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Abstract. The article presents the investigation results of the structure and properties of rods of 

aluminum alloys containing zirconium, cerium and lanthanum after ingotless rolling-extruding 

(IRE) and heat treatment. The patterns of changes in the microstructure, mechanical properties, 

electrical resistivity depending on the chemical composition of the alloys, processed by the IRE 

method and various modes of rods annealing are shown. A metallographic analysis of the grain 

structure of the samples in a deformed state and after annealing performed. The temperatures at 

which the alloy structure remains stable and maintains the level of operational properties 

revealed. The effect of chemical composition on the heat resistance of deformed semi-finished 

products represented. The study made it possible to evaluate the level of properties of 

experimental alloys after processing by the method of ingotless rolling-extruding and various 

modes of rods annealing. 

 
Introduction 

 

The development of the automotive industry, modern transport systems and small aircraft 

determines the demand of enterprises for conductive products with the lowest possible weight, 

high level of strength and heat resistance. Therefore, an urgent task for production is the 

introduction of new methods for the manufacture of longish rods from aluminum alloys with an 

improved set of mechanical and electrical properties [1-4]. 

One of the ways to improve the quality of deformed semi-finished products is the introduction 

into production method of ingotless rolling-extruding (IRE) of rods with circular cross-section 

from aluminum alloys alloyed with rare-earth metals such as zirconium, cerium and lanthanum. 

The IRE method, due to the peculiarities of the stress-strain state scheme consisting in 

comprehensive non-uniform extrusion and shear deformation, will significantly increase the 

strength and ductility of extruded products, and alloying with rare-earth metals ensures the 

stability of their properties with increasing operating temperature [1-14]. 

The aim of the work is to investigate the structure and properties of rods from aluminum 

alloys containing zirconium, cerium and lanthanum, made by the method of ingotless rolling-

extruding and assess the effect of annealing on their change. 

 

Methods of carrying out researches 

 

Ingotless rolling-extruding performed at the CRE-200 laboratory processing unit [1], the scheme 

of which is shown in Figure 1. The melt from the furnace-mixer 1 through the receiving device 

2, which regulates the metal supply, was poured into a closed section gauge formed by a roll 

with a protrusion 3 and a roll with a groove 4, in which the metal crystallized, rolled, extruded 

through a gauge hole of the extruding die 5, pressed against the rolls by a annular hydraulic 
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cylinder 6, in the form of a rod of circular cross section and fed by a guiding device 7 into the 

coiler 8. 

 
Fig. 1 laboratory processing unit CRE-200 [1]: 1 – furnace-mixer;  

2 – receiving device; 3 – roll with a protrusion; 4 – roll with a groove; 5 – extruding die,  

6 – annular hydraulic cylinder; 7 – guiding device; 8 – coiler 

 
The diameter of the rolls along the protrusion D1 = 214 mm; along the bottom of a stream of 

caliber D2 = 167 mm; caliber width b = 15 mm; minimum caliber height on the common axis of 

the rolls h1 = 7 mm; extruding die mirror height h2 = 20 mm; diameter of extruded rods d = 9 

mm. The technological parameters of the process were as follows: the temperature of pouring the 

melt into the caliber of the rolls was 800 °C; roll temperature 100 °С; the frequency of rotation 

of the rolls ω = 4 rpm. The degree of deformation during rolling was 50%, the drawing ratio in 

the extruding zone was 4.4, and the strain rate was 0.74 s
-1

. The chemical composition of the 

alloys is given in table 1. 
 

Table 1 The chemical composition of the alloys, mass % 
Alloy number Al Ce La Zr Fe Si 

1 99.4 – – 0.30 0.20 0.10 

2 Basis 0.5 – – – – 

3 Basis 4.58 2.48 – 0.22 0.10 

 

To assess the change in the properties of the rods after heating, annealing was performed at 

temperatures of 230-450 ºС. The yield strength Rp, the ultimate tensile strength Rm, and the 

elongation to failure A determined by the tensile method on a Walter Bai AG LFM 20 machine, 

the lectrical resistivity ρ of the rods measured with a “Vitok” ohmmeter on samples 1 meter long. 

The microstructure of the rods was studied using a Carl Zeiss Observer 7 Mat optical microscope 

and a FEI Quanta FEG 650 scanning electron microscope with an Oxford X-MaxN energy 

dispersive spectrometer. The nature of the grain distribution after deformation and annealing was 

revealed by oxidizing the surface of the sections in the Barker reagent at the Struers LectroPol–5 

electrolytic polishing and etching unit. 

 

Results and its discussion 

 

The study results of the properties of rods after ingotless rolling-extruding and annealing are 

shown in Table 2 and Fig. 2. Increasing the annealing temperature from 230 to 450 °C leads to a 

decrease in the ultimate tensile strength Rm and an increase in the elongation to failure A (Fig. 2). 

 

Table 2 Properties of rods after IRE 

Alloy Condition T, ºC and Rp, MPa Rm, MPa A, % ρ, 



holding time, h Ohm‧mm
2
/m 

1 

IRE – 125 140 25 0.0330 

Annealed 230, 1 h 112 125 30 – 

Annealed 300, 1 h 108 120 35 – 

Annealed 400, 1 h 76 85 40 – 

Annealed 450, 10 h 70 80 45 0.0319 

2 

IRE – 104 115 25 0.0290 

Annealed 230, 1 h 100 110 35 – 

Annealed 300, 1 h 95 105 40 – 

Annealed 400, 1 h 70 80 45 – 

Annealed 450, 10 h 65 80 60 0.0287 

3 

IRE – 170 190 20 0.0310 

Annealed 230, 1 h 155 175 25 – 

Annealed 300, 1 h 150 170 30 – 

Annealed 400, 1 h 135 150 35 – 

Annealed 450, 10 h 125 140 40 0.0310 

 

  
Fig. 2 Mechanical properties of the rods: Rm – ultimate tensile strength, MPa;  

A – elongation to failure, %; T – temperature of annealing, ºС 

 

The ultimate tensile strength of the rods Rm after the IRE of alloy 1 is 140 MPa, alloy 2 has 

115 MPa and alloy 3 has 190 MPa. The minimum value of the electrical resistivity ρ = 0.0290 

Ohm‧mm
2
/m in the deformed state has rods from alloy 2 at a value of ultimate tensile strength Rm 

= 115 MPa. The elongation to failure A of samples after IRE is in the range of 20-25%, which 

indicates a high level of plasticity of the rods in the deformed state. 

Annealing of rods from alloys 1, 2, and 3 at a temperature of 230 °C for 1 hour reduces Rm to 

values of 125, 110, and 175 MPa, respectively. A further increase of annealing temperature leads 

to even more softening, thus, rods from the 1st alloy doped with zirconium in an amount of 0.3% 

retain a strength level sufficient for subsequent processing after heating at 300 °C, rods from 

alloy 2 with a content of 0.5% cerium lose strength when heated above 230 °C. A higher strength 

level of 140 MPa after annealing at 450 °C for 10 hours provides alloy composition 3 with 

cerium content of 4.58%. 

The results of the study of the structure are presented in Figures 3-5.  

 

 
  

  
a b c 



   

   
d e f 

Spectrum Al Zr Fe Si 

Spectrum 1 83.8 – 11.8 4.4 

Spectrum 2 87.0 – 10.2 2.9 

Spectrum 3 99.6 0.4 – – 

Fig. 3 Microstructure of rods from alloy 1:  

a, b – SEM of rods and grain structure after IRE; c, d, e, f – annealing at 230, 300, 400, 450 °С  

 

The microstructure of alloy 1 rods consists of an aluminum matrix and AlFeSi phases, 

zirconium is completely dissolved in the solid solution, no primary Al3Zr crystals were found in 

the alloy structure (Fig. 3 a). 

The microstructure of alloys 2 and 3 consists of an α-solid solution and eutectic phase 

inclusions, such as Al4(Ce, La) and Al-Fe-Si, which is confirmed by the results of X-ray 

microanalysis. In alloy 3, the volume fraction of eutectic phases is higher due to the higher 

concentration of alloying components (Fig. 5).  

 
  

 
  

a b c 

   
   

d e f 

Spectrum Al Ce La Fe Si 

Spectrum 1 79.1 12.2 7.3 1.0 0.5 

Spectrum 2 84.1 8.9 5.4 1.0 0.6 

Spectrum 3 99.0 0.5 0.4 0.1 – 

Fig. 4 Microstructure of rods from alloy 2: 

 a, b – SEM of rods and grain structure after IRE; c, d, e, f – annealing at 230, 300, 400, 450 °С 

 

In the rods of alloys 2 and 3, there is an inhomogeneous distribution of phases over the cross 

section of the rod, namely, in the central zone of the rod, the eutectic phases are clustered in 

comparison with the peripheral zones in which they are fragmented and oriented in the direction 

of deformation. Annealing at 450 °С and holding for 10 hours leads to partial dissolution of 

accumulations of excess eutectic phases, after which the microstructure becomes more uniform. 

 



 
  

  
a b c 

   

   
d e f 

Spectrum Al Ce La Fe 

Spectrum 1 84.0 10.3 5.5 0.2 

Spectrum 2 65.5 22.6 11.5 0.4 

Spectrum 3 90.5 6.0 3.4 – 

Fig. 5 Microstructure of rods from alloy 3: 

 a, b – SEM of rods and grain structure after IRE; c, d, e, f – annealing at 230, 300, 400, 450 °С 
  

An analysis of the grain distribution in the structure of the samples showed that, after 

annealing at 230-400 °C and holding for 1 hour, the rods of alloy 1 retain a fibrous deformed 

structure, after annealing at 450 °C and 10 hours the bar structure has a crystallized structure 

(Fig. 3 f), which indicates a loss of strength (table 2). The rods made from alloy 2 retain their 

structure to a temperature of 300 °C (Fig. 4 d), annealing at 400 ° C and holding for 1 hour leads 

to recrystallization of the structure (Fig. 4 e). Rods from alloy 3 retain the fibrous structure after 

annealing at 450 °C and holding for 10 hours, which indicates the high thermal stability of this 

alloy (Fig. 5 f). 

 

Conclusion 

 

Performed studies allowed assessing the level of properties of rods from alloys with different 

chemical composition after processing by method of ingotless rolling-extruding and annealing: 

– Ultimate tensile strength of rods made of an alloy with an addition of zirconium 0.3% is 140 

MPa, the introduction of 0.5% cerium with an alloy composition provides a strength level of 115 

MPa, and an increase in cerium concentration to 4.58% leads to a significant increase in this 

indicator to 190 MPa.  

– The processing of experimental alloys by the IRE method provides good plastic properties 

of the rods, since the level of elongation to failure in the deformed state is 20-25%.  

– Electrical resistivity after the IRE is in the range 0.0310-0.0330 Ohm‧mm
2
/m, subsequent 

annealing leads to a decrease in the value of this indicator to 0.0287-0.0319 Ohm‧mm
2
/m. 

– The alloy content of 0.3% zirconium ensures the preservation of the strength of the rods 

after annealing at 300 °C for one hour at a level of 120 MPa, and the addition of 0.5% cerium - 

110 MPa after annealing 230 °С. 

– The structure of rods from alloys containing cerium is characterized by the presence of 

clusters of eutectic phases located in the central part of the product, however, annealing at 450 

°C for 10 hours leads to the dissolution of excess phases and the formation of a more uniform 

structure, while the ultimate tensile strength remains at 140 MPa, elongation to failure 40%, 

electrical resistivity 0.0310 Ohm‧mm
2
/m.  
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