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Abstract 
The paper deals with the age-hardening aluminium alloy EN AW 6060 that has been subjected to 

severe plastic deformation by equal channel angular extrusion (ECAE). The initial state of the alloy 
was produced by cold pressing. This paper reports the results of the microstructure evaluation by light 
microscopy. The effect of the number of ECAE passes through a 90° angle on the mechanical properties 
and structure produced by ECAE was assessed. Further it was studied a decrease in strength of material 
due to a severe plastic deformation based on the micro hardness measurement depending on time.  

INTRODUCTION 

Aluminium alloys belong to the most used materials in various industries (aeronautical 
and automotive industry, military, as well as in the other industries). Aluminium alloys are 
mainly used in the aerospace industry because they are much lighter than steel. Considering 
a higher corrosion resistance of aluminium alloys and weight savings they are mainly used in 
the automotive industry. Aluminium is after stainless steel the second most used material in 
OECD countries. One of the options to increase the useful properties of aluminium alloys is 
through an application of Severe Plastic Deformation. 

Among the methods for observation and investigation of severe plastic deformation 
(SPD) we can find: equal channel angular extrusion (ECAE) [1, 5, 10], high pressure torsion 
(HPT) [6, 14], equal channel angular rolling (ECAR) [8] and accumulative roll bonding 
(ARB) [11]. Typically the considered (alloy components) elements are: copper, magnesium, 
aluminum, titanium and alloys of these metals [1, 4, 2, 13]. Two type of aluminium alloys are 
considered Al-Mg [7], Al-Mn [3]. There has been paid less attention to age-hardening alloys 
due to certain complications, caused by precipitation. To a group of precipitation hardening 
alloy belong of the type: Al-Mg-Si, Al-Cu-Mg and Al-Zn-Mg [9].  

A study of an effect of severe plastic deformation on structure and mechanical properties 
of aluminium alloys has therefore some specific features. Considering the age-hardening al-
loys, the initial state of material is important in the process of hardening. Although the initial 
state of non-age hardening alloys is usually soft, i.e. unhardened by deformation, a structure 
and properties of the initial state of age-hardening alloys are significantly affected by the 
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status of precipitation of the hardening phase treatment. A disintegration degree of solid solu-
tion does significantly affect not only the conditions for the implementation of severe plastic 
deformation, but also the following processes that run during a study of a behaviour of de-
formed states, or during the final heat treatment. 

1. EXPERIMENTAL SET UP 

1.1. Material 

An initial material for testing of severe plastic deformation using ECAE method was 
a pressed rod of alloy EN AW 6060 with the diameter of 10 mm. It is a structural material 
with a good ductility and corrosion resistance. It is used in the aviation and automotive indus-
try, building industry, food processing, and for fine mechanics (e.g. for the aircraft and heli-
copter cabins, auto body and parts of measuring device, etc.).  

1.2. Equal Channel Angular Extrusion procedures 

The program of experiments was limited due to the possibilities of a tool as well as due to 
the possibilities of deformation equipment. It employ hydraulic press, with a maximum force 
of 1 MN. A tool design and setting of deformation equipment made it possible to deform 
samples of alloy EN AW 6060 only at room temperature. The sample size was limited by 
a maximum possible length of 100 mm, a circular cross-section of the sample was of 10 mm. 
These samples were taken to a total of 4 passes via route C (a route C were rotated 180° after 
every pass [12]) a channel angle was of 90° and a corner angle of approximately 0°. Experi-
ments were performed with a constant speed of deformation 1.73 mm·s-1. The goal of these 
experiments was to determine the strength of the material after individual passes, and also a 
dependence of structure change according to a number of passes (grain size) and mechanical 
properties (tensile strength, yield strength, Young´s modulus, micro-hardness). In Figure 1 is 
shown a set of samples created by ECAE. There were extruded 4 pairs of samples (after one 
up to four extrusions). The first sample in each pair was used for metallographic examinations 
and the second one for determining the mechanical properties. 

 
Fig. 1. Summary of samples prepared by the ECAE method 
Source: Own study. 
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1.3. Metallography 
In order to increase a visibility of the structure (morphology), the samples were were pol-

ished with abrasive paper with grain size of 600, 1200 and 2000 MESH; then they were pol-
ished for 20 sec in a device (Electro polisher) Lector Pol-5, manufactured by Struers com-
pany, with DC current of 24 V in the electrolyte which is known under the company name 
D2. Finally the samples were etched (chemically) for 4 sec in the same device Struers Lectro-
Pol-5 by DC current of 2 V in the same electrolyte. For a visual observation of the metal-
lographic grinding and polishing we used the inverted microscope for transmitted light GX51 
with the maximum magnification of 1000×. 

1.4. The measurements of the mechanical properties 
In order to execute the tensile tests of the samples, there were constructed the modified 

sample rods with non standard size. The testing laboratory has the elaborated method of the 
tensile tests for non standard rods that contains verification for the repeated results. Figure 2 
shows the tested samples used for the tensile testing. For each measured group were prepared 
two samples of the tested bodies. 

 
Fig. 2. Sketch of tested sample used for tensile testing.  
Source: Own study 

During the performance of the tensile test, with a goal to determine the required parame-
ters, some necessary modifications of the testing methods were done due to the limited meas-
ures of the used non standard bodies. 

A determination and quantification of the yield point Rp0.2, tensile strength Rm and elonga-
tion A (relative elongation 5.65×S0

0.5) was methodically done through the modification of the 
EN 10002-1. The used velocity of deformation 0.0025 s-1 was in accordance with the norm. 
Due to the size of the sample an extensometer was not used (the deformation was observed 
through the means of the electronic monitoring of the cross-section area, while using magnifi-
cation of 250× with a precision of ±0.5 μm). All mathematical operations of the mechanical 
parameters were performed in accordance with EN 10002-1. 

Young's modulus (or modulus of elasticity) E was calculated in accordance with the norm 
ASTM E-111. In the proportional part of the diagram, for each test there were observed 5 
values dF/dl, which thus were processed by the method of the least squares. For these values 
the correlation coefficient is set as R = 0.78÷0.95. 

The state of hardening after the pulling/stretching was defined by measurement of the mi-
cro hardness HV0.3. The digital micro-hardness tester CV-400DAT, manufactured by CV 
Instruments company was used; a square base pyramid shaped diamond with 136° vertex an-
gle was used as an indenter. All measurements were done in accordance with the STN EN 
ISO 6507, while the applied load was 3 N and time of pulling/stretching was 10 sec. The mi-
cro hardness was measured on the wall which is vertical to the direction of a pull-
ing/stretching strength. 5 measurements were made in each samples; the average value was 
arithmetically calculated from the extracted values. 
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2. RESULTS AND DISCUSSION 

2.1. Metallography 

In Figure 3a is shown the microstructure of the initial material. It is shown there that the 
microstructure is homogeneous with no apparent anisotropy. A medium grain size is 28.9 μm. 
In Figure 3b we can see the microstructure of material after one pass through the ECAE die. It 
is obvious that the structure after the first pass is non-uniform and shows a strong anisotropy. 
A medium grain size is 14.2 μm in the perpendicular direction to the slip direction. In the par-
allel direction with the slip direction a grain size has not changed from the initial material, and 
its size is 28.8 μm. Fig. 3c shows the microstructure of material after four passes through the 
ECAE die.  

a) b) 

 
c) 

Fig. 3. Microstructure of the initial material (aluminum alloy EN AW 6060): a) sample 0; b) sub-
jected to one pass through the ECAE die (sample 1); c) subjected to four passes through the 
ECAE die (sample 7). 

Source: Own study. 

2.2. Mechanical properties 

In Table 1 the values of mechanical properties obtained from the tensile tests are shown. 
There are presented the average values of mechanical quantities, evaluated from two tests for 
each group of samples. In Figure 4 the courses of mechanical properties in relation to a num-
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ber of carried passes through the ECAE die are shown. The biggest increase in the yield point 
is reached after the first pass through the ECAE die, where there is an increase of yield stress 
from the value of Rp0.2 = 189 MPa to Rp0.2 = 291 MPa, presenting the increase of over 50%. 
Next passes resulted in a minimal yield point increase, and after the fourth passes through the 
ECAE started to decline. Furthermore, we can notice that the tensile strength and the yield 
stress are after the first and others extrusions are close together. This is caused by a significant 
dislocation hardening in the material. 

Tab. 1. Mechanical properties measured 
No. of extrusions Rp0.2 [MPa] Rm [MPa] A [%] E [GPa] 

0 189 210 22.5 48 
1 291 293 13.3 62 
2 296 299 13.6 85 
3 305 306 12.4 85 
4 295 304 13.5 78 

Source: Own study. 

This is due to the fact that the yield point increases during the deformation hardening 
faster than strength. In our case, the ratio Rp0.2/Rm after the first extrusion converges to one, 
indicating the complete exhaustion of material plasticity. However this would mean that after 
the next extrusion some micro-cracks may occur, and this would lead to a reduction in the 
strength.  

 
Fig. 4. Mechanical properties in relation to the number of extrusions 
Source: Own study. 

However this is not happening, and even after the second extrusion there is a slight in-
crease in strength. It is possible, because after the second extrusion there is no plastic defor-
mation in the same slip planes. The original (principal) slip planes that were created in the 
sample after the first extrusion are at an angle of 45° (Fig. 5a). With the second extrusion the 
principal planes  are rotated by a shear angle of (26.6°) due to deformation of the whole sam-
ple [15] that enables the second slip planes formation again at the angle of 45° (Fig. 5b). As at 
the third extrusion, this will also result in the secondary slip planes rotation of 26.6° shear 
angle due to deformation of the whole sample. The principal slip planes are rotated in a way 
that is almost parallel to the axis of the sample (Fig. 5c). After the third extrusion are ob-
served three of the four principal slip planes deformed by hardening (111). At the fourth ex-
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trusion again occurs the rotation of the previous slip planes, but the material hardening is 
throughout the whole volume of the sample such as large that it results in the slip planes 
crossing and micro-cracks are observed. These micro-cracks are redused the material integrity 
and caused a decline in strength. 

a) b) 

 
c) 

Fig. 5. Schematic representation of the theoretical model of the slip planes rotation principal: a) slip 
plane after the first extrusion, b) secondary slip plane after the second extrusion; c) secondary 
and tertiary slip planes after the third extrusion 

Source: Own study. 

2.3. Measurement of micro-hardness 

Figure 6 presents the values of micro-hardness HV0.3 obtained for each material depend-
ing on time. With this type of experiment we tried to determine if there is an impact of severe 
plastic deformation on the strength of the material. The chart shows the increase of micro-
hardness depending on time for all extruded materials, but the increase of 2% has no practical 
relevance after 16 days of aging.  
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Fig. 6. Results of micro-hardness measuring for each material depending on time 
Source: Own study. 

CONCLUSIONS 

The main goal of this paper was to describe the plastic deformation executed by ECAE 
process of aluminum alloy EN AW 6060. The results obtained at the analysis of the influence 
of severe plastic deformation on the structure of aluminium alloy EN AW 6060 can be sum-
marised as follows:  
– severe plastic deformation of the investigated material leads to a significant enhancement 

of mechanical properties, 
– the third pass through the ECAE die appears to be an optimum for the selected deforma-

tion path C (the route C is rotated by an angle of 180° after every pass), 
– it was found that after the fourth pass through the ECAP die have appeared some micro 

cracks on the material, which eventually lead to a decrease in strength of the material, 
– micro-hardness measurements did not show precipitation softening of the examined mate-

rial during the ECAE process. 
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WPŁYW WYCISKANIA KĄTOWEGO 
W KANALE WALCOWYM NA STRUKTURĘ 

STOPU ALUMINIUM EN AW 6060 
DO ZASTOSOWAŃ 

W PRZEMYŚLE SAMOCHODOWYM 

Streszczenie 
Artykuł dotyczy umocnienia stopu aluminium EN AW 6060 poddanego plastycznej deformacji 

w procesie kątowego wyciskania w kanale walcowym o stałej średnicy (KWSK). Stan początkowy sto-
pu został wytworzony w procesie prasowania na zimno. Artykuł przedstawia wyniki pomiaru zmian 
mikrostruktury pod mikroskopem świetlnym. Przedstawiono wpływ liczby wyciśnięć pod kątem 90° na 
własności mechaniczne stopu. Stwierdzono obniżenie wytrzymałości materiału w czasie w wyniku pla-
stycznej deformacji. 
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