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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
BpO8HA4II2 (Cu—8% Sn—4% Ni—2% Zn)- and BpO5115C5 (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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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.

1. Intfroduction

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,
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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
[6-11] 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:

e 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:

e 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;

e 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;

e 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;

e 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;

e 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 BpO8HA4II2-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: BpO8H4I12- (Cu—-8% Sn—4% Ni—-2% Zn)
and BpO5II5C5-type (Cu—5% Sn—5% Zn—5% Pb) bronzes.

Technological processes are as follow:

e preparation of melts of the studied bronzes for the manufac-
ture of hollow billets;

e melting of the charge in the melting furnace IC-0,5F-400;

e bringing the chemical composition to indicators that comply
with regulatory documents;

e 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;

e 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:

o fabrication of samples from the cross section of hollow billets
of stamps bronze BpO5I15C5 and BpO8HA4I12 to control the distribu-
tion of alloying elements in the cross section of the samples;
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e grinding, etching, and photographing of the samples;

e 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;

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

e 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:

e 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;

e determination of force, acting in the direction of the axis of the
billet and creating shear stresses of shear;

e determination of the mechanical properties of samples obtained
from continuously cast billets;

e determination of the shear stress of the cut of samples from the
studied bronzes obtained by the method of continuous casting;

e 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:

e determination of the critical depth of the deformation hole at
which the current tangential cut stress (t) is equal to the maximum per-
missible cut stress (t,,,) of the billet: t =1 ;

e determination of the range for the current depth of the deforma-
tion hole (A,,,), which corresponds to the condition A, < k. < h, (h, is
the critical deformation of the billet surface, A, is a normatively given
specified depth of the deformation hole);

* determination of the rational reduction of k. < h,, to reduce the
allowance for machining.
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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 (#,—/,). 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 I of the
surface of the billet, and shows the relationship between the values of
R Ropyms and B — the specified value of extrusion. In the process of
applying force P, the teethes 2 of rollers I are pressed into the solid of
the billet to a depth A2 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

Taver = Ph/Ssegm’ (1)
where P, 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

S._..=0.5R?(a. — sina), (2)

segm

where S is the area of the segment formed because of forcing the

segm

surface of the billet with the withdrawal-roll set, o is an angle (in radi-

hy hy R .
<

Fig. 1. Illustration of

the engagement of the

billet with rollers pul-

ling the cage: (a) sche-

a me of the change in

the cut surface area at
various values of the depth of deformation well (hole); () 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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/ Ez 4 1
. . 3
Fig. 2. Diagram of the effect of force P,

from the rollers on the side surface of the 2%

billet. Here, 1 — support of the with- %
drawal-roll set; 2 — mainstay of the N 5/ P, 8 N \
withdrawal-roll set; 3 and 4 — flywheel o N

and screw creating a force P, in a pair of

‘rolls—billet’; 56 and 6 — device, which is N N

holding caster roll; 7 — mainstay of the
device, which is holding the roll; 8 —
continuously cast billet 7 6

Signal
input

8

Fig. 3. Diagram of the device, which allows determining the ejection force billet
produced at the pulling roller cage: I — 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

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 A:

o=2arccos(l — h/R), 3)
where & is a depth of deformation hole (in meters), R is a radius of con-
tinuously cast billet.

The values of the tangential cut stress t and the depth of the defor-
mation % are related to the effect of forces on the billet both in the lon-
gitudinal stress P, and in the direction perpendicular to the axis of the
billet P,. 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.
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The calculated force on the billet, which causes the formation of a
deformation hole, is determined by the formula:

P,=P,/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 (P,), directed along its axis. The device con-
tains a device 1, on which strain gauges are attached to determine the
force P,. To improve the accuracy of the measurement, device I is made
of a tubular shape. The wall thickness of the device I is selected from
the condition of permissible strain gauges (Al 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 BpO8H4I112 and BpO5I115C5 bronze goes beyond permissible.

In Figure 4, as an example, the macrostructures of centrifugally
cast billets with a diameter of 150 mm (made of BpO8H4I12 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 IT) and in the vicinity of the inner surface
of the billet (point I1I, Fig. 4). To study the content of the main chem-
ical elements, Zn, Sn, and Ni, samples were taken from a BpO8H4II2

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



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

Fig. 4. Macro-
structure of the
hollow centrifugal-
ly cast billet sam-
ple of BpO8HA4II2
at 965 rpm (a) and
1495 rpm (b) [22]

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 BpO8H4I12 near points I, II and IIl in the
samples obtained by the centrifugal method are presented in Table 1.

The increased tin content in the bronze alloy of the brand BpOSH4112
(Table 2) confirms the separation of Sn at the outer wall of the billet,
which confirms the data presented in Fig. 4, a 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 BpO8H4I12 and BpO5I115C5.

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

The average content of alloying elements

Method . in the cross-section of the billet, %
.. . Point number
of obtaining billets
Zn Sn Ni
Centrifugal (Fig. 4) I 1.89 10.32 4.62
11 1.86 8.45 4.60
117 1.81 8.43 4.49

Table 2. Values of relative atomic masses and their
multiplicity for various chemical elements of the BpOSH4I12
and BpO5II5C5 alloys, relative to the atomic masses of tin and lead

Name Atomic mass The ratio The ratio
of chemical of chemical of the excess of the of the excess of the
elements clements atomic mass of tin atomic mass of lead
(a.m. Sn = 118.69) (a.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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Fig. 5. Separation of reinforcing dispersed particles in the alu-
minium-based alloy AK12 [3]: a — the structure of the alloy
AK12 + 10% Al,O; + 2% C obtained by rotating the drive 1200
rpm; b — the structure of the alloy AK12 + 5% Al,O, obtained
by rotating the drive 1000 rpm

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 BpO8HA4II2 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: SnO, SnCl,, SnS or SnS,, SnF,. 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).
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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 Cu,Sny); 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 BpO8H4I12) and lead (BpO5I15C5).

(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 BpO8H4I12 and BpO5115C5 (Fig. 4, a, b)
showed the following:

e 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;

e 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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1495 rpm —— 965 rpm
N, rpm
1

Internal
allowance AR,
mm Casting
yield, %
Distribution External
nonuniformity allowance AR,

of components, % mm

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

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 BpO8H4Il2 and
BpO5I115C5 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
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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 alloying 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 BpO8H4I12 and BpO5I15C5 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

c The Machining allowances
asting . .
T B t R d t A 1d
of billets | (grade) | dameter = | SRR mmner | Outside | TR VY
+ allowances|, . diameter diameter ’
billet, mm ’ ’
mm mm

Cuffs, |BpO5II5C5| 90/40 80/50 | 4.0-5.5 | 5.5-10.0 | 46.00-59.84
holders |BpO8HA4II2| 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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Fig. 7. The macrostruc-
ture of the hollow contin-
uously cast billet sample
of BpO8HA4II2-type bron-
ze: a — longitudinal [24]
and b — transverse [23]
cross-sections

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
BpO8HA4I12 and BpO5I15C5 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 BpO8H4I12 and BpO5I15C5 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
BpO8HA4I12, 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

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

The average content of alloying
lements in the cross-section
Method . e - py
of obtaining billets Point number of the billet, %
Zn Sn Ni

Continuous casting the |Upper wall surface (I) 1.79 7.26 3.84
upper wall of the billet |Centre wall (IT) 1.81 7.47 3.92
(Fig. 7, a, b) Lower wall surface (IIT) 1.85 7.52 3.89
Continuous casting the |Upper wall surface (I) 1.88 7.59 3.93
bottom wall of the billet | Centre wall (IT) 1.85 7.63 3.95
(Fig. 7, a) Lower wall surface (I1I) 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:

e determination of the critical values of the depth of the deforma-
tion hole (%), 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;

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

e 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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Fig. 9. A deformation well (hole) on the surface of a
continuously cast BpO8H4I12-bronze billet at 100 °C

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 (P,) and the
effort of interaction of the billets with the withdrawal-roll set (P,). In
addition, this machine was applied to determine the depth of the defor-
mation well, using the I'MM 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 I'1 100. 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 (%,) 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 A defines the
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difference between the set value of machining allowances (4,,) and h,,
for each standard size of 80, 110, and 150 mm billets. The difference
hg,—h, 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 P,. 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
Tst = Ph/Ssegm = <Tst>' (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 Eqgs. (2) and (3), one obtain

1, = 2P,/{R?[2arccos(1l — h/R) — sinal} =(z_,), h > h,, (6)

Thus, an equation is obtained that relates the depth of the deforma-
tion hole (%) to the tangential stress on the cut. The value of A in our
case is a function:

h=7P,T). (7

Let us obtain dependences of the deformation-hole depth on the
force P, (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 P, to determine the depth % 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 BpO8H4II2 with a diameter of 150 mm

Indices

of T (°C) and P (N) | ”

tee MM | Ay, mm | Ay, mm | h,, mm | Ay, mm |hg, mm | (h), mm

100 and 4-103 0.11 0.12 0.10 0.12 0.10 0.13 0.113
100 and 6-10° 0.56 0.53 0.53 0.54 0.54 0.55 0.545
100 and 8-10° 1.19 1.11 1.18 1.14 1.15 1.14 1.152
150 and 4-10° 0.57 0.61 0.59 0.56 0.58 0.59 0.583
150 and 6-10° 0.95 0.91 0.92 0.94 0.95 0.92 0.931
150 and 8-10° 1.25 1.21 1.24 1.23 1.26 1.23 0.237
200 and 4-10° 0.96 0.93 0.91 0.94 0.92 0.94 0.933
200 and 6-10° 1.21 1.19 1.29 1.24 1.22 1.31 1.243
200 and 8-10° 1.56 1.44 1.62 1.42 1.53 1.54 1.495
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Fig. 10. Determination of the critical values of the depth of the deformation hole
(well) on the surface of the BpO8H4I112-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 o = f(T)

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 2 of the deformation hole was determined using an indicator
depth gauge I'1 100.

Thus, in the course of the experimental studies, measurements of
the depth 2 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 I'1 100.

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).
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Using dependences I—3 in Fig. 10 for BpO8H4I[2-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
Al = 0.430 mm, A = 0.731 mm, and A2 = 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 I'i1 100
for each ratio of temperature (7') 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 (%) 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:

how =1(P,T),
where T is a surface temperature of the billet located in the rolls of the pul-
ling cage (°C), 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 A, = Ar. Since the depth of the deformation hole depends on
both the force P, and temperature (T), therefore, we write down:

h,.=f®,T)=ArL,T).

The yield of casting (1) for billets of circular cross-section is defined
as the ratio of the masses before and after removal of allowances for
machining:

_An[R-Ar(T,P)PLy _ [1 _2RAr (T, P) - [Ar (T, pP)?
4t R’Ly R®
Here, R is a radius of the billet (m); L is a length of the billet (m); v is

a density of the billet material (kg/m?); Ar(T,P) is a change in the ra-
dius of the billet due to allowances for machining. To determine the

} -100% . (8)
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- Fig. 11. Three-dimensional model for
= 2 the casting yield of the BpOSHA4I[2-
S bronze billets (1500 mm in diameter)
o 98 1 depending on the surface temperature
s 3 3 of the billets and the force from the
3 83' 10 withdrawal-roll set. Here, 1 — plane of
100 . 63‘ 10 9 ﬂé the maximum permissible minimum val-
100 150 200 4-10 (< ues of the depth of the deformation hole
Temperature, °C {\,9&0 (h,,, see also Table 5); 2 — plane of re-
‘g{so 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 h, < h(T,P) < h,, (Fig. 1, b); 4—plane that goes beyond the level of
rational values for the deformation hole depth (Table 5)

rational yield of suitable casting of billets with a diameter of 80—150 mm
from the BpO8HA4II2 bronze brand, we obtain the equation:

n = {1 - 2RAr(P,T) [Ar(P, T)]2/R%-100%, 9)

where 4-102 N < P < 8-102 H and 100 °C < T < 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 I repre-
sents the points that represent the critical values of the depth of the
deformation hole (%,) 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 (h, ), which determine the planned values of the yield,
calculated according to Eq. (9).

Table 6. Estimated data of casting yield under transverse load (P, = 8 10 N = const)
on a hillet (at 200 °C) for its various perform diameters and type of the bronze
type (BpO8HA4II2 and BpO5II5C5) cast on a continuous casting machine

. Machining allowances #, . . o

o The materal | T ancer o Costng il

of the billet ’
mm Base Calculated Base Calculated

1 BpO5I15CH 80 1.0 0.45 95.06 97.72

BpO8HA4I12 80 1.0 0.50 95.06 97.51

2 | BpO5II5CH 110 1.2 0.69 95.68 97.51

BpO8HA4I12 110 1.2 0.75 95.57 97.29

3 | BpO5II5CH 150 1.5 1.0 96.04 97.35

BpO8HA4I12 150 1.5 1.0 96.04 97.35
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Line 1 Line 2
Casting yield, %
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Distribution nonuniformity
of components, %

Fig. 12. The influence of technological parameters (factors) of
the continuous casting process on the casting yield

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
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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 (%), at which tangential shear stress t 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;

e 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 BpO8H4II2 and BpO5I15C5 grades obtained
by casting on the centrifugal and continuous casting machines

Diameter £ Allowal'lc.e Average Yield of casting Yield Difference

. or machining allowance . . between

of the billet, trifugal £ hini (centrifugal of casting the vield val
mm (ceg rifuga or machining casting), % (caster), % e yie d values,

casting), mm (caster), mm %

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
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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 diamet