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Abstract. Recently, there has been a need for electrical wire made of aluminum alloys with different contents of rare 

earth metals (REM) as wiring for various types of advanced equipment. Also, an important factor is the increase in the 

efficiency of production of deformed semi-finished products due to the use of combined processes that reduce energy 

consumption, labor costs and increase productivity. Objective. The purpose of this study is to develop technological 

solutions for the production of wire from aluminum alloys containing REM, using asymmetric combined processes of 

rolling-extrusion (CRE) and casting-rolling-extrusion (CCRE) with one drive roll. Methods Applied. The results of 

experimental studies of the CRE and CCRE processes for obtaining longish deformed semifinished products from alloy 

01417 at the CRE-200 laboratory facility are presented. The structure of the metal has been studied. Data on the ulti-

mate tensile strength, elongation to failure and specific electrical resistance of hot-extruded rods and wires in cold-

deformed and annealed states were obtained. Originality. It was found that it is expedient to implement the process 

with one driven roll when the task is to reduce the dimensions of the unit and energy-power costs in the production of 

longish semifinished products from aluminum alloys. Result. The results of the theoretical solutions, modelling and 

experimental studies are adequate and confirm the previously established patterns of change in the temperature‒speed 

and energy‒power parameters of the combined metal forming processes. The use of the CRE and CCRE methods with 

one driven roll made it possible to obtain rods with a diameter of 9 mm and wires with a diameter of up to 0.3 mm in a 

hard-worked and annealed state from alloy 01417 with the required level of mechanical, electrical and operational prop-

erties. 
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ИССЛЕДОВАНИЕ СВОЙСТВ И СТРУКТУРЫ ПРОВОЛОКИ  
ИЗ СПЛАВА СИСТЕМЫ Al-Ce-La МЕТОДОМ СОВМЕЩЕННОЙ 
ПРОКАТКИ-ПРЕССОВАНИЯ С ОДНИМ ПРИВОДНЫМ ВАЛКОМ 

Ворошилов Д.С. 

Сибирский федеральный университет, Красноярск, Россия 

Аннотация. В последнее время возникает потребность в электротехнической проволоке из сплавов алюминия с раз-
личным содержанием редкоземельных металлов в качестве проводки различных образцов перспективной техники. 
Также немаловыжным фактором является повышение эффективности производства деформированных полуфабри-
катов за счет применения совмещенных процессов, снижающих энергоемкость, трудозатраты и повышающих про-
изводительность. Цель исследования. Целью данного исследования является разработка технологических решений 
для производства проволоки из алюминиевых сплавов, содержащих редкоземельные металлы, с использованием 
асимметричных совмещенных процессов прокатки-прессования (СПП) и литья-прокатки-прессования (СЛиПП) с 
одним приводным валком. Используемые методы. Представлены результаты экспериментальных исследований 
совмещенных процессов СПП и СЛиПП для получения длинномерных деформированных полуфабрикатов из сплава 
01417 на лабораторной установке СПП-200. Изучена структура металла. Получены данные по временному сопро-
тивлению, относительному удлинению и удельному электрическому сопротивлению горячепрессованных прутков и 
проволоки в холоднодеформированном и отожженном состояниях. Новизна. Установлено, что при задаче снижения 
габаритов агрегата и энергосиловых затрат при производстве длинномерных полуфабрикатов из алюминиевых спла-
вов целесообразно реализовать процесс с одним приводным валком. Результат. Результаты теоретических решений, 
моделирования и экспериментальных исследований адекватны и подтверждают ранее установленные закономерно-
сти изменения температурно-скоростных и энергосиловых показателей совмещенных процессов обработки металлов 
давлением. Применение методов СПП и СЛиПП с одним приводным валком позволило получить прутки диаметром 
9 мм и проволоку диаметром до 0,3 мм в нагартованном и отожженном состоянии из сплава 01417 с требуемым 
уровнем механических, электрических и эксплуатационных свойств. 

Ключевые слова: церий, алюминиевые сплавы, механические свойства, микроструктура, пластическая дефор-
мация, электросопротивление, прокатка, прессование, волочение 
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Introduction 

Aluminum is widely used in various industrial areas 

[1]. Owing to their high electrical conductivity, high cor-

rosion resistance, and especially light weight, aluminum 

(including with the addition of rare earth metals) and its 

alloys are widely used in electrical wire applications, 

aircraft and rocket space construction, and other indus-

tries. With an increase in temperature to 523°C, the elec-

trical resistance of aluminum increases by almost 3 times. 

When the aluminum temperature decreases to -253°C, the 

UTS increases by almost 3 times, and elongation to fail-

ure (A) decreases by 1.5 times [2, 3]. This metal also suc-

cessfully replaces copper in high-voltage power lines. 

In various branches of nonferrous metallurgy, the 

volume of wire output is up to 30% of the total volume of 

metal products (wires, rivets, deoxidizers, and welding 

wire). Energy enterprises consume more than 80% of the 

electrical wire they receive. 

A special place in this series is occupied by wire made 

of aluminum alloys with REMs, which are used as electrical 

conductors for aircraft operating at elevated temperatures 

(up to 250°C). Numerous studies have shown that these al-

loys can be successfully used for such purposes since they 

have improved strength and service properties [4-23]. In [4], 

the CRE of Al-REM alloys was simulated. Mechanical 

properties of the Al-REM system alloys described in previ-

ous works [5, 6, 10, 12, 13, 16, 23]. The microstructure has 

been investigated previously [6, 12, 18, 23, 24]. Electrical 

conductivity of aluminum alloys with REMs has been inves-

tigated [5, 7]. Zhang Yu. The authors of [7] described the 

difference between La and Ce as additives for electrically 

conductive aluminum alloys. The effects of the addition of 

La have been reported previously [8, 10, 13, 17-19]. Feng 

W. et al. [8] studied the homogenization of pure aluminum 

with the addition of La. Cao X. et al. [15] studied the anneal-

ing and aging of an Al-Ce alloy. The influence of Ce in alu-

minum alloys has been investigated [9, 14, 20, 22]. Effect of 
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La+Sm combined addition on mechanical properties and 

microstructure of aluminum alloys described by Yang Q.  

et al. [11]. Effect of Ce+Sr addition on solidification, as 

shown in [21]. 

Important parameters in the development of equipment 

for combined processing are the simplicity of design and the 

reduction of energy losses at the stages of its transfer from 

the drive motor of the unit to the rolls. In previous studies, 

the results of modelling the asymmetric process of combined 

rolling-extrusion with two driven rolls were presented, but 

the process with one driven roll was not studied. The use of 

this process makes it possible to exclude the gear stand from 

the composition of the CRE units, thereby ensuring the di-

rect transmission of torque from the gearbox to one of the 

work rolls, which reduces the dimensions and reduces the 

cost of the unit. In this context, the task of studying the CRE 

process with one driven roll seems to be relevant. Notably, 

in addition to the temperature and speed conditions of pro-

cessing, the lengths of the zones of action of the active and 

reactive friction forces, which are determined by the parame-

ters of the deformation zone, strongly influence the CRE and 

CCRE process. 

The purpose of this study is to develop technological 

and scientific solutions for the production of wire from 

aluminum alloys containing REMs via an asymmetric 

CRE and CCRE process with one driven roll. 

Materials and methods of research 

The chemical composition of the investigated alumi-

num alloy 01417 is given in Table 1. 

T a b l e  1 .  Chemical composition of the investigated 

01417 alloy 

Таблица 1. Химический состав исследуемого сплава 

01417 

Component content in the alloy, wt. % 

Al Ce La Fe Pr Sm Si 

balance 4.4-4.7 2.3-2.5 0.2 0.1 0.1 0.1 

Research on the production of rods as billets for wire 

for electrical purposes was carried out with a combined 

processing CRE-200 unit (Table 2) [5]. 

T a b l e  2 .  Technical characteristics of the combined 

processing unit CRE-200 

Таблица 2. Технические характеристики установки 

совмещенной обработки СПП-200 

Parameters Values 

Initial roll diameter, mm 200 

Shaft neck diameter, mm 100 

Roll barrel length, mm 240 

Roll speed, rpm 4; 8 

Maximum clamping force, kN 300 

Electric motor power, kW 19 

Gear ratio 40 

Rheological property data for the 01417 alloy ob-

tained by torsion of samples in different modes over a 

fairly wide range of changes in the rate and degree of 

deformation. For a temperature of 550°C, the graph of the 

dependence of the resistance to deformation σs on the 

logarithmic degree of deformation at various strain rates 

is shown in Fig. 1. On the basis of an analysis of the sci-

entific and technical literature, this alloy was chosen for 

research on the production of electrical wires that meet 

the existing technical requirements for mechanical prop-

erties and heat resistance. 

 

Fig. 1. Resistance to deformation σs dependence  

of the logarithmic deformation lnμ of the 01417 

alloy at different strain rates ξ and temperatures 

of the billet heated at 550°С 

Рис. 1. Зависимость сопротивления деформации σs 

от логарифмической деформации lnμ сплава 

01417 при различных скоростях деформации ξ 

и температурах заготовки, нагретой при 550°С 

Metallographic studies were carried out on a Carl 

Zeiss and an EVO 50 scanning electron microscope (Ax-

io Observer). A1m light microscope, with an Inca Energy 

350 energy-dispersive microanalyzer. To investigate the 

mechanical properties of deformable semifinished prod-

ucts, a universal electromechanical machine LFM 400 

with a force of 400 kN was used. To simulate the CRE 

process with one driven roll, the DEFORM 3D finite el-

ement modelling complex was used. 

Findings and discussion 

Two schemes of processing were used for this re-

search: standard with two driven rolls and with one driv-

en roll (Fig. 2). Roll 2, with the largest contact surface 

made with a groove (cut), acted as a driven roll. Roll 1 

with a protrusion was nondriven and formed a closed 

caliber with a rectangular cross-section with a minimum 

height h1 with roll 2. The billet 4 with height h0 was set 

into a gauge and covered at the exit from the rolls by die 

3, which had a calibrating hole according to the shape and 

dimensions of the extruded rod 5 with a diameter d. 

The study of the metal flow during CRE with one 

driven roll was carried out via the method of coordinate 

grids on the underrolled residue, the form of which is 

shown in Fig. 3. Underrolled residue during CRE with 

one driven roll was obtained on the CRE-200 unit by 

stopping the roll at the moment the rod was extruded. In 

this case, a sample was obtained, according to which the 
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shape of the deformation zone and the features of the 

metal flow were assessed. 

The task of studying the shape change of the metal of 

a model sample subjected to a CRE with one driven roll 

was solved via the grid coordinate method. To carry out 

the experiments, samples with rectangular cross-sections 

14×14 mm in size were made with a coordinate grid ap-

plied mechanically with an average cell parameter of 

2.5±0.2 mm. Next, the samples were subjected to a CRE, 

and the distortion of the grid cells was used to assess the 

features of the metal flow during the implementation of a 

given scheme of combined processing. 

 

Fig. 2. Scheme of the deformation zone of the CRE 

process with one driven roll: 1 is roll with  

the protrusion; 2 is roll with a groove; 3 is die;  

4 is billet; 5 is extruded rod; I is rolling zone;  

II is zone of pressing out; III is extrusion zone 

Рис. 2. Схема очага деформации процесса СПП  

с одним приводным валком: 1 – валок 

с выступом; 2 – валок с ручьем; 3 – матрица;  

4 – заготовка; 5 – прессованный пруток;  

I – зона прокатки; II – зона распрессовки;  

III – зона прессования 

 
a 

 
b 

Fig. 3. Type of underrolls in the implementation of the 

CRE process with one (a) and two (b) driven rolls 

Рис. 3. Виды недокатов при реализации процесса 

СПП с одним (а) и двумя (b) приводными  

валками 

The measurement of the geometric parameters for the 

coordinate grid for various streamlines was carried out 

via the AutoCAD software package (scanned image with 

a size of 3768×3574 px). On the basis of the measure-

ments, data for the calculation were obtained, which were 

processed and presented in graphical form for the case of 

a CRE with one driven roll in Fig. 4 and Fig. 5. 

The contact streamline close to the driven roll changes 

similarly to the streamlines during CRE with two driven 

rolls. The CRE method with two driven rolls for other 

streamlines has a different nature. Depending on the active 

and reactive friction forces on the contact surfaces, the 

movement of the alloy in the rolling direction is different. 

The displacement of the ordinates of the nodes of the 

coordinate grid near the streamline adjacent to the driven 

roll begins before the geometric source (Fig. 4, b). It 

bends opposite to the rolling direction, similar to two 

driven rolls. The alloy particles in contact with the driven 

roll are ahead of the axial metal layers, and the layers are 

located on the side of the nondriven roll. 

When the billet enters the zone of extrusion during 

CRE with one driven roll (Fig. 4, a), a decrease in 

movement along the rolling axis is observed. Additional-

ly, from the side of the nondriven roll, the metal lags be-

hind the roll surface, which can be explained by the dif-

ference in the movement speeds of different metal layers. 

In the zone of extrusion from the side of the nondriven 

roll (roll with a protrusion), an increase in the lag of the 

metal particles at the contact from the inner layers is ob-

served, but later, they are ahead of the intermediate ones. 

The metal layers on the side of the nondriven roll have 

the lowest speed in the deformed billet. The highest value 

of the change in the horizontal component (Fig. 5, a) of 

the metal flow velocity Vx is associated with parts of the 

billet located on the side of the driven roll. The vertical 

component Vy is a significant change (Fig. 5, b) in the 

speed of the axial layers of the metal in comparison to the 

CRE process with two driven rolls. The change in the 

speed of the axial layers of the metal in the process of 

CRE with two driven rolls is insignificant. The velocity 

Vy decreases in the section of the curve from the alloy 

entry into the deformation zone. Furthermore, in the ex-

trusion zone, an increase in the velocity component oc-

curs. The velocity component reaches a maximum value 

in front of the die. 

At the beginning of the deformation zone, the billet 

bends towards the driven roll. An influx of metal is 

formed from the roll with the protrusion side (without 

motion), which is caused by the difference in the metal 

flow rates of the billet (see Fig. 3). At the moment of 

minimum billet height during rolling, the sidewalls of the 

pass have full contact with the side faces of the billet (the 

same case with two driven rolls). After passing through 

the zone of maximum reduction, the metal lags behind 

the surface of the nondriven roll, which is also due to 

different metal flow rates. The metal was deposited and 

extruded out in front of the die along the height of the 

caliber. A billet with a size equal to the height of the die 

squeezed out into the hole of the die. The metal flow 

from the side of the die mirror has a radial character. 
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а                                                                              b 

Fig. 4. Distribution over the cross-section of the sample for horizontal Fx (a) and vertical Fy (b) displacements  
of coordinate grid nodes: 1 is contact current line from the driven roll side; 2 is axial current line;  
3 is contact current line from the side of the nondriven roll 

Рис. 4. Распределение по сечению образца горизонтальных Fx (a) и вертикальных Fy (b) перемещений узлов 
координатной сетки: 1 – контактная линия тока со стороны приводного валка; 2 – осевая линия тока;  
3 – контактная линия тока со стороны неприводного валка 

  
a b 

Fig. 5. Changes in the horizontal Vx (a) and vertical Vy (b) components of the metal flow velocity: 1 is contact current 
line from the driven roll side; 2 is axial current line; 3 is contact current line from the side of the nondriven roll 

Рис. 5. Изменение горизонтальной Vx (а) и вертикальной Vy (b) составляющих скорости течения металла:  
1 – контактная линия тока со стороны ведомого валка; 2 – осевая линия тока; 3 – контактная линия тока 
со стороны неведомого валка 

The DEFORM 3D software package is used to analyse 
and calculate the parameters of the CRE process with one 
driven roll and establish patterns of their movement, such as, 
for example, the distribution of moments on the driven and 
nondriven rolls, the distribution of metal flow velocities, 
forces on the rolls and die, and temperatures in the defor-
mation zone. To refine the rheological model via mechanical 
tests, data were obtained on the properties of the experi-
mental alloy at various temperatures and speeds. After anal-
ysis, the obtained data were approximated and entered into 
the database of materials of the DEFORM 3D system. 

In the next stage, with the help of the SolidWorks 
complex, models of the roll tool, die and billet were built. 
The developed model was imported into the DEFORM 
3D preprocessor via STL files. 

The calculations in the DEFORM 3D system were 
carried out under the following assumption: 

– the process under consideration is nonisothermal; 
– incompressible rolls; 
– the billet material is considered to be homogeneous 

and isotropic; 
– Deformable medium - viscoplastic; 
– Friction on the rolls and die obeys Siebel’s law. 
The following are taken as initial parameters. The 

friction index according to Siebel on the matrix ψm = 0.58 

on the rolls ψv = 0.9. The dimensions of the cross-section 
of the cast billet are 14×14 mm. The initial temperature 
of the cast billet was 550 °C. The diameter of the roll 
with the groove was 162 mm, and the diameter of the roll 
with the protrusion was 214 mm. The roll speed (n) was 4 
rpm. The degree of reduction during rolling is ε = 50%. 
The initial temperature of the rolls and the die varied 
from 80 to 400 °C. The number of elements was as fol-
lows: billet, 40665; die, 9660; roll with protrusion, 
97785; and roll with a groove, 81326. Modelling was 
carried out up to the steady-state CRE process. The re-
sults of modelling the energy‒power and temperature‒
speed parameters of the CRE process with one driven roll 
are shown in Fig. 6. 

In this context, studies on the feasibility of the CRE 
process were carried out for one driven roll, and a compari-
son of the calculation results with the feasibility of the pro-
cess when both drive rolls are used. To verify the results of 
modelling the processes of obtaining extruded semifinished 
products from an aluminum alloy of the Al-REM system, 
the CRE and CCRE methods were used. To implement 
these processes, we used a CRE-200 unit mounted on the 
basis of a DUO 200 rolling mill (Table 2). 
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a b c d 

Fig. 6. Temperature distribution of the billet over the deformation zone and the value of the force acting on the die,  

depending on the initial temperature of the rolls and the die Ti at a billet temperature Tb equal to 550°C:  

a is Ti = 80°С; b is Ti = 100°С; c is Ti = 200°С; d is Ti = 400°С 

Рис. 6. Распределение температуры заготовки по очагу деформации и величина силы, действующей на матрицу, 

в зависимости от начальной температуры валков и матрицы Ti при температуре заготовки Tb, равной 

550°C: a – Ti = 80°С; b – Ti = 100°С; c – Ti = 200°С; d – Ti = 400°С 

Several billets obtained in the electromagnetic mold 
were simultaneously heated to a predetermined temperature 
(480–550 °С) and kept for 10–15 minutes in an electric re-
sistance furnace. The heating temperature of the billets was 
controlled by a chromel‒alumel thermocouple and a KSP-3 
potentiometer. The rolls were heated to 100 °С in a furnace 
to form rolls with nichrome heaters. When the billets and 
rolls were heated to the given temperature, the rolls were 
rotated, and the billet was set into the caliber of the rolls. 

After the billet was gripped by rolls, the tensometric 
equipment recorded the force exerted by the metal on the 
rolls with the help of mesdoses. Next, the billet was set into 
the caliber and reached the die. The die was pressed against 
the rolls from below. The billet completely filled the caliber 
in front of the die. Then, the billet was squeezed out in the 
form of a rod through the calibrating channel of the die. The 
force acting on the mesdose installed under the die was 
fixed. The dimensions of the caliber chosen for the experi-
ments varied from 15 to 20 mm. The dimensions of the die 
were determined by the following two criteria: the feasibility 
of the process with minimal energy consumption and the 
quality of the obtained extruded rods. 

Experiments with the use of the CCRE process were car-
ried out according to the following procedure. The metal that 
melted in the crucible via a mixer furnace was fed into the 
rolls. At the same time, on the surfaces of the water-cooled 
rolls, the crystallized metal was compressed in a closed cali-
ber, pressed out in front of the die, and squeezed out through 
the calibrating hole of the die to form a rod of a given shape 
and size. The frequency of rotation of the rolls in the experi-
ments was changed at two levels: 4 and 8 rpm, and the melt 
temperature was varied at two levels: 750 and 780°С. 

The mechanical properties of the rods obtained by the 
CRE are given in Table 3, which shows that the change in 
the technological parameters also affected the mechanical 
properties. The plastic characteristics increase with increas-
ing billet temperature and strain rate, which corresponds to 
the generally accepted laws of metal formation. The UTS of 
the metal of the rods obtained via the CRE method averages 
140–170 MPa, and A = 15–30%. 

To obtain wires from rods via the CRE and CCRE 
methods, the following technological stages were used. 

1. Preparation of a melt or obtaining a cast billet via 
EMM while controlling its structure and properties. 

2. Rolling-extrusion, for which the melt or heated billets 
were put into a roll caliber (at a temperature of Ti = 100 °C), 
and hot-extruded rods of various diameters were obtained, 
while the surface quality was visually assessed, and samples 
were taken to study the microstructure of the rods, as well as 
their mechanical properties. 

3. Cold sectional rolling was used to obtain a billet for 
drawing. 

4. The obtained billets were drawn to a given size by 
sampling for mechanical testing and metallographic studies. 

Ingots from the alloy of the Al-REM system with a di-
ameter of 15 to 18 mm and a length of approximately 1000 
mm, obtained by casting into the EMM, served as initial 
billets for the research. For the experiments, a combined 
processing unit, CRE-200, was used (see Table 2), as were 
an AF 200 + 180 R sectional rolling mill  and a tenfold 
drawing machine, T10 N.F.S. 

On the basis of the optimal technological modes of the 
CRE and CCRE for processing the investigated alloy, exper-
imental batches of rods with diameters of 9, 7 and 5 mm 
were manufactured via the CRE and CCRE methods, which 
were subjected to deformation via sectional rolling on mill 
AF 200 + 180 R to reduce the transverse dimensions. The 
gauges of the rolls of the square-shaped rolling mill had the 
following dimensions: 9.2 - 8.3 - 7.5 - 6.8 - 6.2 - 5.5 - 5.0 - 
4.5 - 4.2 - 3.7 - 3.4 - 3.1 - 2, 8 - 2.6 - 2.4 - 2.2 - 2.0 - 1.8 - 1.6 
- 1.5 - 1.4 - 1.3 - 1.2 - 1.1 - 1.0 mm. As a result of sectional 
rolling, a square section billet for drawing was obtained with 
dimensions of 1.3×1.3 mm. In the next stage, the resulting 
wire rod was subjected to cold drawing to obtain a wire with 
a diameter of 0.3 mm. Fig. 7 shows examples of semifin-
ished products from the 01417 alloy at various stages of 
processing. 

The wire microstructure is shown in Fig. 8. The analysis 
revealed that the wire obtained via the CRE method has a 
uniform cross-sectional structure and a fibrous structure. 
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T a b l e  3 .  Mechanical properties of 01417 alloy rods produced via the CRE method 

Таблица 3. Механические свойства прутков сплава 01417, полученных методом СПП 

Parameters 
Tb = 480 °C Tb = 550 °C 

µ = 4.8 µ = 8.0 µ = 15.7 µ = 4.8 µ = 8.0 µ = 15.7 

ξ = 0.74 s
-1

 
A, % 19.8 18.4 14.8 27.6 18.7 15.4 

UTS, MPa 142 161 168 155 157 169 

ξ = 1.49 s
-1

 
A, % 26.7 22.9 16.4 29.0 22.1 17.7 

UTS, MPa 136 149 153 147 154 165 

 

   
a b c 

Fig. 7. Extruded and drawn products from alloy 01417 at various stages: a billet from the EMM, a rod with a diameter 

of 9 mm, obtained via the CRE method, rods and wire with a diameter of up to 0.3 mm (a); extruded residue, a 

rod with a diameter of 7 mm, obtained via the CCRE method, rods and wire with a diameter of up to 0.3 mm 

(b); industrial batches of wire with a diameter of 0.5 mm (c) 

Рис. 7. Прессованные и тянутые изделия из сплава 01417 на разных стадиях: заготовка из ЭМК, пруток диамет-

ром 9 мм, полученный методом СПП, прутки и проволока диаметром до 0,3 мм (а); пресс-остаток, пру-

ток диаметром 7 мм, полученный методом СЛиПП, прутки и проволока диаметром до 0,3 мм (b); про-

мышленные партии проволоки диаметром 0,5 мм (c) 

   
a b c 

   
d e f 

Fig. 8. Microstructure of wires from alloy 01417, obtained via the CRE method (a, b) and the CCRE method (c–f), with 

a diameter of: a is 2.7 mm; b is 0.8 mm; c is 2.0 mm; d is 1.0 mm; e is 0.6 mm; f is 0.3 mm 

Рис. 8. Микроструктура проволок из сплава 01417, полученных методом СПП (а, b) и методом СЛиПП  

(c–f), диаметром: a – 2,7 мм; b – 0,8 мм; c – 2,0 мм; d – 1,0 мм; e – 0,6 мм; f – 0,3 мм 

The results of changing the mechanical properties of 
deformed semifinished products by technological stage 
are presented in Table 4. Their analysis revealed that 
wires obtained via the CCRE method have greater 

strength properties with the same plastic characteristics 
than those obtained via the CRE method. Thus, the 01417 
alloy wire obtained by the proposed technologies via 
combined methods of thermal deformation processing has 
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a regulated structure and mechanical properties in ac-
cordance with current standards. 

At the final stage of the research, the electrical re-
sistance of the obtained semifinished products was meas-
ured via a “Vitok” measuring device. Measurements of 
the electrical resistance of deformed semifinished prod-
ucts obtained by various technologies revealed that the 
values of this parameter are in the range of 0.031–0.033 

Ω‧mm
2
/m. Thermal stability studies have shown that at a 

temperature of 250 °C, the tensile strength is 160 MPa, 
whereas at a temperature of 20 °C, it is 170 MPa. Thus, at 
a temperature of 250 °C, the strength decreases by only 
6%, which means that the heat resistance of the obtained 
products is quite high. Electric conductors were made 
from experimental batches of wire from alloy 01417. The 
results of scientific research, which consists of the devel-
opment of a technology for producing longish semifin-
ished products from high-alloy alloys of the Al-REM 
system intended for the production of wire for electrical 
purposes, can improve its efficiency. 

Conclusions 

Thus, after performing the research, the following main 

results were obtained: 

The use of a CRE with one driven roll is advisable when 

the task is to reduce the dimensions of the unit and its cost, 

as well as the energy and power costs of the process. 

Modelling of the metal shaping and temperature‒

velocity conditions was carried out during an asymmetric 

CRE process with one driven roll in the DEFORM 3D soft-

ware package, which made it possible to select velocity, 

temperature, and deformation parameters. An analysis of the 

temperature conditions typical for the asymmetric CRE 

scheme with one driven roll made it possible to identify the 

optimal temperature range for heating billets and heating the 

extruding and roll tools. 

Metallographic studies of the structure were carried out. 

The mechanical properties of cast and deformed semifin-

ished products from alloy 01417 were determined at differ-

ent stages of combined processing according to two techno-

logical schemes using the CRE and CCRE methods, and it 

was found that the semifinished products have a high level 

of strength and plastic characteristics. 

The proposed technological regimes provide the regu-

lated structure and properties of wires made of alloy 01417 

at the given temperature‒speed and deformation parameters 

of the process in accordance with the requirements of current 

standards, as well as satisfactory values of electrical re-

sistance and thermal stability. 

On the basis of the results of this research, it can be 

concluded that, to obtain semifinished products, which 

are subject to increased requirements for microstructure, 

applying the CRE method using a billet obtained in the 

EMM is more expedient. If there are no such require-

ments for semifinished products, applying the CCRE 

method is more expedient. Batches of wire from alloy 

01417 obtained via two methods of combined processing 

have passed pilot testing and are recommended for the 

manufacture of electrical conductors. 

T a b l e  4 .  Results of the mechanical tests of the products from alloy 01417 

Таблица 4. Результаты механических испытаний изделий из сплава 01417 

Semifinished product Sample diameter or size, mm 
Mechanical properties 

A, % UTS, MPa 

CRE 

Hot-extruded rod 5.0 15.5 140 

7.0 19.0 160 

9.0 28.0 170 

Rod after sectional rolling 3.7×3.7 12.0 200 

3.1×3.1 11.0 210 

2.4×2.4 10.5 220 

2.2×2.2 9.4 230 

1.3×1.3 2.7 250 

Wire after drawing 1.0 2.5 320 

0.7 1.5 385 

0.3 0.8 410 

CCRE 

Hot-extruded rod 5.0 12.0 240 

7.0 13.0 230 

9.0 13.5 210 

Rod after sectional rolling 3.7×3.7 12.0 200 

3.1×3.1 11.0 225 

2.4×2.4 10.5 250 

2.2×2.2 9.2 255 

1.3×1.3 5.6 290 

Wire after drawing 1.0 4.2 390 

0.7 3.1 390 

0.3 0.7 400 
 



ОБРАБОТКА МЕТАЛЛОВ ДАВЛЕНИЕМ 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   Вестник МГТУ им. Г.И. Носова. 2025. Т.23. №1 52 

References 

1. Gorbunov Ya.А. The Role and Prospects of Rare Earth 

Metals in the Development of Physical-Mechanical Charac-

teristics and Applications of Deformable Aluminum Alloys. 

Journal of Siberian Federal University. Engineering & 

Technologies, 2015;8(5):636-645. (In Russ.)  

2. Anthony W.H., Ashton F.R., Ball M.D., et al. Aluminum: 

properties and physical metallurgy. Moscow: Metallurgy, 

1989, 423 p. (In Russ.) 

3. Belyy D.I. Aluminium alloys for leads of cable products. 

Kabeli i Provoda [Cables and wires] 2012;(1):8-15. (In 

Russ.)  

4. Sidelnikov S.B., Sokolov R.E., Voroshilov D.S., Motkov 

M.M. et al. Modeling the Process of Obtaining Bars from 

Aluminum Alloy 01417 by Combined Rolling-Extruding 

Method with Application of the Deform-3D Complex. Key 

Engineering Materials. 2020;(861):540-546. DOI: 

10.4028/www.scientific.net/KEM.861.540 

5. Sidelnikov S.B., Voroshilov D.S., Pervukhin M.V., Motkov 

M.M. Development and research of technology for produc-

ing electrotechnical wire from alloys of the Al – REM sys-

tem, obtained with the application of combined machining 

methods. Tsvetnye metally, 2019; (9):63-68. (In Russ.)  

6. Sidelnikov S.B., Voroshilov D.S., Motkov M.M. et al. 

Development of Combined Machining Modes, Investiga-

tion of Mechanical Properties and Structure of Deformed 

Semi-Finished Products from Alloy 01417. Materials Sci-

ence Forum. 2020;992:498-503. DOI: 

10.4028/www.scientific.net/MSF.992.498 

7. Yuliang Zhang, Feng Wei, Jian Mao, Guodong Niu. The 

difference of La and Ce as additives of electrical conductivi-

ty aluminum alloys. Mater. Char. 158, 109963 (2019). 

8. Feng W., Jian M., Chunfang L., Huihua L. Effect of trace 

elements La,Ti and homogenization on electrical properties 

of pure aluminum. Rare Metal Mater.Eng. 

2018;47(11):3257-3263. DOI: 10.1016/S1875-

5372(18)30229-7 

9. Du J., Ding D., Zhang W., Xu Z., Gao Y., Chen G., You X., 

Chen R., Huang Y. Effect of Ce addition on the microstruc-

ture and properties of Al-Cu-Mn-Mg-Fe lithium battery 

shell alloy. Mater. Char. 2018;142:252-260. DOI: 

10.1016/j.matchar.2018.05.049 

10. He Ya., Liu J., Qiu Sh., Deng Zh., Zhang J., Shen Ya. Mi-

crostructure evolution and mechanical properties of Al-La 

alloys with varying La contents. Mater. Sci. Eng. 

2017;701:134-142. DOI: 10.1016/j.msea.2017.06.023 

11. Yang Q., Bu F.Q., Meng F.C., Qiu X., Zhang D.P., Zheng 

T., Liu X.J., Meng J. The improved effects by the combina-

tive addition of lanthanum and samarium on the microstruc-

tures and the tensile properties of high-pressure die-cast 

Mg-4Al-based alloy. Mater. Sci. Eng.: А. 2015;628:319-

326. DOI: 10.1016/j.msea.2015.01.050 

12. Jiang W., Fan Z., Dai Y., Li C. Effects of rare earth ele-

ments addition on microstructures, tensile properties and 

fractography of A357 alloy. Mater. Sci. Eng.: А. 

2014;597:237-244.  DOI: 10.1016/j.msea.2014.01.00 

13. Huang X., Yan H. Effect of trace La addition on the micro-

structure and mechanical property of as-cast ADC12 Al-

Alloy. J. Wuhan Univ. Technol.-Materials Sci. Ed. 

2013;28:202-205. DOI: 10.1007/S11595-013-0665-X 

14. Lv Ch.-L., Liao H., Liu Ye., Wang Q. Effect of Ce on 

castability, mechanical properties and electric conductivity 

of commercial purity aluminum. China Foundry.  

2015;12:277-284. 

15. Cao X., Wang Sh., Wang Yi. The effect of annealing and 

aging on the high temperature internal friction spectra of Al-

Ce alloy. Mater. Sci. Eng.: B 2009;163 (3):174-178. DOI: 

10.1016/j.mseb.2009.05.030 

16. Yuan W., Liang Zh., Zhang Ch., Wei L. Effects of La addi-

tion on mechanical properties and thermal-resistant proper-

ties of Al-Mg-Si-Zr alloys based on AA6201. Mater. Des. 

2012;34:788-792. DOI: 10.1016/j.matdes.2011.07.003 

17. Yao D., Xia Y., Qiu F., Jiang Q. Effects of La addition on 

the elevated temperature properties of the casting Al–Cu al-

loy. Mater. Sci. Eng.: A 2011;528(3):1463-1466. DOI: 

10.1016/j.msea.2010.10.046 

18. Tsai Y.C., Chou C.Y., Lee S.L., Lin C.K., Lin J.C., Lim 

S.W. Effect of trace La addition on the microstructures and 

mechanical properties of A356 (Al–7Si–0.35Mg) aluminum 

alloys. J. Alloy. Comp. 2009;487(1-2):157-162. DOI: 

10.1016/j.jallcom.2009.07.183 

19. Lu T., Pan Y., Wu J., Tao S., Chen Y. Effects of La addition 

on the microstructure and tensile properties of Al-Si-Cu-Mg 

casting alloys. Int. J. Miner. Metall. Mater. 2015;22:405-

410. 

20. Liao H.C., Liu Y., Lu C.L., Wang Q.G. Effect of Ce 

addition on castability, mechanical properties and elec-

tric conductivity of Al-0.3Si-0.2 Mg alloy. Int. J. Cast 

Metals Res. 2015;28:213-220. DOI: 

10.1179/1743133615Y.0000000002 

21. Vijeesh V., Prabhu K.N. The effect of addition of Ce and Sr 

on the solidification path of Al–8Si–2Cu alloy. Trans. Indi-

an Inst. Met. 2015;68: 1119-1123. DOI: 10.1007/s12666-

015-0656-z 

22. Li P., Wu Z., Wang Y., Gao X., Wang Z., Li Zh.  Effect 

of cerium on mechanical performance and electrical 

conductivity of aluminum rod for electrical purpose. J. 

Rare Earths 2006;24(1):355-357. DOI: 10.1016/S1002-

0721(07)60400-1 

23. Wan W., Han J., Li W., Wang J.  Study of rare earth ele-

ment effect on microstructures and mechanical properties of 

an Al-Cu-Mg-Si cast alloy. Rare Met. 2006;25:129-132. 

DOI: 10.1016/S1001-0521(08)60066-2 

24. Czerwinski F.  Cerium in aluminum alloys. Journal of Ma-

terials Science 2020;55(1):24-72. DOI: 10.1007/s10853-

019-03892-z 

Список литературы 

1. Горбунов Ю. А.  Роль и перспективы редкоземельных 

металлов в развитии физико-механических характери-

стик и областей применения деформируемых алюми-

ниевых сплавов // Журнал Сибирского федерального 

университета. Техника и технология. 2015. № 8 (1). С. 

636-645 

2. Алюминий: свойства и физическое металловедение / 

У.Х. Энтони, Ф.Р. Эштон, М.Д. Болл и др. М.: Метал-

лургия, 1989. 423 с. 

3. Белый Д.И. Алюминиевые сплавы для токопроводящих 

жил кабельных изделий // Кабели и провода. 2012. №1. 

С. 8-15.  

https://doi.org/10.4028/www.scientific.net/KEM.861.540
https://doi.org/10.4028/www.scientific.net/MSF.992.498
https://doi.org/10.1016/S1875-5372(18)30229-7
https://doi.org/10.1016/S1875-5372(18)30229-7
https://doi.org/10.1016/j.matchar.2018.05.049
https://doi.org/10.1016/j.msea.2017.06.023
https://doi.org/10.1016/j.msea.2015.01.050
https://doi.org/10.1016/j.msea.2014.01.009
https://doi.org/10.1007/s11595-013-0665-x
https://doi.org/10.1016/j.mseb.2009.05.030
https://doi.org/10.1016/j.mseb.2009.05.030
https://doi.org/10.1016/j.matdes.2011.07.003
https://doi.org/10.1016/j.msea.2010.10.046
https://doi.org/10.1016/j.jallcom.2009.07.183
https://doi.org/10.1179/1743133615Y.0000000002
https://doi.org/10.1007/s12666-015-0656-z
https://doi.org/10.1007/s12666-015-0656-z
https://doi.org/10.1016/S1002-0721(07)60400-1
https://doi.org/10.1016/S1002-0721(07)60400-1
https://doi.org/10.1016/S1001-0521(08)60066-2
https://doi.org/10.1007/s10853-019-03892-z
https://doi.org/10.1007/s10853-019-03892-z


Ворошилов Д.С. 

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 53 

4. Modeling the Process of Obtaining Bars from Aluminum 

Alloy 01417 by Combined Rolling-Extruding Method with 

Application of the Deform-3D Complex / Sidelnikov S.B., 

Sokolov R.E., Voroshilov D.S., Motkov M.M. et al // Key 

Engineering Materials. 2020, no. 861, pp. 540-546. DOI: 

10.4028/www.scientific.net/KEM.861.540 

5. Development and research of technology for producing 

electrotechnical wire from alloys of the Al – REM system, 

obtained with the application of combined machining meth-

ods / Sidelnikov S.B., Voroshilov D.S., Pervukhin M.V., 

Motkov M.M. // Tsvetnye metally. 2019, vol. 9, pp. 63-68. 

(In Russ.)  

6. Development of Combined Machining Modes, Investiga-

tion of Mechanical Properties and Structure of Deformed 

Semi-Finished Products from Alloy 01417 / Sidelnikov 

S.B., Voroshilov D.S., Motkov M.M. et al // Materials 

Science Forum. 2020, vol. 992, pp. 498-503. DOI: 

10.4028/www.scientific.net/MSF.992.498 

7. The difference of La and Ce as additives of electrical con-

ductivity aluminum alloys / Yuliang Zhang, Feng Wei, 
Jian Mao, Guodong Niu // Mater. Char. 2019, vol. 158, 

109963. 

8. Effect of trace elements La,Ti and homogenization on elec-

trical properties of pure aluminum / Feng W., Jian M., 

Chunfang L., Huihua L. // Rare Metal Mater. Eng. 2018, 

vol. 47, no. 11, pp. 3257-3263. DOI: 10.1016/S1875-

5372(18)30229-7 

9. Effect of Ce addition on the microstructure and properties of 

Al-Cu-Mn-Mg-Fe lithium battery shell alloy / Du J., Ding 

D., Zhang W., Xu Z., Gao Y., Chen G., You X., Chen R., 

Huang Y. Mater. Char. 2018, vol. 142, pp. 252-260. DOI: 

10.1016/j.matchar.2018.05.049 

10. Microstructure evolution and mechanical properties of Al-

La alloys with varying La contents / He Ya., Liu J., Qiu Sh., 

Deng Zh., Zhang J., Shen Ya // Mater. Sci. Eng. 2017, vol. 

701, pp. 134-142. DOI: 10.1016/j.msea.2017.06.023 

11. The improved effects by the combinative addition of lan-

thanum and samarium on the microstructures and the tensile 

properties of high-pressure die-cast Mg-4Al-based alloy / 

Yang Q., Bu F.Q., Meng F.C., Qiu X., Zhang D.P., Zheng 

T., Liu X.J., Meng J. // Mater. Sci. Eng.: А. 2015, vol. 628, 

pp. 319-326. DOI: 10.1016/j.msea.2015.01.050 

12. Effects of rare earth elements addition on microstructures, 

tensile properties and fractography of A357 alloy / Jiang 

W., Fan Z., Dai Y., Li C. // Mater. Sci. Eng.: А. 2014, vol. 

597, pp. 237-244.  DOI: 10.1016/j.msea.2014.01.00 

13. Huang X., Yan H. Effect of trace La addition on the micro-

structure and mechanical property of as-cast ADC12 Al-

Alloy // J. Wuhan Univ. Technol.-Materials Sci. Ed. 2013, 

vol. 28, pp. 202-205. DOI: 10.1007/S11595-013-0665-X 

14. Effect of Ce on castability, mechanical properties and elec-

tric conductivity of commercial purity aluminum / Lv Ch.-

L., Liao H., Liu Ye., Wang Q. // China Foundry.  2015, vol. 

12, pp. 277-284. 

15. Cao X., Wang Sh., Wang Yi. The effect of annealing and 

aging on the high temperature internal friction spectra of Al-

Ce alloy // Mater. Sci. Eng.: B 2009, vol. 163, no. 3, pp. 

174-178. DOI: 10.1016/j.mseb.2009.05.030 

16. Effects of La addition on mechanical properties and ther-

mal-resistant properties of Al-Mg-Si-Zr alloys based on 

AA6201 / Yuan W., Liang Zh., Zhang Ch., Wei L. // Mater. 

Des. 2012, vol. 34, pp. 788-792. DOI: 

10.1016/j.matdes.2011.07.003 

17. Effects of La addition on the elevated temperature proper-

ties of the casting Al–Cu alloy / Yao D., Xia Y., Qiu F., 

Jiang Q. // Mater. Sci. Eng.: A 2011, vol. 528, no. 3, pp. 

1463-1466. DOI: 10.1016/j.msea.2010.10.046 

18. Effect of trace La addition on the microstructures and me-

chanical properties of A356 (Al–7Si–0.35Mg) aluminum al-

loys / Tsai Y.C., Chou C.Y., Lee S.L., Lin C.K., Lin J.C., 

Lim S.W. // J. Alloy. Comp. 2009, vol. 487, no. 1-2, pp. 

157-162. DOI: 10.1016/j.jallcom.2009.07.183 

19. Effects of La addition on the microstructure and tensile 

properties of Al-Si-Cu-Mg casting alloys / Lu T., Pan Y., 

Wu J., Tao S., Chen Y. // Int. J. Miner. Metall. Mater. 2015, 

vol. 22, pp. 405-410. 

20. Effect of Ce addition on castability, mechanical properties 

and electric conductivity of Al-0.3Si-0.2 Mg alloy / Liao 

H.C., Liu Y., Lu C.L., Wang Q.G. // Int. J. Cast Metals Res. 

2015, vol. 28, pp. 213-220. DOI: 

10.1179/1743133615Y.0000000002 

21. Vijeesh V., Prabhu K.N. The effect of addition of Ce and Sr 

on the solidification path of Al–8Si–2Cu alloy // Trans. In-

dian Inst. Met. 2015, vol. 68, pp. 1119-1123. DOI: 

10.1007/s12666-015-0656-z 

22. Effect of cerium on mechanical performance and electrical 

conductivity of aluminum rod for electrical purpose / Li P., 

Wu Z., Wang Y., Gao X., Wang Z., Li Zh. // J. Rare Earths 

2006, vol. 24, no. 1, pp. 355-357. DOI: 10.1016/S1002-

0721(07)60400-1 

23. Study of rare earth element effect on microstructures and 

mechanical properties of an Al-Cu-Mg-Si cast alloy / Wan 

W., Han J., Li W., Wang J. // Rare Met. 2006, vol. 25, pp. 

129-132. DOI: 10.1016/S1001-0521(08)60066-2 

24. Czerwinski F. Cerium in aluminum alloys // Journal of Ma-

terials Science. 2020, vol. 55, no. 1, pp. 24-72. DOI: 

10.1007/s10853-019-03892-z 

Поступила 28.01.2025; принята к публикации 07.03.2025; опубликована 28.03.2025 

Submitted 28/01/2025; revised 07/03/2025; published 28/03/2025 

Denis S. Voroshilov – PhD (Eng.), Head of Department Metal Forming, 

Siberian Federal University, Krasnoyarsk, Russia. 

Еmail: d.s.voroshilov@gmail.com. ORCID 0000-0002-1406-3665 

Ворошилов Денис Сергеевич – кандидат технических наук, заведующий кафедрой ОМД, 

Сибирский федеральный университет, Красноярск, Россия. 

Еmail: d.s.voroshilov@gmail.com. ORCID 0000-0002-1406-3665 

https://doi.org/10.4028/www.scientific.net/KEM.861.540
https://doi.org/10.4028/www.scientific.net/MSF.992.498
https://doi.org/10.1016/S1875-5372(18)30229-7
https://doi.org/10.1016/S1875-5372(18)30229-7
https://doi.org/10.1016/j.matchar.2018.05.049
https://doi.org/10.1016/j.msea.2017.06.023
https://doi.org/10.1016/j.msea.2015.01.050
https://doi.org/10.1016/j.msea.2014.01.009
https://doi.org/10.1007/s11595-013-0665-x
https://doi.org/10.1016/j.mseb.2009.05.030
https://doi.org/10.1016/j.matdes.2011.07.003
https://doi.org/10.1016/j.msea.2010.10.046
https://doi.org/10.1016/j.jallcom.2009.07.183
https://doi.org/10.1179/1743133615Y.0000000002
https://doi.org/10.1007/s12666-015-0656-z
https://doi.org/10.1016/S1002-0721(07)60400-1
https://doi.org/10.1016/S1002-0721(07)60400-1
https://doi.org/10.1016/S1001-0521(08)60066-2
https://doi.org/10.1007/s10853-019-03892-z
mailto:d.s.voroshilov@gmail.com
mailto:d.s.voroshilov@gmail.com

