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Abstract

The paper presents the results of studies of the structure and properties of a wire with a diameter of
0.5 mm from an alloy of the AI-REM system with a rare-earth metal content of 7-9%. Wire obtained as a
result of the implementation of the technology of its manufacture using the methods of casting into an
electromagnetic mold (EMM), continuous extruding and drawing.

The rheological properties of the metal of continuously cast round billets from the experimental alloy
obtained using an electromagnetic mold are determined. The modeling and analytical assessment of the
possibility of carrying out the process of combined rolling-extruding (CRE) of such billets in a closed box-
type roll groove of a continuous extruding unit are carried out. The features of metal shaping have been
studied. The temperature-speed and technological parameters was found at which the CRE process can be
carried out in a stable mode of operation. Data have been obtained for the forces acting on the die and rolls
and the moments on the rolls during rolling-extruding.

The results of experimental studies of the process of obtaining longish deformed semi-finished
products from an experimental alloy on the laboratory unit CRE-200 and the pilot plant unit CRE-400 are
presented. The structure of the metal has been studied; data on the ultimate tensile strength, yield strength,
relative elongation, and electrical resistivity of hot-extruded rods and wires in cold-worked and annealed
states have been obtained.

It was found that the proposed processing modes make it possible to obtain by the method of
combined rolling-extruding rods with a diameter of 9 mm in industrial conditions from longish billets with a
diameter of 18 mm, cast by means of EMM. Wire in a cold-worked and annealed state with a diameter of 0.5
obtained by drawing from the rods with a diameter of 9 mm from an experimental alloy of the AI-REM
system containing 7-9 rare earth metals with the required physical and mechanical properties.

Keywords: Aluminum alloys, Rare earth metals, Wire, Physical and mechanical properties, Metal
structure, Casting, Electromagnetic mold, Combined rolling-extruding, Drawing.

1 Introduction

Deformed longish semi-finished products in the form of rods, wire rods and wires made of
aluminum alloys are widely used for the manufacture of electrical products [1-5]. High performance
properties in combination with low specific mass and high electrical conductivity make it possible
to use cable products in power lines, aviation and space technology. In the manufacture of electrical
conductors for aircraft operating at elevated temperatures (up to 250 °C) high-alloyed aluminum
alloys with rare earth metals (REM) are most used, which have the necessary complex of
mechanical, electrical properties and thermal resistance. One of these alloys is an aluminum alloy of
the AlI-REM system with a rare-earth metal content of 7-9%, from which a wire with a diameter of
1.0-1.2 mm was produced using a multistage pellet technology [6, 7]. That technology including 17
technological stages. Since these alloys have a limited resource of plastic properties the use of
traditional technologies for obtaining deformed semi-finished products from them (for example,
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discrete extrusion on horizontal hydraulic extruders) has not found wide application in industry. In
addition, this led to a high cost of semi-finished products due to the high labor intensity and high
energy consumption for their production.

Recently, a need has arisen for a wire of small diameters of 0.1-0.5 mm made of these
alloys, which has the following complex of physical and mechanical properties: the ultimate tensile
strength under tension should be within the range R, = 180-200 MPa; ultimate tensile strength at a
temperature of 250 °C in the range of R, = 100-120 MPa; the elongation to failure is A = 8-14%;
electrical resistance p = 0.03000-0.03200 Ohm-m/mm? (according to TS 1-809-1038-2018 [8]).
Since the resource of plastic and strength properties of alloys of the AI-REM system is limited, it is
required to develop a technology for manufacturing such a wire, obtained on drawing machines for
fine and finest drawing, having the required set of properties.

Despite the fact that the study of the structure, properties and processing technologies of the
alloys AI-REM system are devoted to the works of many domestic and foreign scientists [1, 9-50]
the task of creating an energy-efficient technology for producing wires with a diameter of 0.1-0.5
mm from these alloys still not resolved. Work [1] covers laboratory and industrial efforts of
applying cerium for a purpose of developing aluminum alloys with superior properties. The binary
Al-Ce, ternary Al-Ce-X and higher-order phase systems are reviewed with a focus on the
aluminum-rich sections. In work [9] technologically important eutectic transformation in Al-Ce
binary alloys, containing from 5 to 20 wt.% Ce and ranging from hypo- to hypereutectic
compositions, was examined along with the microstructure and properties of its solidified product.
The advantages of REM in aluminum alloys are described in detail in work [1, 9, 10, 15-19].

The influence of REM in aluminum alloys on mechanical properties is considered in the
works [20, 26-32, 34, 37-40, 43-45, 47, 48]. The influence of REM in aluminum alloys on electrical
conductivity is considered in the works [20, 25, 31, 33, 34, 40, 42-45, 48]. The Ce content from
0.05 to 0.16 wt.% in the aluminum alloy is beneficial for increasing the electrical conductivity and
tensile strength, since Ce reduces the solubility of solid impurity elements (Fe, Si) in the aluminum
matrix.

The use of high-alloyed alloys of the AI-REM system also provides significant advantages if
it is required to increase the strength properties of the alloy, although this leads to a decrease in
electrical conductivity [43-48].

At the same time, recently, in order to obtain longish semi-finished products from aluminum
alloys technologies have been developed for continuous casting of ingots of small cross-section into
an electromagnetic mold (EMM) and their subsequent deformation on installations for continuous
extrusion Conform [61, 62] or combined rolling-extruding (CRE) [60, 63-65] and drawing [4, 22-
24, 50-65]. The use of such technologies can lead to the solution of these issues and the production
of small-diameter wire with the required set of operational properties. Therefore, an urgent
scientific and technical problem is the development of new technologies of combined processing for
obtaining long semi-finished products from high-alloyed alloys of the AI-REM system.

Therefore, the purpose of the research was the development of technical and technological
solutions for the production of wire with a diameter of 0.1-0.5 mm from an experimental aluminum
alloy with an REM content of 7-9% with the required level of physical, mechanical and operational
properties using continuous casting methods in electromagnetic mold, extruding and drawing.

To achieve this goal, the following tasks were set and solved:

— determination of rheological properties for cast billets from a test alloy and computer simulation
of the process of CRE of a rod using a round billet from this alloy;

— development of a methodology for determining the feasibility and power parameters of the CRE
process in a box gauge of a billet with a circular cross-section from an experimental alloy obtained
in EMM;

— carrying out experimental studies of deformation force parameters for continuous extruding of
rods from an experimental alloy on CRE units;



— development of wire drawing routes and annealing modes when using rods manufactured on
CRE units;

— carrying out studies of the structure and properties of rods and wires from the experimental alloy
obtained using the methods of continuous casting into EMM, continuous extruding and drawing,
founding the patterns of their change from the parameters of deformation processing.

— development of new technologies for combined processing and devices for its implementation in
order to obtain wire from an experimental alloy with a given level of physical and mechanical
properties and approbation of research results in industrial conditions.

2 Materials and method of carrying out research

For the production of high-quality cast billets with a small cross-section, the continuous
casting method using EMM has been increasingly used. At the same time, due to high cooling rates
and the absence of metal contact with the walls of the mold, it is possible to obtain billets of small
diameters (5-18 mm) with a fine-grained structure and increased plastic properties [6, 11-14, 51-
55]. The ingot obtained in the EMM has a dendritic parameter 100 times less than when casting into
a slip mold and is comparable to the structure of granules (Table 1). In addition, dendritic
segregation and non-metallic inclusions are practically absent in these ingots, which is not achieved
even with the use of granular technology. This makes it possible to use continuously cast billets of
small cross-section for a high-performance continuous process of CRE and to obtain longish
extruded products from low-plasticity aluminum alloys for subsequent wire drawing.

Table 1 — Comparison of parameters of different casting methods

Casting method | Product type | Cooling rate, K/s Structure
Slip casting mold Ingots 5x10!
Cooling melt Granules 5x10°
droplets in water
5x10*
5x10°
Casting in EMM | Continuous 5x10°

cast billet

To determine the rheological properties of such continuously cast billets with a diameter of
12 mm from a test alloy (Table 2) the method of hot twisting of samples was used [66, 67] in a wide
range of temperature, rate, and degree of deformation (Fig. 1).

u
Table 2 — Chemical composition of the test alloy system AI-REM [18-20]

Component content in the alloy, wt. %

Ce La Pr Fe Si Sm Al

4.4-4.7 2.3-2.5 0.1 0.2 0.1 0.1 Basis
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Fig. 1. Dependence of the resistance to deformation o, of the experimental alloy on the degree of
deformation Inu at different rates of deformation & and heating temperatures:
a—320°C; b—- 400 °C; ¢ - 550 °C

To determine the rheological properties according to the method developed at the
Department of Metal Forming of School of Non-ferrous Metals and Materials Science of the
Siberian Federal University (SibFU) torsion was carried out on the existing unit in different modes
in a wide range of temperature, rate and degree of deformation (Fig. 1). The analysis of the obtained
dependences showed that the shape of the hardening curves for the 01417 alloy has a typical
character, as for most other aluminum alloys. With an increase in the test temperature the hardening
rate increases. The obtained data on the rheological properties were used for computer modeling of
the CRE process in a box gauge of a round billet. The diagram of the process is shown in Fig. 2,
using the laboratory CRE-200 unit (Table 3).

Table 3 — CRE process parameters for different units

Parameters CRE-200 CRE-400
(laboratory unit) | (industrial unit)

Roll diameter with the protrusion D;, mm 214 385
Roll diameter with the groove D>, mm 167 385
Roll rotation frequency o, rpm 4;8 4; 8
The size of the gap between the rolls 6, mm 2 2
Roll ridge height with protrusion /,., mm 7 8
Diameter of the billet dp, mm 12 12; 18
The dimensions of the caliber in the smallest section Axb, mm Tx15 7x15; 10x21
The degree of deformation in height during rolling €, % 50 50
Die surface height 44, mm 20 20; 26
Die calibrating hole diameter dy, mm 5 5;9
Extrusion ratio during extruding p 6,5-15,3 6,5-27,8
Billet temperature 7}, °C 480; 550 480; 550
Strain rate &, s™! 0,5; 1,5 0,5;1,5
Hydraulic clamping force, kN 300 400
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Fig. 2. Scheme of the process of combined rolling-extruding of a round billet in a closed box gauge:
a — general view; b — at the entrance to the deforming unit, ¢ — during rolling, d — during extruding a
rod from a die

7

When modeling using the DEFORM-3D complex the following conditions were accepted:
the material of the rolls and dies is absolutely rigid; the diameter of the billet is 12 mm, and the
diameter of the extruded product is 5 mm; the process takes place at a constant ambient temperature
of 20 °C; the temperature of the billet is taken equal to 550 °C, and the temperature of the tool is
200 °C; for calculations, the billet was divided into 10000 finite elements; the frequency of rotation
of the rolls o varied at two levels (4 and 8 rpm); Siebel friction coefficient was: on the contact
surface of the roll - a billet equal 0.8, at the border of the roll - a die equal 0.5 [21].

The microstructure of the metal was investigated using an Olympus GX51 optical
microscope, an Axio Observer.Alm light microscope and an EVO 50 scanning electron microscope
with an Inca Energy 350 energy dispersive spectrometer. Mechanical properties were determined
using Walter + Bai AG LFM 400 kN universal testing machines (for cast billets and extruded bars),
LFM 20 kN and WDW-20 with a force of 20 kN (for wire). Specific electrical resistance p was
measured on samples 1 m long using a “Vitok™ ohmmeter.

To measure force indicators during experimental studies on the CRE-200 unit, strain gauge
equipment was used. It including CWW-50 CWW-100 force sensors with a maximum allowable
compression force of 500 kN and 1 MN and a ZetLab ZET 017-T8 strain gauge station.

3 Results and discussion
Simulation results obtained using the DEFORM-3D software package are shown in Fig. 3.
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Fig. 3. Shaping of metal and temperature distribution along deformation zone in the simulation of
the CRE process of a billet with a circular cross section: a — the initial stage of deformation at ® =4
rpm; b — rolling stage at ® = 4 rpm; ¢ — extruding stage at ® = 4 rpm; d — extruding stage ® = 8 rpm

Analysis of the simulation results showed that the shape change of metal during processing
of billet with a circular cross-section with a diameter of 12 mm in a closed box gauge on the CRE-
200 unit differs significantly from the shape change of a square billet. At the initial stage of the
process at ® = 4 rpm (Fig. 3a), the billet with incomplete contact is captured by the rolls and
compressed by the bottom surface of the roll with a groove and the ridge of the roll with a
protrusion. It was found that at a given rotation frequency of 4 rpm, the rolls slip and a gradual
decrease in the temperature of the billet in the extruding zone is observed (Fig. 3b) which can lead
to a halt in the process. This is due to the fact that in the rolling zone there is a decrease in the
contact area of the billet with the rolls along the corner elements of the groove and the value of the
force supplied by the rolls decreases. At the same time the degree of metal reduction in height
during rolling (44%) does not exceed 50%. Further, the billet metal reaches the die and extruded
out, filling the caliber. When the pressure in the extruding zone is sufficient for extrusion, the metal
is squeezed out in the form of a rod through a calibrating hole in the die (Fig. 3¢).

Analysis of the metal temperature distribution showed that at the initial stage of the process,
the billet is cooled from 550 to 450 °C. Its temperature in the extruding zone at the start of extrusion
of the rod is 330-340 °C. Further deformation leads to a decrease in the temperature in the extruding
zone to 240-280 °C. Therefore, for the case of the implementation of rolling-extruding at a roll
rotation frequency of 4 rpm with a rolling reduction ratio of less than 50% it is possible to stop the
metal deformation process.

An increase in the rotation speed of the rolls to 8 rpm significantly reduces the heat loss of
the billet due to the shorter time of its contact with the rolls and the die having a temperature of 200



°C. So in the plane of the smallest cross-section of the caliber the average temperature of the billet
is 500 °C, and at the stage of pressing and the beginning of extrusion of the rod it varies in the range
of 410-445 °C. Further extrusion (Fig. 3d) leads to a decrease in the temperature of the metal in the
extruding zone to 320 °C and an increase in the temperature of the metal to 375 °C which is typical
for the steady-state of CRE process.

Thus, for a stable course of the combined rolling-extruding process on the CRE-200 unit of
a billet with a diameter of 12 mm the following technological parameters of processing modes can
be recommended based on the simulation results: billet temperature 550 °C, temperature of rolls
and die 200 °C, roll rotation frequency 4-8 rpm; reduction in height when rolling is not less than
50%.

As it was revealed during the simulation the possibility of carrying out the process CRE
when using a round billet differs significantly from the deformation of a square or rectangular billet
in a closed box caliber. Rolling such billets in a rectangular box gauge is possible only if certain
conditions are met. It was found that for the guaranteed implementation of the process, it is
necessary that the groove width of the box gauge is 5-15% greater than the diameter of the round
billet which allows, on the one hand, to provide an unhindered supply of the heated billet in the
gauge. And on the other hand, to control the guaranteed filling of the gauge with metal in width.
When the width of the groove in comparison with the diameter of the billet is less than 5%, due to
the widening of the metal when it is heated the supply of the billet in the rolls and its capture by the
rolls becomes difficult. To fill the caliber when the difference between the width of the groove of
the roll and the diameter of the billet is more than 15%, large height reductions are required during
rolling. This is significantly increases the energy and power costs during metal deformation. In
addition, for the implementation of the CRE process it is necessary to have a given height on a roll
with a ridge protrusion which should be determined. When rolling-extruding a billet with a circular
cross-section the redistribution of metal in the caliber occurs unevenly. And during rolling the
caliber may not be completely filled. This can lead to a decrease in the contact forces of friction
and, as a consequence, to slip of the rolls relative to the billet. As a result, the CRE process becomes
unstable and the metal is not squeezed out through the die. In order to eliminate this drawback and
ensure a stable process of metal extrusion due to the guaranteed filling of the caliber with metal
during rolling it is proposed to determine the height of the roll ridge with a protrusion based on the
condition of equality of the areas of the initial round billet with a diameter dop and the area of the
upset rectangular billet after rolling in the minimum section of the caliber (Fig. 2). Then, taking into
account the specified distance between the roll barrels J, the height of the roll ridge with the
protrusion /4, can be found by the following formula [63]:

2
b =5 d, 025

P

&)

And the condition for the feasibility of the CRE process for the case of deformation of a
billet with a circular cross section will be written in the form:

hpe = hp, 2)

where hpe — experimental value of the roll protrusion height incorporated in the design of the
combined processing unit (Table 3).

To calculate the force parameters, the data on the rheological properties of the experimental
alloy was used (Fig. 1) and took into account the increase in energy consumption due to the cooling
down of the billet during its supply in the rolls and the formation of a barb when the metal
penetrates between the die and the rolls.

The force supplied by the rolls was determined by the formula [63]:
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where os. — average resistance of the metal to deformation, taking into account the cooling of the
metal in the rolls; k» — coefficient taking into account the thickness and temperature of the barb; D —
average roll diameter; Ah — absolute rolling reduction; § — distance angle of the die surface from the
common axis of the rolls (Fig. 2).

The force acting on the die was found by the formula:

Pa=1.57kp 65av(1.642F Jinu+0.5udaly), @

where u — extrusion ratio during extruding; /, — size of the working belt of the die; F; — area of the
pressed billet in front of the die surface.

As a result of calculations using the obtained formulas for the same caliber and dimensions
during extruding (Table 4) it was found that the force acting on the rolls during processing on the
industrial CRE-400 unit is higher than on the CRE-200 unit. This is due to the fact that the rolling
diameters of the rolls in this case are larger, and accordingly the length of contact of the rolls with
the metal is also larger. It has also been found that for the conditions of processing a round billet on
CRE units the clamping force (Table 3) is not enough to press the die and the process will be
unfeasible. Therefore, the temperature 7, = 550 °C should be chosen, then the maximum force
required for extruding a rod with a diameter of 5 mm will not exceed 241 kN.

Table 4 — Values of power parameters for CRE units with the same caliber dimensions in a
minimum section of 7x15 mm

Parameters T, =480 °C T =550°C
n=65 | n=127 | u=153 | p=65 | p=127 | u=153
Unit CRE-200
£-055! P, kN 515 543 572 279 297 314
' P, kN 182 289 362 99 158 199
. P, kN 599 631 673 334 355 382
' P, kN 212 336 426 118 189 241
Unit CRE-400
£-055! P, kN 732 773 814 397 422 447
' P, kN 182 289 362 99 158 199
. P, kN 852 898 958 476 505 543
' P, kN 212 336 426 118 189 241

Fig. 4 shows a comparison of the graphs of the calculated force parameters of the continuous
extruding process for laboratory processing conditions on the CRE-200 unit (caliber 7x15 mm) and
for industrial conditions on the CRE-400 unit (caliber 10x21 mm) at different billet temperatures
(Table 4).

It can be seen that for the CRE-400 unit the recommended parameters for experimental
studies (T = 550 °C, & = 0.5 s!) provide optimal power loading of the equipment over the entire
range of values of the extruding ratio. On the basis of the calculations technological
recommendations were prepared for laboratory research on the CRE-200 unit and pilot-industrial
research on the production of rods from alloy 01417 on the CRE-400 unit using continuously cast
billets of various diameters obtained using an electromagnetic mold.
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To carry out experimental studies, the design of a new unit for continuous casting, rolling
and extruding of metal was proposed. The unit includes: a mixer furnace, an electromagnetic mold,
a deforming unit consisting of a roll with a protrusion and a roll with a groove forming a working
caliber, at the exit from which a die with wedge-shaped cavities for cooling is installed, pressed
against the rolls using a hydraulic cylinder. A cooling device, a universal rolling stand and a device
for product winding are installed in series behind the deforming unit [21-24, 49, 63, 64]. In order to
use it for rolling a billet with a circular cross-section it is proposed to improve the deforming unit of
the installation by making a box gauge, in which the groove width of the roll with the groove is
greater than the billet diameter by 5-15%. And the ridge of the roll with the protrusion to perform
the given height taking into account the distance between the roll barrels, calculating it by the
formula (1).

To study the influence of casting and annealing modes on the properties and structure of
rods from the investigated alloy, obtained using EMM, at the LLC “Research and Production Center
for Magnetic Hydrodynamics” (Krasnoyarsk), experimental billets were made at various casting
temperatures of 670, 740 and 780 °C and casting speeds of 4.4, 10.8, and 14.5 mm/s. The billets
were heat treated at temperatures of 400, 450, 500 and 550 °C for 2, 4 and 8 hours. Analysis of the
microstructure of the rods (Fig. 5) showed that with a decrease in the casting temperature the
internal structure of the grain becomes coarser. The branches of dendrites become thicker and the
parameter of the dendritic cell slightly increases. Annealing at a temperature of 550 °C causes
degeneration of the eutectic and a uniform distribution of rare-earth aluminides is observed in the
microstructure.

The results of determining the grain size in the cast billets of the experimental alloy showed
that it is not the same over the section. In some areas of the peripheral zone, a fine-grained structure
with a grain size of 31-64 microns is observed and a coarse-grained structure with a grain size from
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337 microns to 1410 microns is observed across the section. Therefore, hot deformation is required
to work out the structure.

Fig. 5. Microstructure of annealed billets at temperature 7, = 550 °C with a diameter of 12 mm
from a test alloy with casting speed of 10.8 mm/s and different temperatures 7:
a—T.=670°C; b—T.=740°C; c — T. = 780 °C; x1000

The properties of the obtained cast rods are given in Table 5.

Table 5 — Physical and mechanical properties of cast rods with a diameter of 12 mm from a test
alloy obtained in EMM at different casting speeds

Casting Properties
speed Ultimate tensile strength R, Yield strength R, Elongation to Brinell hardness,
MPa MPa failure A, % HBW
14.5 mm/s 210 110 15.5 51.9
205 105 12.4
205 111 13.6
10.8 mm/s 205 109 17.2 51.8
205 111 12.8
205 109 21.9
4.4 mm/s 172 91 19.0 43.7
170 88 23.8
173 89 24.2

The analysis of these data showed that the strength properties of cast billets increase with an
increase in the casting speed, while the plasticity of the billets decreases, but remains at a fairly high
level (12.4-15.5%). With an increase in the annealing temperature to 550 °C and a duration of 8
hours, the elongation to failure increases to 38%, the ultimate tensile strength decreases to 126 MPa
as compared to the cast state. However, the surface of the billets turns from shiny to matte gray.

In order to obtain billets for wire drawing the method of combined rolling-extruding was
used [21-24, 49, 63, 64]. Experimental studies were carried out on a laboratory unit CRE-200 and
an experimental-industrial unit CRE-400 (Table 6). During the experimental rolling-extruding on
the CRE-200 unit the following technique was used. Several continuously cast billets 12 mm in
diameter were simultaneously heated in an electric chamber furnace to a temperature of 550 °C and
held for 10-15 min. The rolls and the die were heated to a temperature of 200 °C, at which the rolls
of the CRE-200 unit were brought into rotation at a speed of 4 rpm. The billets were sequentially set
in the roll caliber, while the metal was pressed in height during rolling, pressed out in front of the
matrix and squeezed out through it in the form of a rod. Then the rotational speed was increased to
8 rpm and the experiments were repeated.

Table 6 — Technical characteristics of CRE units
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Parameter Value
CRE-200 CRE-400
Nominal roll diameter, mm 200 400
Rated torque, kNm 22 35
Rotation frequency, rpm 4,8 0-30
Main motor power, kW 19 18.5
Billet diameter, mm 10-12 12-18

The results of experimental studies of force parameters for obtaining rods with a diameter of
5 mm from a billet with a diameter of 12 mm from an experimental alloy in comparison with the
calculated data are presented in Table 7.

Table 7 — Force parameters of the CRE process for a rod with a diameter of 5 mm

Force, kN g st Calculated data | Experimental data | Deviation, %
Pr 0.5 314 348 9.8
1.5 382 387 1.3
Pd 0.5 199 181 9.0
1.5 241 218 9.5

Further, from extruded rods with a diameter of 5 mm on a chain drawing mill (Table 8) a
wire with a diameter of 0.5 mm was obtained according to the developed route, subjecting an
intermediate annealing to a semi-finished product with a diameter of 2.5 mm.

Table 8 — Technical characteristics of the drawing mill

Characteristics Characteristic values
Length, mm 2000
Number of working channels, pcs 1
Drawing force, kN 50
Drawing speed, m/s 0.17
Power consumption, kW 25

The results of testing the mechanical properties of the obtained cast and deformed semi-
finished products from the experimental alloy are presented in Table 9.

Table 9 — Mechanical properties of cast and deformed semi-finished products from a test alloy after
continuous extruding by the CRE method and drawing

Semi-finished product diameter Mechanical properties
(mm) and its condition Ultimate tensile strength | Yield strength R, Elongation to
R, MPa MPa failure A, %
12.0, cast 182 102 11.8
5.0, hot-extruded 176 163 20.1
0.5, cold-deformed 250 181 1.3
0.5, annealed 7, =450°C,t=1h 143 124 15.9
0.5, annealed 7,=500°C,t=1h 137 119 19.1

The patterns of their change with an increase in the degree of deformation correspond to the
traditional concepts of the theory of metal forming, while the ultimate tensile strength increases and
elongation to failure decreases (Fig. 6) [22].
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Fig. 6. Mechanical properties of deformed semi-finished products from a test alloy before and after
annealing at different roll speeds: a, ¢, e, g —4 rpm; b, d, f, h — 8 rpm

It was found that annealing the wire at a temperature of 500 °C and a holding time of 1 hour
leads to a decrease in the ultimate tensile strength to a value of 137 MPa and an increase in the
relative elongation to 19.1%. Even higher ductility (elongation to failure 23.6-28.8%) is possessed
by a wire made from a billet obtained on an CRE unit with a roll rotation frequency of 8 rpm, which
allows further cold deformation of the metal to obtain a wire with a diameter of about 0.1-0.2 mm.
Measurements of the electrical resistance showed that their values for all modes of processing wire
from an experimental alloy with a diameter of 0.5 mm in the annealed state are within the required
limits 0.02919-0.03054 Ohm-mm?/m.

Metallographic studies of extruded rods (Fig. 7) showed that they have a uniform fine-
grained structure (Fig. 7a). The size of inclusions is insignificant and does not exceed 7 um. After
hot deformation the consequences of dendritic segregation were eliminated and instead of dendritic
cells there was a uniform and dispersed distribution of REM aluminides over the cross section of
the rods. The structure of a wire with a diameter of 0.5 mm in various states is shown in Fig. 7b, c.
The analysis of the research results allowed to conclude that the wire made from a rod obtained on
CRE unit with a roll rotation frequency of 4 rpm has the required set of mechanical and electrical
properties after annealing at a temperature of 500 °C and holding time of 1 hour.

-
<P
.
\

- ;i. ‘ L20um, (2 em J

a b c
Fig. 7. Microstructure of a rod with a diameter of 5 mm (a) and a wire made of alloy 01417 with a
diameter of 0.5 mm in deformed (b) and annealed (c) states, x1000

In order to obtain pilot batches of wire from alloy 01417 with a diameter of 0.5 mm with the
required complex of physical and mechanical properties at the enterprises of LLC "Plant of Modern
Materials" and LLC "Alliance 2008" (Krasnoyarsk) on the CRE-400 unit, hot-extruded rods were
obtained for drawing with a diameter of 9 mm. At the same time, based on the calculation of power
costs and the feasibility of the process, as well as recommendations for the processing and
annealing modes, the diameter of the continuously cast billet obtained in the EMM, the temperature
and technological parameters of continuous extruding and subsequent drawing were selected.

On the CRE-400 unit, a coil of continuously cast billet with a diameter of 18 mm from an
experimental alloy weighing 100 kg obtained in the EMM was processed. In accordance with the
developed technique, continuously cast billets were heated to a temperature of 550 °C in an electric
furnace and sent to rolls heated to a temperature of 200 °C. The die, also heated to 200 °C, was
pressed against the rolls using a hydraulic cylinder and rolled-extruding was carried out. The
resulting rod with a diameter of 9 mm was subjected to drawing to a diameter of 0.5 mm with
intermediate annealing on a commercial drum-type drawing mill. It was found that extruding a
billet heated to 550 °C at a roll and die temperature of 200 °C and a roll rotation speed of 8 rpm can
lead to the formation of temperature cracks along the length of the extruded rod. Subsequent
experiments made it possible to recommend a roll rotation frequency of 2-4 rpm for the CRE-400
unit. The recommended technological parameters of the CRE process, thus, ensured the ability of
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the extruded rods to draw, which proceeded stably and without breaks while the wire had a shiny
high-quality surface.

Electron microscopic studies of the microstructure of cold-deformed wire with a diameter of
0.5 mm (Fig. 8) were carried out in order to determine the particle size of REM aluminides and their
distribution over the cross-section of the wire obtained under industrial conditions.

a, x20000 b, x50000
Fig. 8. Microstructure of a wire with a diameter of 0.5 mm from a test alloy in a cold-deformed state
after drawing: a — using SEI contrast, b — using composite contrast COMPO

These data were necessary to determine their effect on the physical and mechanical
properties of the wire and to justify the choice of the mode of its final annealing. The microstructure
of the wire at enlargement of 20000 times (Fig. 8a) is characterized by the presence of dispersed
and fairly uniformly distributed REM aluminides against the background of an aluminum solid
solution. Determination of the size of aluminide particles with enlargement of 50000 (Fig. 8b)
showed that they are 96-214 nm. Figure 9 shows the results of determining the elemental
composition of the wire and the microstructure using the COMPO and SEI contrast, which shows
an aluminum matrix and light particles of lanthanum and cerium aluminides.

“En H Jacronimane . E) " Drvon naed

All results in atomic % All results in atomic %
Spectrum Al La Ce Spectrum Al La Ce
Spectrum 1 95.56 1.61 2.83 Spectrum 1 94.25 1.88 3.87
Spectrum 2 99.27 - 0.73 Spectrum 2 99.19 - 0.81

a, x20000 b, x50000
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Fig. 9. Elemental composition and microstructure of a wire with a diameter of 0.5 mm from a test
alloy in a cold-deformed state after drawing: a — using SEI contrast, b — using composite contrast
COMPO

The results of testing the mechanical properties of the wire from the experimental alloy
before and after the final annealing in different modes are presented in Table 10.

Table 10 — Physical and mechanical properties of a wire with a diameter of 0.5 mm from a test alloy
obtained using the CRE-400 unit

Condition and modes of annealing Mechanical properties Electrical
Ultimate tensile Elongation to resistance p,
strength R,,, MPa failure A, % Ohm- mm?/m
Hardened 257 1.3 0.03151
260 1.2 0.03157
Annealed, T = 400 °C, t =4 hours 160 14.4 0.03134
159 14.2 0.03137
Annealed, T =450 °C, T =4 hours 160 15.6 0.03138
157 15.2 0.03143
Annealed, T =500 °C, t =4 hours 162 16.5 0.03139
157 16.8 0.03132

The developed modes of casting, continuous extruding, drawing and annealing, thus, made it
possible to obtain commercial batches of wire with a diameter of 0.5 mm (Fig. 10) with the required
level of properties.

Fig. 10. Coils of a continuously cast billet (a) from experimental alloy cast by the EMM method
and coils with a wire with diameter of 0.5 mm from this alloy obtained in industrial conditions ()

For independent tests of the properties, measurements of the ultimate tensile strength,
elongation to failure and electrical resistance at room temperature were carried out for 5 coils of the
wire obtained at “Special Design Bureau of the Cable Industry” Ltd. (Moscow, Russian Federation).
The test results confirmed the conclusion that the physical and mechanical properties of a wire with
a diameter of 0.5 mm from an experimental alloy meet the requirements. According to test results
the ultimate tensile strength for a wire with a diameter of 0.5 mm in the annealed state should not be
lower than 142.5 MPa, the elongation to failure not lower than 8%, and electrical resistance not
higher than 0.03200 Ohm-mm?/m.

The study of the heat resistance of a wire with a diameter of 0.5 mm from an experimental
alloy was carried out in the testing laboratory of mechanical and climatic tests of samples, materials
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and components of “Research Complex of Technological Support Center” Ltd. (Novosibirsk,
Russian Federation) at various temperatures of 180, 240 and 310 °C and holding times of 1 and 400
hours. As a result of the tests it was found that the wire from the experimental alloy submitted for
examination, produced according to the developed technology, meets the requirements.

4 Summary

Thus, as a result of the research the following main results were obtained:

1. Studied the rheological properties of continuously cast billets with a diameter of 12 mm
from an experimental alloy of the AI-REM system with a rare-earth metal content of 7-9%, made
according to various casting modes in an electromagnetic mold, and obtained graphical
dependences of the resistance of metal deformation on temperature, rate and degree of deformation
in a given experimental conditions the range of their variation.

2. A computer 3D model of the combined rolling-extruding process was created for
deformation of a billet with a circular cross-section and with its help the features of the shape
change and temperature distribution in the deformation zone at different roll rotation frequency
were studied using data on the rheological characteristics of the experimental alloy.

3. A method is proposed for the experimental and analytical assessment of the feasibility of
the CRE process and for calculating the force characteristics during deformation of a billet with a
circular cross-section, with the use of which the design parameters of the roll and extruding tool are
determined, as well as the technological modes of continuous extruding for experimental research.

4. With the use of the developed technological modes of continuous casting in EMM,
continuous extruding by the CRE method, drawing, intermediate and final annealing, experimental
studies were carried out to obtain a wire with a diameter of 0.5 mm from an experimental alloy in
laboratory and industrial conditions.

5. At all stages of these experimental studies the structure of the metal was investigated and
the regularities of changes in the ultimate tensile strength, yield strength, elongation to failure and
electrical resistance of longish deformed semi-finished products in the form of hot-extruded rods
and wires in cold-deformed and annealed states were found depending on the processing modes.

6. Using the CRE-400 unit in industrial conditions rods with a diameter of 9 mm were
extruded from a continuously cast billet with a diameter of 18 mm, obtained using EMM; from
which pilot batches of wire with a diameter of 0.5 mm were made from an experimental alloy of the
AI-REM system containing rare earth metals of 7-9% with the given physical and mechanical
properties, while new deformation modes of continuous extruding and drawing routes, as well as
modes of intermediate and final annealing have been developed.
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Figure 1

Dependence of the resistance to deformation os of the experimental alloy on the degree of deformation
Inu at different rates of deformation € and heating temperatures: a — 320 °C; b — 400 °C; ¢ — 550 °C

e o

Figure 2

Scheme of the process of combined rolling-extruding of a round billet in a closed box gauge: a — general
view; b — at the entrance to the deforming unit, ¢ — during rolling, d — during extruding a rod from a die
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Figure 3

Shaping of metal and temperature distribution along deformation zone in the simulation of the CRE
process of a billet with a circular cross section: a — the initial stage of deformation at w =4 rpm; b -
rolling stage at w = 4 rpm; ¢ — extruding stage at w = 4 rpm; d — extruding stage w = 8 rpm
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Figure 4

Graphs of changes in the power parameters of the CRE process for the CRE-200 and CRE-400 units with
different caliber sizes:a,b - Tb =480 °C;c,d - Tb=550°C;——€=0.5s1,—— € =1.5s-1

Figure 5

Microstructure of annealed billets at temperature Ta = 550 °C with a diameter of 12 mm from a test alloy
with casting speed of 10.8 mm/s and different temperatures Tc:a - Tc =670 ;b — Tc =740K;¢c — Tc =
780 &; x1000
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Figure 6

Mechanical properties of deformed semi-finished products from a test alloy before and after annealing at
different roll speeds: a,c,e,g — 4rpm; b, d,f,h — 8 rpm



Figure 7

Microstructure of a rod with a diameter of 5 mm (a) and a wire made of alloy 01417 with a diameter of
0.5 mm in deformed (b) and annealed (c) states, x1000

a. *20000 b, »50000
Figure 8

Microstructure of a wire with a diameter of 0.5 mm from a test alloy in a cold-deformed state after
drawing: a — using SEI contrast, b — using composite contrast COMPO
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All results in atomic % All results in atomic %
Spectrum Al La Ce Spectrum Al La Ce
Spectrum 1 05.56 1.61 2.83 Spectrum 1 04.25 1.88 3.87
Spectrum 2 9927 2 0.73 Spectrum 2 99.19 - 0.81
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Figure 9

Elemental composition and microstructure of a wire with a diameter of 0.5 mm from a test alloy in a cold-
deformed state after drawing: a — using SEI contrast, b — using composite contrast COMPO
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Figure 10

Coils of a continuously cast billet (a) from experimental alloy cast by the EMM method and coils with a
wire with diameter of 0.5 mm from this alloy obtained in industrial conditions (b)



