65.38 1.81 3.17
Cu   63.546 1.87 3.26
Ni 58.7 2.02 3.53
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As follows from Table 2, tin and tin–lead bronzes are more suscep-
tible to delamination of such chemical elements as tin and lead, whose 
atomic mass greatly exceeds the other chemical elements of the alloys. 
It follows that the atomic masses of Sn and Pb in bronze alloys exceed 
in weight by 1.81–3.53 times, while, in aluminium alloy AK12 (84.3–
90% of Al, 10–13% of Si, and 2.7% of impurities: Fe, Mn, Cu, Ti, Zr, 
Mg, Zn) [3], this excess is 0.639–1.5 times. At the same time, at the 
speed of rotation of the centrifugal-casting machine drive in the fabri-
cation of alloy AK12 of 1200–1500 rpm, the effect of separation of re-
inforcing dispersed particles was obtained (Fig. 5). In Ref. [3], it was 
shown that, as in the case of antifriction copper alloys (Fig. 4, a and b), 
the speed of movement of solid reinforcing particles under the action of 
centrifugal forces depends on the frequency of rotation of the drive mo-
tor of a centrifugal machine.

Studying the macrostructures, we revealed some regularities for the 
formation of the centrifugally cast billets. They follow below.

(1) It is determined that the higher the rotational speed of the cen-
trifugal casting machine drive, the denser the tin is deposited in the 
vicinity of the outer surface of the billet. For example, when casting the 
same ÁðÎ8Í4Ö2 bronze at a speed of 965 rpm, a wide layer was ob-
tained at the outer surface enriched with tin (Fig. 4, a), and in the 
case of a drive rotation speed equal to 1450 rpm, compacted (thin) tin 
layer.

(2) As follows from Fig. 4, a, a tin is easily oxidized with elements 
of surface or refining slag. In the slags, reactions can occur, because of 
which the tin salts are formed: SnÎ2 SnÑl2, SnS or SnS2, SnF4. The spe-
cific gravity of tin salts is significantly less than the specific gravity of 
pure tin; moreover, salts can be included in the complex compound 
formed because of the reaction with slag. This may explain the presence 
of tin in the places where the lightest components of the alloy are lo-
cated; it is slag with tin salts adsorbed on its surface and the heaviest 
are pure tin (at the outer surface of the billet).

Fig. 5. Separation of reinforcing dispersed particles in the alu-
minium-based alloy AK12 [3]: à — the structure of the alloy 
ÀK12 + 10% Al2O3 + 2% C obtained by rotating the drive 1200 
rpm; b — the structure of the alloy ÀK12 + 5% Al2O3 obtained 
by rotating the drive 1000 rpm
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(3) There is a condition when an increased amount of tin is neces-
sary on the surface of the machine part. This is an increase in the anti-
friction properties of the surface of the part. However, the following 
process discrepancies can be found here: first, tin in this place exceeds 
the required stoichiometric ratio for the formation of compounds with 
copper (e.g., compounds Cu3Sn8); secondly, compounds that are more 
saturated with tin, being present at the outer surface of the billet, cause 
rapid wear of the part during operation.

(4) These studies are confirmed by earlier studies [21], which also 
indicate the segregation of denser alloying elements and uneven distri-
bution in the radial direction of the billet.

(5) To obtain billets with a uniform distribution of alloying ele-
ments by volume of the billet, it is advisable to remove the entire tin-
rich layer of the billet as an allowance for machining, which leads to 
unnecessary consumption of expensive alloying elements.

(6) The application of the technological process of centrifugal cast-
ing for casting hollow billets with alloying elements such as tin and lead 
is not economically feasible. First, the machining allowances reach 
10.0–15.0 mm, and secondly, there is a cost overrun for alloying ele-
ments such as tin (in bronze ÁðÎ8Í4Ö2) and lead (ÁðÎ5Ö5Ñ5).

(7) From Figures 4 and 5, it follows that the speed of rotation of the 
drive of the continuous casting machine affects the centrifugal forces 
that cause segregation of denser particles and elements of both copper 
and aluminium alloys at the outer walls of the billet.

Thus, experimental studies of the centrifugal casting process of hol-
low billets made of bronze of the ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 (Fig. 4, a, b) 
showed the following:

•as determined, the allowances for machining for the outer side of 
billets with a thickness of 50–55 mm, at speeds of rotation from 965 
rpm to 1495 rpm, are in the range of 7.8–15.0 mm per side;

•shrinkage porosity, accumulation of liquates and non-metallic in-
clusions, and the possibility of defects in the form of longitudinal and 
transverse cracks, as well as gas bubbles, are formed on the inner sur-
face of the billet.

In addition, during centrifugal casting of the studied tin bronzes, 
the uniform distribution of alloying elements over the volume of the 
billet is disturbed. This circumstance leads to a change in the properties 
of the outer surface of the billet due to the increased content in the 
specified area of the billet for alloying elements like Sn and Pb. Note 
that the centrifugal casting method is used for billets with much larger 
outer diameter and wall thickness, which can result to higher machining 
allowances.

Works [17–19] present studies that allow one to evaluate some char-
acteristics of the quality of metals and alloys or their fabrication pro-
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cesses using the radial diagram. Therefore, in this work, it is necessary 
to determine the mechanism of formation of a layer of one or several 
alloying elements near the outer surface of centrifugally cast billets and 
determine the effect of the rotational speed of the machine drive on this 
process. This raises the need to solve the problems of determining the 
feasibility of changing the technological process in the fabrication of 
billets of copper alloys and the prospects for further increasing the yield 
of billet with a diameter of 80–150 mm.

Let us estimate the yield of casting billets with a diameter of 150 mm 
and a wall thickness of 50 mm from bronze of the ÁðÎ8Í4Ö2 and 
ÁðÎ5Ö5Ñ5 grades on a centrifugal casting machine.

On the basis of the obtained experimental data on the determination 
of the mechanism of formation of centrifugal billets, the result of which 
is Fig. 4, a and b, the yield of centrifugal billets made from antifriction 
alloys was calculated. In this case, it was planned to obtain billets with 
external diameters of 80, 110, and 150 mm after removing the machin-
ing allowance from the billet.

Based on the data in Table 3, we determined that the values of the 
yield of the casting are not constant. Thus, with a constant length of the 
billet, the indicators for the yield of a suitable casting are a function of 
the outer diameter of the billet. For instance, with an increase in the 
outer diameter of the billets from 80 to 150 mm, it increases from 46.0 
to 61.87%. It is shown in Fig. 6, the effect of the number of revolutions 
of the hollow billet (at a constant melt temperature T = 1150  °C) on the 

Fig. 6. Determination of the influence of the number of revo-
lutions of the billet on the yield of centrifugal casting using 
the radial diagram
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machining allowances, the uniform distribution of tin over the cross 
section of the billet and the yield of centrifugal casting. Figure 6 
shows the values of allowances for machining, the uneven distribution 
of alloy ing elements over the cross section of the billets and the yield 
of casting at the number of revolutions of the billet of 1495 rpm and 
965 rpm.

The use of the radial diagram allowed us to trace the effect of the 
number of revolutions of the billet on the allowances for mechanical 
processing, on the external and internal surfaces of the billet, as well as 
on the degree of uneven distribution of the alloying elements in the 
cross section of the hollow billet. These indicators, ultimately, allow us 
to estimate not only the yield of centrifugal casting, but also assess the 
quality of the billet according to parameters such as uneven distribution 
of elements over the volume of the billet.

Thus, summarizing the study of formation of hollow billets with a 
diameter of 80–150 mm by the method of centrifugal casting we can 
conclude that the yield of centrifugal casting, which ranges from 46.0 
to 61.87% (for specified size), reduces the economic efficiency of fabri-
cation of billets. In addition, centrifugal casting causes an uneven dis-
tribution of alloying elements over the cross section of the billet, has 
allowances of 5.5–15.0 mm on the side on the outside of the billet and 
from 4.0 to 10.0 mm on the inside of the billet.

For comparison of the macrostructures on the horizontal continuous 
casting machine, an experimental casting of hollow billets of bronze of 
the ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 grades of the same size was made.

The work [28] concerns a comparative assessment of the quality of 
billets obtained by continuous and centrifugal casting. The article showed 
that continuously cast billets, as compared to centrifugally cast, have 
more uniform distribution of alloying elements in the volume of the billet, 
as well as have a high yield of casting. However, in Ref. [28], the mecha-
nism of the stratification of alloying elements in the radial direction of 
the centrifugally cast billet was not considered. In addition, the mecha-
nism for forming the thickness of the layer of alloying elements having an 

Table 3. Experimentally obtained allowances for the machining 
of hollow centrifugally cast billets with a length of 300 mm

Type 
of billets

Bronze type 
(grade)

Casting 
diameter + 

+ allowances

The 
diameter 
of the 

billet, mm

Machining allowances

Average yield 
casting, %Inner 

diameter, 
mm

Outside 
diameter, 

mm

Cuffs, 
holders

ÁðÎ5Ö5Ñ5
ÁðÎ8Í4Ö2 

90/40 80/50 4.0–5.5 5.5–10.0 46.00–59.84
120/51 110/60 6.0–9.0 8.0–10.0 52.49–61.06
165/80 150/90 7.5–10.0 10,0–15.0 55.38–61.87
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increased density relative to the rest of the alloy elements was not deter-
mined, since this relates to the amount of allowances for machining.

The experimental conditions consisted in the fact that bronzes of 
ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 grades were melted in one furnace; the melt 
was fed both to a continuous casting machine for casting billets with an 
outer diameter of 150 mm, and to a centrifugal casting machine for 
casting billets of a similar size. Bronze ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 bil-
lets were cast in different days. As an example, Fig. 7 shows the macro-
structure of the cross-section and longitudinal section of a billet of the 
ÁðÎ8Í4Ö2, grade bronze obtained by the method of continuous casting.

Analysis of the macrostructure of continuously cast billets showed 
that near the outer surface of the billet there are no layers of any alloy-
ing elements. This indicates a uniform distribution of chemical elements 

Fig. 7. The macrostruc-
ture of the hollow contin-
uously cast billet sample 
of ÁðÎ8Í4Ö2- type bron-
ze: a — longitudinal [24] 
and b — transverse [23] 
cross-sections

Table 4. The distribution of chemical elements 
over the cross-section of the billet after continuous casting

Method 
of obtaining billets

Point number

The average content of alloying 
elements in the cross-section 

of the billet, %

Zn Sn Ni

Continuous casting the 
upper wall of the billet 
(Fig. 7, a, b)

Upper wall surface (I) 1.79 7.26 3.84
Centre wall (II) 1.81 7.47 3.92
Lower wall surface (III) 1.85 7.52 3.89

Continuous casting the 
bottom wall of the billet 
(Fig. 7, a)

Upper wall surface (I) 1.88 7.59 3.93
Centre wall (II) 1.85 7.63 3.95
Lower wall surface (III) 1.92 7.69 4.02
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Fig. 8. Diagram of a horizontal continuous casting machine for 
hollow billets of copper alloys [28], where 1 denotes metallic 
reservoir carcass, 2 denotes melt, 3 denotes crystallization unit, 
4 denotes secondary cooling, 5 denotes pulling cage, 6 denotes 
device for cutting billets, 7 denotes billet

throughout the volume of the billet and is confirmed by the results of 
chemical analysis of continuously cast billets at points I, II, III (Table 4; 
Fig. 7, a, b). Thus, the process of continuous casting by eliminating the 
segregation of denser alloying elements to the walls of the billet can 
significantly reduce the allowances for machining.

As follows from Table 4, at a continuous casting, alloying elements 
are distributed more evenly in comparison to centrifugally cast billets.

The second stage of the study is aimed at studying the force interac-
tion of the surface of the continuously cast billet and the withdrawal-
roll set, which can change the yield indicators for continuous casting.

These studies can be divided into the following ones:
•determination of the critical values of the depth of the deforma-

tion hole (h), at which the tangential stresses on the shear will be equal 
to the maximum allowable stresses of the billet in the temperature range 
of 100–200  °C;

•determination of the rational values of h at which it is possible to 
reduce the allowances for machining;

•determination of the dependence of changes in the allowance for 
machining and develop a three-dimensional mathematical model of the 
influence of such factors as the force (P) of the interaction of the billet 
with the rolls of the cage and temperature (T) of the surface of the bil-
let at the yield of continuous casting.

A more promising process for the fabrication of copper alloy billets 
is a continuous casting process, which receives considerable attention 
in many leading countries of the world [27, 28]. In Ukraine, there is 
the fabrication of billets from copper alloys by the method of conti -
nuous casting [27, 28] too, so these works are devoted to improving the 
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stability of the continuous casting process 
when casting hollow billets from copper alloys, 
improving the quality of continuously cast 
billets.

We use the continuous casting machines 
designed for casting solid and hollow billets 
with diameters from 80 to 150 mm (see scheme 
in Fig. 7) to carry out experimental studies to 

determine the effort of extracting the billet from the mould (Ðh) and the 
effort of interaction of the billets with the withdrawal-roll set (Ðv). In 
addition, this machine was applied to determine the depth of the defor-
mation well, using the ÃÈ 100 indicator depth gauge. The machine 
shown in Fig. 8 described in the work [28].

Fabrication of hollow billets from copper alloys by the method of 
continuous casting on horizontal machines is the most efficient way to 
manufacture these products. The process of continuous casting is char-
acterized primarily by a continuous process of manufacturing billets, 
which leads to the fabrication of billets of unlimited length. The most 
significant advantages of the continuous casting process are that, first-
ly, this process is easily automated, and secondly, it allows to increase 
the yield of casting to 95–97%. In addition, it is also relevant to conduct 
research on the issue of rational reduction of allowances for mechanical 
processing for billets obtained by the method of continuous casting.

It was determined that deformation wells (Fig. 9) are formed on the 
surface of the billet because of force action on it from the side of the 
withdrawal-roll set. This allowed for billets with an outer diameter of 
80–150 mm to reduce the machining allowances for the external wall of 
the billet from 5.5–15 mm to 1–1.5 mm per side (Fig. 9), which in turn, 
allowed increasing the yield of casting. Figure 9 demonstrates so-called 
deformation well (hole) on the surface of the billet.

The depth of the deformation well (hole) was measured using an 
indicator gauge ÃÈ 100. For each ratio of temperature (T) and force (P) 
acting on the billet from the rolls, six measurements are recommended. 
This amount of experimental data, when processed according to the 
method described in [20], allows obtaining a regression equation that 
described the results of experiments with a 95% probability. The results 
of the experiments are listed in Table 5.

An important place in experimental studies is the determination of 
the critical depth (hcr) of the deformation hole on the surface of the bil-
let formed by the teeth of the rolls of the pulling cage (position 1 in 
Fig. 1 and position 6 in Fig. 2). The average value of hcr defines the 

Fig. 9. A deformation well (hole) on the surface of a 
continuously cast ÁðÎ8Í4Ö2-bronze billet at 100  °C
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difference between the set value of machining allowances (hgiv) and hcr 
for each standard size of 80, 110, and 150 mm billets. The difference 
hgiv – hcr allows determining the degree of reduction of allowances for 
real machining, which allows increasing the yield of continuous casting.

Let us obtain a condition, under which it is possible to determine 
the value of the tangential stress on the cut, at which it is possible to 
engage the billet.

The value of the effort to extract the billet from the mould has a 
value close to a certain value Ðh. The change in the cross-sectional area 
of a circle segment leads to a significant change in the tangential stress 
of the cut in the temperature range of the billet under investigation.

For Equation (1), there is a whole series of points satisfying the 
condition
 τst = Ph/Ssegm = <τst >. (5)

For condition (5), we have to find values of the depth of the defor-
mation hole (we will call them critical) for the temperature range 100–
200°C and the effort of interaction between the rollers of the pulling 
cage and the billet.

Combining Eqs. (2) and (3), one obtain

 τst = 2 Ph/{R
2 [2 arccos (1  –  h/R) – sina]} = <τst >, h > hcr (6)

Thus, an equation is obtained that relates the depth of the deforma-
tion hole (h) to the tangential stress on the cut. The value of h in our 
case is a function:
 h = f (P, T ). (7)

Let us obtain dependences of the deformation-hole depth on the 
force Ðv (Fig. 4) and on the surface temperature of the billet located in 
the rolls of the pulling cage (position 6 in Fig. 2). For this, it is neces-
sary for various values of force Ðv to determine the depth h for the 

Table 5. The results of an experimental study of the determination 
of the critical depth of the deformation hole in the continuous casting 
of bronze brand ÁðÎ8Í4Ö2 with a diameter of 150 mm

Indices 
of Ò (°Ñ) and Ð (N)

h1cr, mm h2cr, mm h3cr, mm h4cr, mm h5cr, mm h6cr, mm 〈hi〉, mm

100 and 4 ∙ 103 0.11 0.12 0.10 0.12 0.10 0.13 0.113
100 and 6 ∙ 103 0.56 0.53 0.53 0.54 0.54 0.55 0.545
100 and 8 ∙ 103 1.19 1.11 1.18 1.14 1.15 1.14 1.152
150 and 4 ∙ 103 0.57 0.61 0.59 0.56 0.58 0.59 0.583
150 and 6 ∙ 103 0.95 0.91 0.92 0.94 0.95 0.92 0.931
150 and 8 ∙ 103 1.25 1.21 1.24 1.23 1.26 1.23 0.237
200 and 4 ∙ 103 0.96 0.93 0.91 0.94 0.92 0.94 0.933
200 and 6 ∙ 103 1.21 1.19 1.29 1.24 1.22 1.31 1.243
200 and 8 ∙ 103 1.56 1.44 1.62 1.42 1.53 1.54 1.495
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surface temperature of the billet of 100  °C and 200  °C. Temperature 
measurements on the surface of the billet were performed using a D 300-
type TV measured temperature within the range [−20  °C; +600  °C]. The 
retention of a given temperature was carried out by adjusting the tech-
nological parameters of the continuous casting process and the rate of 
passage of water in the mould of the continuous casting machine. The 
depth h of the deformation hole was determined using an indicator 
depth gauge ÃÈ 100.

Thus, in the course of the experimental studies, measurements of 
the depth h were selected, which exactly corresponded to 100, 150, and 
200  °C. Extreme values (maximum and minimum) were excluded from 
experimental data. As a result, six measurements remained. Statistical 
processing of experimental results (Table 5) was carried out using the 
Maple program according to the method described in Ref. [29]. Table 5 
shows the options for measuring the depth of the deformation hole ob-
tained using indicator depth gauge ÃÈ 100.

Based on the data of Table 5, we define the critical depth of the 
deformation well (hole), at which the condition (5) will be satisfied at a 
temperature on the surface of the billet equal to 100 and 200  °C. The 
results of studies on the compression of samples from billets at their 
temperature equal to 100  °C and 200  °C showed that, as the temperature 
increases, the amount of compression of the samples increases, which 
causes an increase in the depth of the deformation hole at the value 
(Table 5, Fig. 10, curve 4).

Fig. 10. Determination of the critical values of the depth of the deformation hole 
(well) on the surface of the ÁðÎ8Í4Ö2-type bronze billet depending on the tempe-
rature of the billet surface. Here, 1, 3 — dependences of the change of the magni-
tude of the tangential shear stresses depending on the depth of the deformation well 
for 100, 150, and 200  °C, respectively; 4 — temperature dependence of the maxi-
mum allowable stress σ = f (Ò)
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Using dependences 1–3 in Fig. 10 for ÁðÎ8Í4Ö2-type bronze, 
the values of the critical depth of the deformation hole on the surface 
of the billet were determined for temperatures of 100, 150, and 200  °C. 
Given the safety factor of 1.1, it was determined that the critical value 
hcr

100 = 0.430 mm, hcr
150 = 0.731 mm, and hcr

200 = 1.025  mm. At the next 
stage of research, it is necessary to determine the rational interval of 
the depth of the deformation hole that allows you to extract the billet 
from the mould without the limit tangential stresses and reduce the al-
lowances for mechanical processing, which will further increase the 
yield of casting.

It was determined that the higher the surface temperature of the 
billet, the deeper the teeth of the rolls pushing its surface under con-
stant transverse load, forming a deformation well. On samples of billets 
obtained on a continuous casting machine, six-fold measurements of the 
depth of the well were carried out using a depth gauge indicator ÃÈ 100 
for each ratio of temperature (T) and force (P). The measurement re-
sults are inserted in Table 5.

We obtained the dependence of the influence on the yield of casting 
of such factors as the surface temperature of the billet located in the 
rolls of the pulling cage, and the force acting on the billet from the side 
of the rolls. From the previously cited studies, it follows that the cur-
rent value of the depth of the deformation hole (h) depends both on the 
surface temperature of the billet and on the force acting from the rolls 
of the pulling cage. Therefore, we can write that the current value of 
the depth of the deformation hole:

hcur = f (P, T ),

where Ò is a surface temperature of the billet located in the rolls of the pul-
ling cage (°Ñ), P is force acting on the billet from the withdrawal-roll set (N).

To determine the yield of suitable casting of round shaped billets, it 
is necessary to take into account that, when we have a deformation well 
of h depth during machining, it is necessary to reduce the radius of the 
billet by hcur = Δr. Since the depth of the deformation hole depends on 
both the force Pv and temperature (T), therefore, we write down:

hcur = f (Pv, T ) = Δr (Pv, T ).

The yield of casting (η) for billets of circular cross-section is defined 
as the ratio of the masses before and after removal of allowances for 
machining:

  (8)

Here, R is a radius of the billet (m); L is a length of the billet (m); γ is 
a density of the billet material (kg/m3); Δr (T, P) is a change in the ra-
dius of the billet due to allowances for machining. To determine the 
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rational yield of suitable casting of billets with a diameter of 80–150 mm 
from the ÁðÎ8Í4Ö2 bronze brand, we obtain the equation:

 η = {1 – 2 R Δr (P, T ) [Δr (P, T )]2/R2} ∙ 100%, (9)

where 4 ⋅ 102 N < P < 8 ⋅ 102 H and 100  °C < Ò < 200  °C.
Data of Table 5 and Eq. (8) enable construction of a three-dimen-

sional model of dependences for billets of 150 mm in size (see Fig. 11).
The model in Fig. 11 includes three planes. The first plane 1 repre-

sents the points that represent the critical values of the depth of the 
deformation hole (hcr) for different temperatures from 100  °C to 200  °C 
when the pulling cage rolls are subjected to the force P. The plane 1 is 
modelled via Eq. (5).

The second plane is a set of predetermined values of the depth of the 
deformation well (hgiv), which determine the planned values of the yield, 
calculated according to Eq. (9).

Fig. 11. Three-dimensional model for 
the casting yield of the ÁðÎ8Í4Ö2-
bronze billets (1500 mm in diameter) 
depending on the surface temperature 
of the billets and the force from the 
withdrawal-roll set. Here, 1 — plane of 
the maximum permissible minimum val-
ues of the depth of the deformation hole 
(hcr, see also Table 5); 2 — plane of re-
striction of the rational depth of the de-
formation hole (well); 3 — part of the 

dependence (6) corresponding reduction of allowances for mechanical processing 
(Table 5) when hcr < h (T,P) < hgiv (Fig. 1, b); 4—plane that goes beyond the level of 
rational values for the deformation hole depth (Table 5)

Table 6. Estimated data of casting yield under transverse load (Ðv = 8  ⋅ 103 N = const) 
on a billet (at 200 °C) for its various perform diameters and type of the bronze 
type (ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5) cast on a continuous casting machine

No.
The material 
of the billet

The diameter 
of the billet, 

mm

Machining allowances h, 
mm

Casting yield, %

Base Calculated Base Calculated

1 ÁðÎ5Ö5Ñ5   80 1.0 0.45 95.06 97.72
ÁðÎ8Í4Ö2   80 1.0 0.50 95.06 97.51

2 ÁðÎ5Ö5Ñ5 110 1.2 0.69 95.68 97.51
ÁðÎ8Í4Ö2 110 1.2 0.75 95.57 97.29

3 ÁðÎ5Ö5Ñ5 150 1.5 1.0 96.04 97.35
ÁðÎ8Í4Ö2 150 1.5 1.0 96.04 97.35
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Planes 3 and 4 represent one plane divided into two parts. The half-
plane 3 is located between the planes 1 and 2; therefore, it has allowable 
values of the depth of the deformation hole, which are in the allowable 
interval of the values of allowances for machining (see Table 6). On the 
half-plane 4 at temperatures close to 200  °C, and under loads on the 
withdrawal-roll set close to 8 103 Pa, the depth values of the deforma-
tion well (hole) go beyond the limits of plane 2, which leads to an in-
crease in allowances for mechanical processing (Table 6).

As follows from Fig. 12, using the radial diagram, it is possible to 
visualize the degree of influence of such a factor of the continuous cast-
ing process, such as the surface temperature of the billet, equal to 
100  °C and 200  °C, on the yield of continuous casting.

Figure 12 shows that at the manufacturing hollow billets, the ma-
chining allowances on the inner surface of the billet are not laid down, 
since the inner surface of the billet does not enter into force interaction 
with the rolls of the pulling cage. This circumstance is also a positive 
factor in favour of the continuous casting process in a comparative 
analysis.

Figure 12 indicates that the surface temperature of the billet af-
fects, for a given shear stress on the shear, the depth of the deformation 

Fig. 12. The influence of technological parameters (factors) of 
the continuous casting process on the casting yield
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well, which in turn affects the machining allowances and the yield of 
the casting.

Thus, performed experiment allowed as follows below:
•to determine the criterion (minimum possible) value of the depth 

of the deformation hole (hcr), at which tangential shear stress τ is cre-
ated, exceeding the limiting shear stress of the material of the continu-
ously cast billet;

•to determine the interval of rational values of the depth of the 
deformation hole, which allow a stable engagement of the rolls with the 
billet and reduce machining allowances;

•according to the developed dependence, to construct a three-di-
mensional model of the influence of such parameters as the surface 
temperature of the billet and the forces acting on it from the withdraw-
al-roll set on the yield of suitable bronze alloys;

•to explain the transition of the process of hollow billets of copper 
alloys from centrifugal casting to continuous and determine that for 
billets with a diameter of 80–150 mm, the yield increased from an aver-
age of 35.48% to 51.72%.

Table 7 shows the total increase in yield for the studied sizes as a 
result of a two-stage reduction of allowances for machining.

Replacing the casting process of hollow billets on centrifugal cast-
ing machines with a continuous casting process allows us to increase the 
yield of suitable casting (Table 7).

A study carried out in this work revealed two facts. (i) On the one 
hand, increasing the speed of the drive of the centrifugal casting ma-
chine (CM) will reduce and compact the layer of alloying elements, which 
leads to a slight increase in yield (Fig. 4, a and b). (ii) On the other 
hand, the use of a centrifugal casting machine for the fabrication of 
billets with antifriction properties causes an overrun of alloying ele-
ments (Sn, Pb), since the layer enriched with alloying elements goes into 
mechanical processing.

This indicates that the effect of centrifugal forces on the melt wors-
ens the uniform distribution of alloying elements throughout the billet, 

Table 7. Comparative data on the yield of suitable casting of hollow 
billets of bronze of the ÁðÎ8Í4Ö2 and ÁðÎ5Ö5Ñ5 grades obtained 
by casting on the centrifugal and continuous casting machines

Diameter 
of the billet, 

mm

Allowance 
for machining 
(centrifugal 
casting), mm

Average 
allowance 

for machining 
(caster), mm

Yield of casting 
(centrifugal 
casting), %

Yield 
of casting 
(caster), %

Difference 
between 

the yield values, 
 %

  80/50 10–15 1.0 46.00–59.84 97.72 37.88–51.72
110/60 10–15 1.2 52.49–61.06 97.29 36.23–44.80
150/90 10–15 1.5 55.38–61.87 97.35 35.48–41.97
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which reduces the quality of the billets and increases the consumption 
of expensive elements (Sn, Pb), which create antifriction properties of 
the billets.

For clarity, we compare two processes for the manufacture of hol-
low billets of antifriction alloys on the centrifugal and continuous cast-
ing machines (Fig. 13).

The yield of suitable centrifugal casting is equal to 55.38–61.89% 
and depends on the value of allowances for machining, both on the 
outer and on the inner side of the hollow billet. The value of these al-
lowances depends on the number of revolutions of the billet during its 
hardening. One of the drawbacks of the continuous casting process is 
the excessive consumption of alloying elements, as well as their uneven 
distribution over the cross section of the billet, the cause of which is the 
presence of centrifugal forces acting in its radial direction.

The rate of yield of continuous casting is equal to 97.29–97.72% 
because mechanical treatment is not provided on the inner surface of 
the hollow billet, and an insignificant depth of the deformation hole for 
the billet with an outer diameter of 150 mm is less than 1.5 mm. In ad-
dition, the uneven distribution of alloying elements has a very small 
value (Table 4). One of the drawbacks of the continuous casting process 
is the temperature of the surface of the billet, during its interaction 
with the withdrawal-roll set, since this temperature affects the depth of 
the deformation hole. The advantage of the continuous casting process 
is the absence of forces acting on the melt (except gravity), which could 

Fig. 13. Factors de-
termining the yield 
for the continuous 
and centrifugal cas-
ting processes du-
ring fabrication of 
the 150 × 90 mm2-size 
billets
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cause uneven distribution of alloying elements over the cross section 
of the billet.

As follows from this, the continuous casting process has advantages 
that make it possible to have a high yield, the absence of significant 
uneven distribution of alloying elements, resulting in cost overruns of 
expensive alloying elements found in antifriction alloys.

The studies presented in the article also have a practical focus. We 
determined that the method of continuous casting compared with cen-
trifugal casting of hollow billets could significantly reduce the machin-
ing allowances and, accordingly, increase the yield of casting. For each 
size of the billets, there is its own interval for increasing the yield of 
suitable casting. Therefore, for billets with an outer diameter of 80 mm, 
the increase in the yield rate is 46.00–59.84%, 52.49–61.06% for bil-
lets with diameter of 110 mm, and 55.38–61.87% for billets with diam-
eter of 150 mm. We found the allowable depth interval of the deforma-
tion hole (beginning from its critical depth), which allows the rollers to 
engage the billet. This made it possible further reducing the machining 
allowances, which increased the yield of useful casting from 95.06 to 
97.72% for the studied bronze types (due to a decrease in the allow-
ances for machining).

The dependence of the indices of the yield of continuous casting on 
the surface temperature of the billets and the forces acting on the billet 
from the side of the rolls of the pulling cage is obtained.

A three-dimensional model of the yield of continuously cast billets 
150 mm in size made of bronze of ÁðÎ5Ö5Ñ5 brand was constructed.

These studies can be applied during the design and reconstruction 
of the workshops of engineering enterprises in order to select the tech-
nological process in the manufacturing of the billets and their diagnos-
tics [30, 31].

The work carried out allows us to conclude that the transition to more 
modern methods of producing billets can not only improve the work of 
the operator, but also increase the economic efficiency of fabrication.

6. Conclusions

The result of the study identified the regularities for the shaping hollow 
billets on centrifugal and continuous casting machines.

1. The mechanism of segregation of denser alloying elements to the 
outer wall of the billet is determined.

2. The effect of the speed of rotation of the billet on the thickness 
of the layer of alloying elements at its outer surface is shown. There-
fore, at the speed of rotation of the billet at a speed of 965 rev/min, the 
amount of allowances for machining was 15.0 mm and, at a speed of 
rotation of 1495 rev/min, 7.8 mm.
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3. As a result of a comparative analysis of the mechanisms of 
formation of billets by the methods of centrifugal and continuous 
casting, it was found that the variation in tin content during conti-
nuous casting is 2.34% and at centrifugal 14.3%; the zinc content 
spread is 8.88% and 4.8%, respectively; nickel data is 5.35 and 5.59%, 
respectively.

4. The equality of the limit tangential stresses and stresses caused 
by the effort to extract the billet from the mould of the continuous cast-
ing machine made it possible to determine the critical (minimum allow-
able) depth of the deformation well. This made it possible to reduce the 
specified value of the rational depth of the well for a billet with a diam-
eter of 150 mm made of the ÁðÎ8Í4Ö2 (Cu–8%Sn–4%Ni–2%Zn) 
bronze at a surface temperature of 100  °C from 1.0 to 0.43 mm. For 
the surface temperature of the billet of 150  °C, the reduction is from 
1.25 to 0.731 mm, and, accordingly, for a temperature of 200  °C, the 
allowable depth of the deformation well will decrease from 1.5 mm to 
1.0 mm. As a result, increased the yield of continuous casting of billets 
150 mm from 96.04 to 97.35%.

A method has been developed for reducing allowances for mechani-
cal processing in the fabrication of billets on continuous casting ma-
chines, as a result of which, for continuously cast billets with diameters 
from 80 to 150 mm, the yield of suitable castings was increased from 
95.06–96.04% to 97.29–97.72%.

A three-dimensional model of the yield of suitable casting of con-
tinuously cast billets with a diameter of 150 mm was made of the 
ÁðÎ8Í4Ö2-type bronze that allows you to select the temperature inter-
val, at which the billet is caught by the rollers at the minimum depth of 
the hole.

Thus, as a result of the carried out study, the practical results were 
also obtained in the fabrication of hollow billets from antifriction alloys 
with a diameter of 80–150 mm:

•transition to the technological process of continuous fabrication 
of hollow billets of copper alloys allowed to increase the yield of cast 
hollow billets by 35.97–51.72%;

•further research allowed additionally, for the continuous cas -
ting process, to increase the yield of casting from 95.06–96.04% to 
97.29–97.72%.

REFERENCES

P. Pu1. spitasari and J.W. Dika, Usp. Fiz. Met., 20, No. 3: 396 (2019). https://doi.
org/10.15407/ufm.20.03.396
O.Yu. Levkina, 2. Vestnik Ul’yanovskogo Gosudarstvennogo Universiteta, No. 2: 293 
(2012) (in Russian).



392 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 3

O.M. Khoroshylov, V.V. Kurylyak, O.S. Podolyak, and N.S. Antonenko

A.I.3.  Semenchenko, V.M. Duka, I.V. Khvostenko, V.Yu. Sheigam, A.G. Vernydub, 
and L.K. Shenevidko, Protsessy Lit’ya, No. 2: 24 (2015) (in Russian).
D.A. Volkov, 4. Litiyo i Metallurgiya, No. 3: 182 (2009) (in Russian).
N. Tamil, 5. Int. J. Manufacturing & Industrial Engineering, No. 1: 17 (2014).
Y. Jun, S. Takashi, and N. Takao, 6. Nippon Steel Technical Report, No. 104: 13 
(2013).
X.Y. 7. Wen, W. Wen, Y. B. Zhang, B. Xu, Q. Zeng, Y.S. Liu, L.R. Tong, T.G. Zhai, 
and Z. Li, Metall. and Mat. Trans. A, 47, No. 4: 1865 (2016). https://doi.
org/10.1007/s11661-016-3357-2
V.A. Tatarenko and T.M. Radchenko, 8. Intermetallics, 11, Nos. 11–12: 1319 
(2003). https://doi.org/10.1016/S0966-9795(03)00174-2
V.A. Tatarenko, S.M. Bokoch, V.M. Nadutov, T.M. Radchenko, and Y.B. Park, 9. 
Defect and Diffusion Forum, 280–281: 29 (2008). https://doi.org/10.4028/
www.scientific.net/DDF.280-281.29
T.M. Radchenko and V.A. Tatarenko, 10. Defect and Diffusion Forum, 273–276: 
525 (2008). https://doi.org/10.4028/www.scientific.net/DDF.273-276.525
T.M. Radchenko, V. A. Tatarenko, and S. M. Bokoch, 11. Metallofizika i Noveishie 
Tekhnologii, 28, No. 12: 1699 (2006).
J.Yu, J. Jiang, Zh. Ren, W. Ren, and K. Deng, 12. Materials & Design, 30, Iss. 10: 
4565 (2009). https://doi.org/10.1016/j.matdes.2009.04.018
R. Pezer, S. Kozuh, I. Anzel, and M. Gojic, 13. Proc. 27th Int. Conf. on Metallurgy 
and Materials (May 23–25, 2018, Brno, Czech Republic), p. 1407.
G.L. Xu, L.J. Peng, X, J. Mi, H.F. Xie, G.J. Huang, Z. Yang, X. Feng, X.Q. Yin, 14. 
and D. M. Liu, Rare Metal Mater. Eng., 48, No. 4: 1310 (2019).
Y.F. Cao, Z.Y. Li, X.Y. Zhang, Z.G. Wang, L. Qi, and H.J. Zhao, 15. Mater. Res. 
Express, 6, No. 4: 046547 (2019). https://doi.org/10.1088/2053-1591/aafd6e
X.H. Liu, H.D. Fu, X.Q. He, X.T. Fu, Y.Q. Jiang, and J.X. Xie, 16. Acta Metal-
lurgica Sinica, 54, No. 3: 470 (2018). https://doi.org/10.11900/0412.1961.
2017.00460
V.V. Kurylyak and G.I. Khimicheva, 17. Usp. Fiz. Met., 17, No. 4: 375 (2016) (in 
Ukrainian). https://doi.org/10.15407/ufm.17.04.375
V.V. Kurylyak and G.I. Khimicheva, 18. Usp. Fiz. Met., 18, No. 2: 155 (2017) (in 
Ukrainian). https://doi.org/10.15407/ufm.18.02.155
V.V. Kurylyak, G.I. Khimicheva, and Î.N. Khoroshilov, 19. Metallofiz. Noveishie 
Tekhnol., 41, No. 1: 71 (2019) (in Ukrainian). https://doi.org/10.15407/
mfint.41.01.0071
‘20. Planetcalc’: https://planetcalc.ru/1421.
O.N. Khoroshilov, 21. Protsessy Lit’ya, No. 2: 41 (2002) (in Russian).
ISO 8062-1:2007. 22. Geometrical Product Specifications (GPS): Dimensional and 
Geometrical Tolerances for Moulded Parts, Part 1: Vocabulary.
ISO 8062-3:2007. 23. Geometrical Product Specifications (GPS): Dimensional and 
Geometrical Tolerances for Moulded Parts, Part 3: General Dimensional and 
Geometrical Tolerances and Machining Allowances for Castings. Technical 
Corrigendum 1.
M.L. Shashank, M.S. Srinath, and H.J. Amarendra, 24. IOP Conf. Ser.: Mater. 
Sci. Eng., 330: 012087 (2018). https://doi.org/10.1088/1757-899X/330/1/
012087
J.K. Park, I.V. Samarasekera, B.G. Thomas, and U.S. Yoon, 25. Metall. Mater. 
Trans. B, 33, Iss. 3: 425 (2002). https://doi.org/10.1007/s11663-002-0054-x



ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3 393

Study of the Processes of Shaping the Hollow Billets from Antifriction Alloys

J.K. Park, I.V. Samarasekera, B.G. Thomas, and U.S26. . Yoon, Metall. Mater. 
Trans. B, 33, Iss. 3: 437 (2002). https://doi.org/10.1007/s11663-002-0055-9
O.N. Khoroshilov and A.A. Pavlova, 27. Eastern-European Journal of Enterprise 
Technologies, 1, No. 3(67): 16 (2014) (in Russian). https://doi.org/10.15587/1729-
4061.2014.21089
O.N. Khoroshilov and O.I. Ponomarenko, 28. Nov³ Mater³aly i Tekhnolog³i v 
Metalurg³i ta Mashynobuduvann³, No. 2: 79 (2009) (in Russian).
O.N. Khoroshilov, A.A. Mel’nichenko, and L.L. Segal, 29. Zb³rnyk Naukovykh 
Ptats’ Ukrains’koi Inzhenerno-Pedagog³chnoi Akadem³i, No. 19: 68 (2017) (in 
Russian).
V.B. Molodkin, H.I. Nizkova, Ye.I. Bogdanov, S.I. Olikhovskii, S.V. Dmitriev, 30. 
M.G. Tolmachev, V.V. Lizunov, Ya.V. Vasylyk, A.G. Karpov, and O.G. Voytok, 
Usp. Fiz. Met., 18, No. 2: 177 (2017) (in Ukrainian).
V.V. Lizunov, I.M. Zabolotnyy, Ya.V. Vasylyk, I.E. Golentus, and M.V. Ushakov, 31. 
Usp. Fiz. Met., 20, No. 1: 75 (2019).

Received May 21, 2019; 
in final version, July 2, 2019

Î.Ì. Õîðîøèëîâ 1, Â.Â. Êóðèëÿê 2, 
Î.Ñ. Ïîäîëÿê 1, Í.Ñ. Àíòîíåíêî 1
1 Óêðà¿íñüêà ³íæåíåðíî-ïåäàãîã³÷íà àêàäåì³ÿ, 
  âóë. Óí³âåðñèòåòñüêà, 16, 61003 Õàðê³â, Óêðà¿íà
2 ÏÂÍÇ «Óêðà¿íñüêèé ãóìàí³òàðíèé ³íñòèòóò», 
  âóë. ²íñòèòóòñüêà, 14, 08292 Áó÷à, Êè¿âñüêà îáë., Óêðà¿íà 

ÄÎÑË²ÄÆÅÍÍß ÏÐÎÖÅÑ²Â ÔÎÐÌÓÂÀÍÍß ÏÎÐÎÆÍÈÑÒÈÕ 
ÇÀÃÎÒ²ÂÎÊ ²Ç ÀÍÒÈÔÐÈÊÖ²ÉÍÈÕ ÑÒÎÏ²Â ÌÅÒÎÄÀÌÈ 
Â²ÄÖÅÍÒÐÎÂÎÃÎ ÒÀ ÁÅÇÏÅÐÅÐÂÍÎÃÎ ËÈÒÒß

Ö³ëåñïðÿìîâàí³ñòþ ðîáîòè º ïîð³âíÿëüíèé àíàë³ç ìåõàí³çì³â ôîðìóâàííÿ ïîðîæ-
íèñòèõ çàãîò³âîê, ùî âïëèâàþòü íà âèõ³ä ïðèäàòíîãî â³äöåíòðîâîãî òà áåçïå-
ðåðâíîãî ëèòòÿ áðîíçè ìàðîê ÁðÎ8Í4Ö2 (Cu–8% Sn–4% Ni–2% Zn) ³ ÁðÎ5Ö5Ñ5 
(Cu–5% Sn–5% Zn–5% Pb). Âèÿâëåíî, ùî ä³ÿ â³äöåíòðîâèõ ñèë âèêëèêàº ñå´ ðå-
´àö³þ õ³ì³÷íèõ åëåìåíò³â ñòîï³â, çàëåæíî â³ä ãóñòèíè ¿õ, à ëå´óâàëüí³ åëåìåíòè 
Sn ³ Pb ñòîïó, ùî ìàþòü ï³äâèùåíó ãóñòèíó, àêòèâí³øå ³íøèõ åëåìåíò³â ï³ä òðè-
ìóþòü öåé ïðîöåñ. Âèçíà÷åíî ÷èííèêè, ùî âïëèâàþòü íà ³íòåíñèâí³ñòü ïðîöåñó 
ñå´ðå´àö³¿ ëå´óâàëüíèõ åëåìåíò³â, ãóñòèíà ÿêèõ ó ê³ëüêà ðàç³â ïåðåâèùóº ãóñòè-
íó ³íøèõ åëåìåíò³â ñòîïó. Äîñë³äæåíî ïðè÷èíè ïîÿâè Ñòàíóìó ÿê åëåìåíòà ç 
ìàêñèìàëüíîþ ãóñòèíîþ â îòî÷åíí³ ñïîëóê ì³í³ìàëüíî¿ ãóñòèíè. Âñòàíîâëåíî, 
ùî ïðîöåñ ñå´ðå´àö³¿, ÿêèé âèíèêàº çà â³äöåíòðîâîãî ëèòòÿ, ïîíèæóº ð³âíî ì³ð-
íèé ðîçïîä³ë ëå´óâàëüíèõ åëåìåíò³â ó îá’ºì³ çàãîò³âêè òà çíà÷íî ï³äâèùóº ïðè-
ïóñêè íà ìåõàí³÷íå îáðîáëåííÿ. Ïîêàçàíî, ùî â ïðîöåñ³ áåçïåðåðâíîãî ëèòòÿ íà 
ðîçòîï ä³º âèêëþ÷íî ñèëà òÿæ³ííÿ, ÿêà çà ÷àñ ôîðìóâàííÿ çàãîò³âêè íå ñïðè÷èíþº 
ðîçøàðóâàííÿ á³ëüø ãóñòèõ ëå´óâàëüíèõ åëåìåíò³â. Ïîêàçàíî, ùî ºäèíèì ÷èí-
íèêîì, ÿêèé âèçíà÷àº âåëè÷èíó ïðèïóñêó íà ìåõàí³÷íå îáðîáëåííÿ äëÿ ïðîöåñó 
áåçïåðåðâíîãî ëèòòÿ, º ãëèáèíà äåôîðìàö³éíî¿ ëóíêè íà çîâí³øí³é ïîâåðõí³ çà-
ãî ò³âêè, ÿêà íåîáõ³äíà äëÿ çà÷åïëåííÿ òà âèëó÷åííÿ çàãîò³âêè ³ç êðèñòàë³çàòîðà. 
Âñòàíîâëåíî ãëèáèíó äåôîðìàö³éíî¿ ëóíêè, ïðè ÿê³é äîòè÷íå íàïðóæåííÿ çð³çó 
â³äïîâ³äàº ãðàíè÷í³é íàïðóç³ íà çð³ç³ äëÿ çðàçê³â ç äîñë³äæóâàíèõ ìàðîê áðîíçè. 
Ïîáóäîâàíî òà çàïðîïîíîâàíî òðèâèì³ðíèé ìîäåëü äëÿ âèçíà÷åííÿ âèõîäó ïðè-
äàòíîãî áåçïåðåðâíîãî ëèòòÿ ïîðîæíèñòèõ çàãîò³âîê çàëåæíî â³ä òåìïåðàòóðè 
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ïîâåðõí³ çàãîò³âîê, â³ä çóñèëü, ùî ä³þòü íà çàãîòîâêó ç áîêó âàëê³â òÿãíó÷î¿ 
êë³ò³. Çàäëÿ îö³íþâàííÿ âïëèâó òåõíîëîã³÷íèõ ïàðàìåòð³â ïðîöåñ³â íà âèõ³ä 
ïðèäàòíîãî áåçïåðåðâíîãî òà â³äöåíòðîâîãî ëèòòÿ áóëî âèêîðèñòàíî ìåòîä ïàâó-
òèíîê, ùî óìîæëèâèëî ðîçøèðèòè óÿâëåííÿ ïðî ð³çí³ ìåõàí³çìè ôîðìóâàííÿ 
çàãîò³âîê. Äîñë³äæåííÿ ïîêàçàëè, ùî ïîð³âíÿíî ç â³äîìèìè ïîêàçíèêàìè âèõîäó 
ïðèäàòíîãî áåçïåðåðâíîãî ëèòòÿ ó 95,06–96,04% äëÿ çàãîò³âîê ³ç çîâí³øí³ìè 
ðîçì³ðàìè ó 80–150 ìì âèõ³ä ïðèäàòíîãî ëèòâà ìîæíà ï³äâèùèòè äî 97,29–
97,72%. Çðîáëåíî âèñíîâîê ïðî äîö³ëüí³ñòü âèãîòîâëåííÿ çàãîò³âîê ç àíòèôðèê-
ö³éíèõ ñòîï³â ìåòîäîì áåçïåðåðâíîãî ëèòòÿ, îñê³ëüêè öå óìîæëèâèòü äëÿ 
äîñë³äæóâàíîãî òèïîðîçì³ðó çàãîò³âîê ï³äâèùèòè âèõ³ä ïðèäàòíîãî ëèòâà íà 
22,35%–47,72%.

Êëþ÷îâ³ ñëîâà: â³äöåíòðîâå òà áåçïåðåðâíå ëèòòÿ, ëèò³ çàãîò³âêè, âèõ³ä ïðèäàò-
íîãî ëèòâà, ïîâåðõíåâà äåôîðìàö³éíà ëóíêà.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÎÂ ÔÎÐÌÎÂÀÍÈß ÏÎËÛÕ 
ÇÀÃÎÒÎÂÎÊ ÈÇ ÀÍÒÈÔÐÈÊÖÈÎÍÍÛÕ ÑÏËÀÂÎÂ ÌÅÒÎÄÀÌÈ 
ÖÅÍÒÐÎÁÅÆÍÎÃÎ È ÍÅÏÐÅÐÛÂÍÎÃÎ ËÈÒÜß

Öåëåíàïðàâëåííîñòüþ ðàáîòû ÿâëÿåòñÿ ñðàâíèòåëüíûé àíàëèç ìåõàíèçìîâ ôîð-
ìîâàíèÿ ïîëûõ çàãîòîâîê, âëèÿþùèõ íà âûõîä ãîäíîãî öåíòðîáåæíîãî è íåïðå-
ðûâíîãî ëèòüÿ áðîíçû ìàðîê ÁðÎ8Í4Ö2 (Cu–8% Sn–4% Ni–2% Zn) è ÁðÎ5Ö5Ñ5 
(Cu–5% Sn–5% Zn–5% Pb). Îáíàðóæåíî, ÷òî äåéñòâèå öåíòðîáåæíûõ ñèë âû-
çûâàåò ñåãðåãàöèþ õèìè÷åñêèõ ýëåìåíòîâ ñïëàâîâ â çàâèñèìîñòè îò èõ ïëîòíî-
ñòè, à ëåãèðóþùèå ýëåìåíòû Sn è Pb ñïëàâà, èìåþùèå ïîâûøåííóþ ïëîòíîñòü, 
àêòèâíåå äðóãèõ ýëåìåíòîâ ïîääåðæèâàþò ýòîò ïðîöåññ. Îïðåäåëåíû ôàêòîðû, 
âëèÿþùèå íà èíòåíñèâíîñòü ïðîöåññà ñåãðåãàöèè ëåãèðóþùèõ ýëåìåíòîâ, ïëîò-
íîñòü êîòîðûõ â íåñêîëüêî ðàç ïðåâûøàåò ïëîòíîñòü îñòàëüíûõ ýëåìåíòîâ ñïëà-
âà. Èññëåäîâàíû ïðè÷èíû ïîÿâëåíèÿ îëîâà êàê ýëåìåíòà ñ ìàêñèìàëüíîé ïëîò-
íîñòüþ â îêðóæåíèè ñîåäèíåíèé ìèíèìàëüíîé ïëîòíîñòè. Óñòàíîâëåíî, ÷òî 
ïðîöåññ ñåãðåãàöèè, âîçíèêàþùèé ïðè öåíòðîáåæíîì ëèòüå, ñíèæàåò ðàâíîìåð-
íîå ðàñïðåäåëåíèå ëåãèðóþùèõ ýëåìåíòîâ ïî îáú¸ìó çàãîòîâêè è çíà÷èòåëüíî 
ïîâûøàåò ïðèïóñêè íà ìåõàíè÷åñêóþ îáðàáîòêó. Ïîêàçàíî, ÷òî â ïðîöåññå íå-
ïðåðûâíîãî ëèòüÿ íà ðàñïëàâ äåéñòâóåò èñêëþ÷èòåëüíî ñèëà òÿæåñòè, êîòîðàÿ 
çà âðåìÿ ôîðìèðîâàíèÿ çàãîòîâêè íå âûçûâàåò ðàññëîåíèå áîëåå ïëîòíûõ ëåãè-
ðóþùèõ ýëåìåíòîâ. Ïîêàçàíî, ÷òî åäèíñòâåííûì ôàêòîðîì, îïðåäåëÿþùèì âå-
ëè÷èíó ïðèïóñêà íà ìåõàíè÷åñêóþ îáðàáîòêó äëÿ ïðîöåññà íåïðåðûâíîãî ëèòüÿ, 
ÿâëÿåòñÿ ãëóáèíà äåôîðìàöèîííîé ëóíêè íà íàðóæíîé ïîâåðõíîñòè çàãîòîâêè, 
êîòîðàÿ íåîáõîäèìà äëÿ çàöåïëåíèÿ è èçâëå÷åíèÿ çàãîòîâêè èç êðèñòàëëèçàòî-
ðà. Óñòàíîâëåíà ãëóáèíà äåôîðìàöèîííîé ëóíêè, ïðè êîòîðîé êàñàòåëüíîå íà-
ïðÿæåíèå ñðåçà ñîîòâåòñòâóåò ïðåäåëüíîìó íàïðÿæåíèþ íà ñðåç, äëÿ îáðàçöîâ èç 
èññëåäóåìûõ ìàðîê áðîíçû. Ïîñòðîåíà è ïðåäëîæåíà òð¸õìåðíàÿ ìîäåëü äëÿ 
îïðåäåëåíèÿ âûõîäà ãîäíîãî íåïðåðûâíîãî ëèòüÿ ïîëûõ çàãîòîâîê â çàâèñèìîñòè 
îò òåìïåðàòóðû ïîâåðõíîñòè çàãîòîâîê, îò óñèëèé, äåéñòâóþùèõ íà çàãîòîâêó ñî 
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ñòîðîíû âàëêîâ òÿíóùåé êëåòè. Äëÿ îöåíêè âëèÿíèÿ òåõíîëîãè÷åñêèõ ïàðàìåò-
ðîâ ïðîöåññîâ íà âûõîä ãîäíîãî íåïðåðûâíîãî è öåíòðîáåæíîãî ëèòüÿ áûë èñïîëü-
çîâàí ìåòîä ïàóòèíîê, êîòîðûé ïîçâîëèë ðàñøèðèòü ïðåäñòàâëåíèå î ðàçëè÷íûõ 
ìåõàíèçìàõ ôîðìîâàíèÿ çàãîòîâîê. Èññëåäîâàíèÿ ïîêàçàëè, ÷òî â ñðàâíåíèè ñ 
èçâåñòíûìè ïîêàçàòåëÿìè âûõîäà ãîäíîãî íåïðåðûâíîãî ëèòüÿ 95,06–96,04% 
äëÿ çàãîòîâîê ñ íàðóæíûìè ðàçìåðàìè 80–150 ìì âûõîä ãîäíîãî ëèòüÿ ìîæíî 
ïîâûñèòü äî 97,29–97,72%. Ñäåëàí âûâîä î öåëåñîîáðàçíîì èçãîòîâëåíèè çàãî-
òîâîê èç àíòèôðèêöèîííûõ ñïëàâîâ ìåòîäîì íåïðåðûâíîãî ëèòüÿ, ïîñêîëüêó ýòî 
ïîçâîëèëî äëÿ èññëåäóåìîãî òèïîðàçìåðà çàãîòîâîê ïîâûñèòü âûõîä ãîäíîãî ëè-
òüÿ íà 22,35%–47,72%.

Êëþ÷åâûå ñëîâà: öåíòðîáåæíîå è íåïðåðûâíîå ëèòüå, ëèòûå çàãîòîâêè, âûõîä 
ãîäíîãî ëèòüÿ, ïîâåðõíîñòíàÿ äåôîðìàöèîííàÿ ëóíêà.


