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Abstract. Electron microscopy and x-ray analysis and mechanical testing have been investigated 

the influence of severe plastic deformation on structure and mechanical properties of aluminum 

alloys. It is established that in the initial state in the alloy AMC has a high density of chaotically 

distributed dislocations with a density of 5-10*10
9 

сm
-2

. It is shown that microdiffraction paintings 

in alloy AMC in the bulk of grains are observed uniformly distributed particles of the second phase. 

It is established that in the initial state in the alloy AMG6 there is a high density of chaotically 

distributed dislocations with a density of 2-6 *10
10 

сm
-2

. Determined that after ECAP the dislocation 

structure of alloys AMG6, AMC and changes: formed dislocation networks inside the fragments of 

the dislocation is practically not observed. Determined that after ECAP-12 increase the tensile 

strength and yield strength of alloys AMG6 and AMC. 

Introduction 

As is known, improvement of mechanical characteristics of aluminum alloys by the application of 

traditional heat treatments is studied in detail and almost exhausted. The disadvantages of this 

method is limited scope (only wire), temperature of operation, as well as obtaining high strength, 

low ductility of the material [1-3]. Further progress in the solution of these tasks can be achieved by 

use of advanced deformation methods. Therefore, in recent years more and more attention of 

researchers aimed at the development and research of SMC and NC States obtained by intensive 

plastic deformation (IPD) techniques in inexpensive alloys such as aluminum alloys, which can 

significantly expand the class of structural materials by creating increased strength properties in 

them [4-6]. 

One of the known methods of IPD, allowing to provide high intensity and a more homogeneous 

strain state is equal channel angular pressing (ECAP). Today this method has been actively studied 

and used to obtain volume SMC materials [7]. Other methods for IPD: a comprehensive forging, 

deformation by torsion under high pressure, shear pressure, screw extrusion, low-temperature 

deformation and have a number of disadvantages, primarily related to the economic indicators of 

the processes. However, despite the significant number of experimental works, produced by IPD in 

aluminum alloys still have not found features of the fine structure of deformed aluminum alloys. 

In connection with the foregoing, the aim of this work is to study the influence of IPD on the fine 

structure and mechanical properties of aluminum alloys. 

Material and Experimental Procedure 

As research material was selected as aluminum alloys AMG6, AMC and widely used in modern 

aviation, aircraft, shipbuilding, railway transport, road transport, construction, petroleum and 

chemical industries. Chemical composition of aluminum alloys: AMC – 96.35-99% Al, 1-1.5% Mn; 

0.6% Si; 0.7% Fe; 0.05-0.2% of Cu; 0.1% Zn, AMG6-91.1-93% Al; 0.5-0.8% Mn; 0.4% Si; 0.4% 

Fe; 0.1% Cu; 0.2% Zn; 5.8-6.8% Mg. The study used an initial billet of aluminum alloy AMC and 

AMG6 12 mm in diameter and 50 mm long. The diameters of the channels of the extrusion were as 
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follows: the input (vertical) of 13 mm, output 12 mm. the Angle of intersection of channels pressing 

were respectively 90 and 120°. Used routes pressing: Sun (90° rotation) and C (rotated 180°). 

ECAP was performed using tooling that was installed on a hydraulic press brand KNWP 30M. 

Hydraulic press gives maximum pressure up to 40 MPa (30 tons). The pressed samples were 

produced with pressure up to 30 kg/cm
2
, the pressing time up to 40 s on each pass. 

Structural investigations were carried out by electron diffraction microscopy of thin foils in an 

electron microscope PHILIPS CM-12 operating magnification in the column of the microscope was 

chosen from 10,000 to 50,000 times. The phase composition was analyzed by indexing 

Mikroelectronics. For evaluation of mechanical properties tensile tests of samples of alloys. 

Results and Discussion 

The results of the study of the mechanical properties of aluminum alloys AMG6, AMC, and showed 

that as a result of equal channel angular pressing, the microhardness of alloy AMG6 increases 

almost 4 times in comparison with the initial state, the microhardness of alloy AMC increases, 

which is almost 4.5 times higher than in the initial state. After ECAP-12 mass loss is reduced to 5.4 

and 5.6 mg, which shows an increase in wear resistance of aluminum alloys AMG6 and AMC  

13-14 % [8]. 

Also the main objective of this work was to increase the tensile strength of aluminum alloys AMG6 

and AMC, while maintaining or increasing ductility. Obtaining the alloy with such properties will 

allow in many cases to replace expensive aluminum alloys, type 1575. In this regard, were 

investigated mechanical properties of alloys AMG6 and AMC before and after ECAP. Figure 1 

shows the deformation curves of alloys AMG6, AMC is in the initial state and after ECAP. 
 

 
Fig. 1. Strain curves of alloy AMC (а,b) and AMG6 (c,d) in initial States (a,c)  

and after ECAP-12 (b,d). 
 

Comparison of the curves indicates a significant difference of the strength characteristics of the 

original and deformed ECAP samples of alloys AMG6 and AMC. Other outstanding features are 

the length of the stage of strain hardening. From the curves it follows that the deformation 

hardening at the stage of plastic flow in the ECAP samples is smaller than in the original state. 
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Table 1 shows the mechanical properties of samples of alloy AMG6, AMC and before and after 

ECAP. After ECAP-12 alloy AMC increase its tensile strength of 91 MPa and 297 MPa, and a yield 

strength of between 75 MPa and 297 MPa. After ECAP-12 alloy AMG6 increase its tensile strength 

of 359 MPa and 565 MPa, the yield strength of 279 MPa and 565 MPa. While the values of the 

strength characteristics increase, the plasticity of alloys AMG6, AMC and falls in the transition to 

nanostructured state during ECAP. The value of elongation to failure of samples of alloys AMG6, 

AMC, and reduced to 40% and 20%, respectively. 

Table 1. Mechanical properties of samples of AMC and AMG6 alloys. 

Mechanical properties AMC-initial AMC-ECAP-12 AMG6-initial AMG6- ECAP-12 

Tensile strength, (MPa) 91 297 359 565 

Yield strength, (MPa) 75 297 279 565 

Elongation, (%) 5 3 10 8 

The results of the study of the fine structure showed that in the initial state in the alloy AMC has a 

high density of chaotically distributed dislocations with a density of 5-10 *10
9
 cm

-2
 (Figure 2). In 

the bulk of grains are observed uniformly distributed particles of the second phase. On the 

microdiffraction detected reflexes from the face-centered cubic lattice phase with lattice parameter 

close to the lattice parameter of aluminum, as well as additional reflections from planes with 

interplanar distance dhkl=4.00 Å, dhkl= 2.87 Å, dhkl= 2.40 Å, dhkl= 2.24 Å, dhkl=2.04 Å. 

  
Fig. 2. Bright field image (a) structure and microdiffraction picture  

(b) plot of the deformed alloy AMC. 

After ECAP observed splitting of unidirectional material into small fragments. On the 

microdiffraction detected reflexes from the face-centered cubic lattice phase with lattice parameter 

close to the lattice parameter of aluminum. Reflections from secondary phases are absent. The 

image of the structure of second phase particles is also observed. Dislocation structure changes: the 

dislocation grids are formed (indicated by arrows in figure 3), within the fragments of the 

dislocation is practically not observed. This structure is studied in detail in [9,10]. The size of the 

fragments (about 1 µm) easy to estimate in figure 5. Darkfield analysis (figure 4) showed that most 

of disordering boundaries are small angle (about 2-5 degrees). 
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Fig. 3. Bright field image of the alloy structure AMC. 

 

   

    
Fig. 4. Darkfield image of the structure of the AMC alloy after ECAP in matrix reflex  

(α – reading goniometer). 

Method TEM was also studied fine structure of the wrought aluminum alloy system Al-Mg-Mn – 

alloy AMG6. Alloy AMG6 a combination of satisfactory strength, good ductility, corrosion 

resistance and good weldability. It defines the wide application of alloy AMG6 in shipbuilding, 

construction, rocketry and aviation.  

Figure 5 shows a bright field image of the fine structure of alloy AMG6 and its microdiffraction. In 

the initial state in the alloy AMG6 there is a high density of chaotically distributed dislocations with 

a density of 2-6 *10
10 

 cm
-2

. In the bulk of grains are observed uniformly distributed particles of the 

second phase. On the microdiffraction detected reflexes from the face-centered cubic phase with 

lattice parameter close to the lattice parameter of aluminum, as well as additional reflections from 

planes with interplanar distance dhkl= of 2.57 Å, dhkl= of 2.35 Å, dhkl= of 2.15 Å, dhkl= of 2.09 Å,  

dhkl= 1.68 Å. 
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Fig. 5. Bright field images of the structure of alloy  

AMG6 - (a, b, c) and microdiffraction from the area of the sample (d). 

Plane (110) with parameters Al and a separate reflexes from the second  

phase (indicated by arrows). 

After ECAP observed splitting of unidirectional material into small fragments. On the 

microdiffraction detected reflexes from the face-centered cubic phase with lattice parameter close to 

the lattice parameter of aluminum. There are separate reflexes from the second phase, however, the 

image structure of the second phase particles are almost not observed. Dislocation structure 

changes: the dislocation grids are formed (indicated by arrows in figure 6) inside the fragments of 

the dislocation is practically not observed. The fragment size of about 0.5 microns. Darkfield 

analysis (figure 7) showed that most of disordering boundaries are small angle (about 2-5 degrees). 
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Fig. 6. Bright field images of alloy AMG6 - (a, b) and microdiffraction the plot of the sample - (c) 

of alloy AMG6 with parameters Al and a separate reflexes from the second phase  

(indicated by arrows). 
 

  

  
Fig. 7. Darkfield image of the structure of alloy AMG6 in matrix reflex  

(α – readings of the goniometer). 
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Conclusions 

Thus, on the basis of the received results of research of influence of severe plastic deformation on 
structure and mechanical properties of aluminum alloys you can make the following conclusions: 

- it is established that in the initial state in the alloy AMC has a high density of chaotically 
distributed dislocations with a density of 5-10 *10

9
 cm

-2
; 

-it is shown that microdiffraction paintings in alloy AMC in the bulk of grains are observed 
uniformly distributed particles of the second phase; 

-it is established that in the initial state in the alloy AMG6 there is a high density of chaotically 
distributed dislocations with a density of 2-6 *10

10
 cm

-2
; 

-determined that after ECAP the dislocation structure of alloys AMG6, AMC and changes: 
formed dislocation networks inside the fragments of the dislocation is practically not observed. The 
fragment size of about 0.5 microns. Darkfield analysis has shown that most boundaries are low 
angle disordering; 

-determined that after ECAP-12 alloy AMC increase its tensile strength of 91 MPa and  
297 MPa, and a yield strength of between 75 MPa and 297 MPa. After ECAP-12 alloy AMG6 
increase its tensile strength of 359 MPa and 565 MPa, the yield strength of 279 MPa and 565 MPa; 

-it is shown that ECAP AMC and AMG6 strength characteristics increase, alloys plasticity 
AMG6, AMC and falls in the transition to nanostructured state during ECAP. The value of 
elongation to failure of samples of alloys AMG6, AMC, and reduced to 40% and 20%, respectively. 
This work is executed at financial support of the Committee of Science Ministry of Education and 
Science on the theme "Obtaining SMC aluminum alloys with high physical and mechanical 
properties by severe plastic deformation". 

References 

[1] O. Sitdikov, S. Krymskiy, M. Markushev, E. Avtokratova,T. Sakai. Effect of heat treatment on 
nanostructuring in high-strength aluminum alloy by severe plastic deformation. Rev.Adv. Mater. 
Sci. 2012. Vol.31. P. 62-67. 
[2] M. Calcagnotto, Y. Adachi, D. Ponge, D. Raabe, Deformation and fracture mechanisms in fine- 
and ultrafine-grained ferrite/martensite dual-phase steels and the effect of aging. Acta Materialia. 
2011. 59. P.658-670. 
[3] R. Song, D. Ponge, D. Raabe, J. Speer, D. Matlock, Overview of processing, microstructure 
and mechanical properties of ultrafine grained bcc steels. Materials science and Engineering A. 
2006. 441. P.1-17. 
[4] L. L. Rokhlin, N. R. Bochvar, A. V. Sukhanov, N. P. Leonova. Structure and strength 
properties of the cold-deformed Al–Mg2Si-based alloys with additives of transition metals. 
Inorganic Materials: Applied Research. 2016. 7 (5). P. 682–686. 
[5] I.G. Brodova,I.G. Shirinkina, O.A. Antonova, E.V. Shorokhov, I.I. Zhgilev.  Formation of a 
submicrocrystalline structure upon dynamic deformation of aluminum alloys. Materials Science and 
Engineering: A. 2009. 503, P. 103–105. 
[6] G. Brodova , A. N. Petrova, S. V. Razorenov, O. P. Plekhov, E. V. Shorokhov. Deformation 
behavior of submicrocrystalline aluminum alloys during dynamic loading. Russian Metallurgy 
(Metally). 2016. 2016 (4), P. 342–348.  
[7] Gholinia, P.B. Prangnell, M.V. Markushev. The effect of strain path on the development of 
deformation structures in severely deformed aluminium alloys processed by ECAE. Acta 
Materialia. 2000. 48 (5), P. 1115–1130. 
[8] G.K.Uazyrkhanova, B.K. Rakhadilov, A.A. Myakinin, Zh.K.Uazyrkhanova. Effect of intensive 
plastic deformation on microstructure and mechanical properties of aluminum alloys. Materials 
Science and Engineering. 2016,  142, Р.11-17. 
[9] M. Skakov, G. Uazyrkhanova, N. Popova, M. Sсheffler: Influence of deformation on the phase 
structure of a 30CrMnSi steel.  Materials testing.  2013. 55 (1). P.51-54. 
[10] Uazyrkhanova G.K., Skakov М.K., Popova N.A. Electron microscopic analysis of 30CrMnSiA  
steel surface layers after hot deformation. Applied Mechanics and Materials, 2013. 395-396, Р.336-
341. 

120 Materials and Processing Technology


