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1. Introduction     

Demands of industry producers are to find new forms and facilities for appropriate 
properties of structural parts suitable for different miscellaneous structural applications in 
the civil, automotive and aircraft industries. With respect to these facts, aluminium alloys 
find a wide variety of uses due to their remarkable combination of characteristics such as the 
low density, the high corrosion resistance, high strength, easy workability and high 
electrical and heat conductivity. 
The traditional process is to obtain the improvement in the mechanical properties of 
aluminium alloys through the precipitation of a finely dispersed second phase in the matrix. 
This is accomplished by a solution treatment of the material at a high temperature, followed 
by quenching. The second phase is then precipitated at room or elevated temperatures. For 
aluminium alloys this procedure is usually referred to as age hardening and it is also known 
as precipitation hardening (Michna et al., 2007); (Mondolfo, 1976). Conventional forming 
methods are ineffective in the achieving of favourable properties area of produced parts, 
adequate to structural properties; moreover through them only limited levels of structural 
and strength-plastic characteristics can be obtained. The solution may be non-conventional 
forming methods (Kvačkaj et al., 2005), (Kvačkaj et al., 2004), (Kvačkaj et al., 2010 a) as well 
as Severe Plastic Deformation (SPD), such as more preferable are equal channel angular 
pressing - ECAP, (Valiev & Langdon, 2006), (Valiev et al., 2000) to obtain results structured 
at the nm level. A combination of high strength and ductility of ultrafine polycrystalline 
metals, prepared by SPD, is unique and it indeed represents interesting cases from the point 
of view of mechanical properties (Chuvil’deev et al, 2008); (Zehetbauer et al., 2006); (Han et 
al., 2005) ;(Ovid'ko, 2005); (Meyers et al., 2006); (Kopylov & Chuvil’deev, 2006); (Zehetbauer 
& Estrin, 2009). In the past decade, the research focused on to strengthen Al alloys without 
any ageing treatment, via SPD (Kvačkaj et al., 2010 b). 
The finite element method (FEM) is a proven and reliable technique for analyzing various 
forming processes (Kvačkaj et al., 2007); (Kočiško et al., 2009); (Li et al., 2004); (Leo et al., 
2007); (Cerri et al., 2009), (Figueiredo et al., 2006); (Mahallawy et al., 2010); (Yoon & Kim, 
2008), in order to analyze the global and local deformation response of the workpiece with  
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nonlinear conditions of boundary, loading and material properties, to compare the effects of 
various parameters, and to search for optimum process conditions for a given material 
(Kim, 2001).  
The unique mechanical properties of the ECAPed material are directly affected by plastic 
deformation. Hence, the understanding the development of strain during processing has a 
key role for a successful ECAP process. It is well known that the main factors affecting the 
corner gap formation during ECAP are materials strain hardening and friction. Thus, 
character of the strained condition and uniformity of plastic flow during ECAP is very 
sensitive to friction coefficient (Balasundar & Raghu, 2010); (Zhernakov et al., 2001); 
(Medeiros et al., 2008).  
In order to understand various processes like as the workpiece (billet), die design, the 
friction conditions, etc.; it is essential to combine experimental research with a theoretical 
analysis of inhomogeneous deformation behaviour in the workpiece during the process.  
In addition to the aforementioned properties, the most important factor affecting the 
mathematical simulation of material is the stress-strain curve (stress-strain curve influences 
the calculation precision). These data can be derived either from database program or from 
experimental achieved stress-strain curve. Experimental stress-strain curve can easily be 
determined by laboratory tests of formability. The most frequently used formability tests are 
torsion and tension (Pernis et al., 2009); (Kováčová et al., 2010). 
Structure investigations by TEM analysis will be useful key to identifications and 
confirmations the various theories about the material behaviour during the ECAP 
processing (Dutkiewicz et al., 2009); (Dobatkin et al., 2006); (Lityńska-Dobrzyńska et al., 
2010); (Maziarz et al., 2010); (Alexandrov et al., 2005). 
The present chapter book focused on the effect of Severe Plastic Deformation on the 
properties and structural developments of high purity aluminium and Al-Cu-Mg-Zr 
aluminium alloy.  
Former part deals with the high purity aluminium (99,999 % Al) processed by six ECAP 
passes in room temperature. Influence of strain level, strength, microhardness, plasticity and 
diameter of grain size in dependence on ECAP passes were investigated. FEM analysis with 
respect to influence friction coefficient (f=0,01-0,3) and characteristic of deformed materials 
as such materials with linear and nonlinear strengthening on homogeneity of effective 
deformations during sample cross section were observed. 
Latter part deals with the tensile properties as function of the processing conditions of the 
Al-Cu-Mg-Zr aluminium alloy. Based on the results above, the tensile properties, hardness 
and structure development of the Al-Cu-Mg-Zr aluminium alloy along with the numerical 
simulation are discussed.  

2. Experimental conditions 

2.1 Experimental conditions for investigation of high purity Al (99,999%Al) 
Experimental material was prepared by zonal refining. Structure after producing was 
heterogeneous with average grain size dg ~ 650 ┤m. Mechanical properties before ECAP 
processing are given in Table 1. 
The ECAP process was carried out at room temperature by route C (sample rotation around 
axis about 180° after each pass) in an ECAP die with channels angle Φ = 90°. The rod-shaped 
samples (d0 = 10 mm, l0 = 80 mm) were extruded twelve ECAP passages at rate of 1 mm·s-1. 
The deformation forces during ECAP sample processing was measured using tensometric 
measurement with LabVIEW apparatus. 
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0,2%YS [MPa]UTS [MPa] El. [%] HV10[-]

36 52 27 24,2 

Table 1. Initial mechanical properties of high purity aluminium (99,999 %) 

The static tensile test on the short specimens d0 x l0 = 5 x 10 mm was performed. Tensile test 
was done after every second ECAP pass on ZWICK 1387 equipment by standard conditions 
EN 10002-1. Subsequently, characteristics of the strength (yield strength: YS; ultimate tensile 
strength: UTS) and elongation (El.) were determined.  
The microhardness test was done on polished surface in longitudinal direction of sample 
after every second ECAP pass on LECO LM 700 AT equipment. 
Transmission electron microscopy (TEM) analysis with electron diffraction in longitudinal 
direction of sample was done on thin foils on Philips CM 20 microscope. The thin foils were 
prepared using a solution of 5 % HF at a temperature -25 °C and the time 20 - 30 s.  
Material flow in ECAP die was investigated. The samples were longitudinal cutting by wire 
cutter. Cutting surfaces were processing by metallographic grinding and polishing. 
Polishing surfaces were mechanically marked by square net as is given in Fig. 1. The size of 
one element was 1 x 1 mm. The samples after marking were again to join together and put in 
to ECAP unit. Orientation of sample cutting plane was identical with the plane lying in 
horizontal and vertical cannel axes.  One pass in ECAP unit at rate 1 mm·s-1 was performed. 
 

 
Fig. 1. Sample preparation before ECAP a) scheme of square net implementation on 
polishing surfaces, b) real Al sample with square net 

Simulation of ECAP pass was carried out using the finite element method (FEM) in software 
DEFORM 2D as considering plane strain conditions (Deform Manual, 2003). Die geometries 
were directly designed in the software Deform 2D. The parameters were: circle canal of die 
with diameter, d0 =10 mm, length, L=100 mm, die with channels angle, Φ = 90°, outer 
radius, R = 5 mm and inner radius, r = 0 mm. The workpiece dimensions were: diameter, d0 
=10 mm and length, l0 = 80 mm. The processing rate was constant, v = 1 mm·s-1. Friction was 
superposed to follow Coulomb’s law with friction coefficient f = 0,12. The processing 
temperature was 20 °C. The theory at the base of FEM implies that at first, the problem has 
to be divided into little sub problems that are easily to be formulated. There over, they must 
all be carefully combined and then solved. The manner in which a problem is divided 
constituents the so called meshing process. Mesh density refers to the size of elements that 
will be generated within an object boundary. The mesh density is primarily based on the 
specified total number of elements. Mesh density according to (Kobayashi & Altan, 1989); 
(Deform Manual, 2003) is defined by the number of nodes per unit length, generally along 
the edge of the object. The mesh density values specify a mesh density ratio between two 
regions in the object. Even though the material properties are same, meshing is the most 
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important factor which will influence the finite element simulation results. The mesh size 
specifically influences the corner gap formation.  
A higher mesh density offers increased accuracy and resolution of geometry, on the other 
the time required for the computer to solve the problem increases as number of nodes 
increases. An optimal meshing density has to be chosen according to the geometry and size 
of object according in (Kvačkaj et al., 2007); (Kočiško et al., 2009); (Li et al., 2004) specimen 
with diameter d0 = 10 mm has been decided using 20 elements along the width. Hence, the 
specimen with diameter  d0 = 10 mm and length l0 = 80 mm was meshed with 3000 elements, 
that’s to say 28 elements on the specimen diameter, as shown in Fig. 2. 
 

 
Fig. 2. FEM simulation scheme of ECAP  

The finer meshes were built close to the surface in order to better match the geometry of the 
process, for example in channel areas. Authors (Semiatin et al., 2000) showed that the influence 
of channel angles of ECAP equipment was influencing the development of effective strain. 
Thus the highest effective strain is achieved if the angle between channels is 90°.  
The tools of ECAP equipment (the die and plunger) were assumed to be elastic materials 
and they were assigned of tool steel material characteristic, them being much higher than 
those of deformed material. The specimen was assumed as elasto-plastic object with their 
material characteristics characterized by stress-strain curve Fig. 3. 
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Fig. 3. Stress-strain curve of Al material 
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2.2 Experimental conditions for investigation of Al-Cu-Mg-Zr aluminium alloy 

The material used in this experiment was Al-Cu-Mg-Zr aluminium alloy. The chemical 
composition is presented in Table 2.  
 

Al Cu Mg Mn Si Fe Zr Ti 

balance 4,32 0,49 0,77 0,68 0,23 0,12 0,03

Table 2. Chemical compositions (wt. %) of investigated aluminium alloys 

Hot rolling was carried out by rolling-mill DUO 210 at temperature of 460 °C (as-rolled 
state). Solution annealing after rolling was performed at temperature of 520 °C (holding 
time 9 000 s) and cooled to the room temperature by water quenching (quenched state). The 
quenched specimens (d0 = 10 mm, l0 = 70 mm) were subjected to deformation in an ECAP 
die with channels angle Φ = 90° at rate of 1 mm·s-1 (ECAPed state). The ECAP was realized 
by hydraulic equipment at room temperature. After one ECAP pass, the specimens were 
processed to artificial ageing at 100 °C for 720 000 s (ECAPed + aged state).  
Tensile specimens were taken after each processing treatments. The tensile testing was done 
on a FP 100/1 machine with 0,15 mm·min-1 cross-head speed (strain rate of 2,5·10-4 s-1). Static 
tensile test on the short specimens d0 x l0 = 5 x 10 mm was performed. Subsequently, 
characteristics of the strength (YS; UTS), El. and Re. were determined. 
For optical microscopy, samples were individually mounted, mechanically polished and 
finally etched at room temperature using a mixture of 2 % HF, 3 % HCl, 5 % HNO3 and 90 % 
H2O (Keller's Reagent). 
TEM analysis was performed on thin foils. The foils for TEM were prepared using a solution 
of 25 % HNO3 and 75 % CH3OH at a temperature -30 °C. TEM was conducted at an 
accelerating voltage of 200 kV. 
Additionally, a fractographic study of the fracture surface of the materials after a 
conventional tensile strength test was carried out using SEM JEOL 7000F. 
The numerical simulation of ECAP process was similar as is described in capture 2.1. Only  
sample length l0 = 60 mm was changed. The specimen was assumed as elasto-plastic object 
with their material characteristics characterized by stress-strain curve (Table 3), Young’s 
modulus and thermal properties. Certainly, the simulation conditions of investigated 
materials were considered so that the bounds of the deformation strain, strain rate and 
deformation temperature can’t lead to loss of accuracy. 
 

Strain [-] 0 0,1 0,2 0,3 1 

Database data / stress [MPa] 0 200 233 250 312 

Experimental data / stress [MPa] 0 68 144 174 324 

Table 3. Stress-strain data of Al-Cu-Mg-Zr aluminium alloy for both conditions 

Materials characteristics for both conditions are presented in Table 4. 
Hence, mathematical simulations of ECAP process of Al-Cu-Mg-Zr aluminium alloy were 
realized on the basis of two approaches for stress-strain curve selection: from DEFORM 
material database and from experimental results. The DEFORM material database contains 
flow stress data for Al-Cu-Mg-Zr aluminium alloy (Table 3). The flow stress data provided by 
the material database has a limited range in terms of temperature range and effective strain.  
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Workpiece Database Experimental 

Plastic Flow stress (Table 2) 
Young’s modulus [MPa] 68900 70000 

Poisson’s ratio [-] 0,33 0,33 Elastic 
thermal expansion [K-1] 2,2⋅10-5 2,2⋅10-5 

thermal conductivity [kW/m⋅K] 180,2 180,2 
Thermal 

heat capacity [kJ·kg-1·K-1] 2,433 2,433 
Damage model (Fracture data) Cockcroft-Latham 

Table 4. Materials characteristics for both investigated specimens 

3. Results and discussion 

3.1 Experimental results and discussion for high purity Al (99,999%Al) 

3.1.1 FEM investigation 

The deformed net after 1st ECAP pass is shown in Fig. 4a. Deformed net on sample surfaces 
was scanning and computer cover by new net for better visualisation as is given on Fig. 4b. 
Numerical simulations of net deformation in software DEFORM 2D are shown in Fig. 4c. 
The intensity of plastic deformation is depended on angle of shearing strain ┛. With 
increased of shearing strain angle is increasing also intensity of plastic deformation. The net 
deformation of sample is pointing out localization of biggest plastic deformation to top 
sample part which correspond with inner radius (r) of ECAP channel.  The value of this 
shearing strain angle is ┛ = 60°. This value is observing up to 2/3 of sample cross section.  
Started from 2/3 of top to bottom sample part shearing strain angle is rapid decreasing up 
to level ┛ = 8°. Reported by authors (Beyerlein et al., 2004); (Stoica et al., 2005) this low level 
is characterizing by straining way in deformation zone which is more bending as plastic 
flowing. Mutual comparison of shearing strain angles ┛ obtained from experiment and 
numerical simulation reference to high conformity of results. Some difference was observed 
only in 1/5 bottom sample part where preferable deformation is bending. 
The ECAP channel filling by processing material has influence on distribution of effective 
plastic deformation, which depends on: contact friction, stress – strain (σ-ε) curves 
characterizing deformed material and geometrical definition of ECAP die (Li et al., 2004). 
For numerical simulation of 1st ECAP pass geometrical definition of channels was as follow: 
Φ = 90°, R = 0 mm and r = 0 mm. The influence of friction coefficient in interval f = 0,01 – 
0,25 on channels filling was simulated as is shown in Fig.5.   
If geometrical definition of channels (Fig. 6) was describe by formula (1) (Oh et al., 2003) that 
linear graphical dependence shown in Fig. 7 was obtained. 

 . 1 h
h

v

d
d

d
λ

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
 (1) 

where:   ┣ [-] – index for the outer corner 
 dh [mm] – distance between die corner and horizontal contact point of die  
 and workpiece  
 dv [mm] – distance between die corner and vertical contact point of die and  
 workpiece  
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Fig. 4. Deformed net after 1st ECAP pass a) Deformed net  on real sample, b) Visualisation 
deformed net after scanning and computer redrawing with marking of angle of shearing 
strain ┛, c) Deformed net after numerical simulation in DEFORM 2D 

 

 
Fig. 5. ECAP channels filling in dependence on friction coefficient: a) f = 0,01; b) f = 0,12;  
c) f = 0,18; d) f = 0,25; d) f = 0,3 a e) f = 0,35 

From graph is resulting that better channels filling by material were obtained when friction 
coefficient was increased. The numerical simulations confirm biggest localization of effective 
strain heterogeneity to bottom side of sample as is shown in Fig. 8.   
The influence of σ-ε curves characterizing deformed material on channels filling was 
numerical simulated for σ-ε curves with linear (Fig. 9) and nonlinear (Fig. 10) strengthening.  
The measurement of lengths dh and dv for both type of σ-ε curves are given in Fig. 11, Fig. 12 
and dependence of shape index of outer corner on angle of curves inclination is given in Fig. 
13. From graphical dependences is resulting negligible influence of σ-ε strengthening type 
curves (linear and nonlinear strengthening) on channels filling for curve types 1-5. If 
strengthening curves are approaching to ideal rigid – plastic form with minimal 
strengthening (types 6-7) so differences in channel filling are observing. 
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Fig. 6. Geometrical definition of channels  
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Fig. 7. Dependence of index of outer corner shape on friction coefficient 
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Fig. 8. Distribution of effective strain φef in cross section sample on friction coefficient 
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Fig. 9. The σ - ε curves with linear strengthening 
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Fig. 10. The σ - ε curves with nonlinear strengthening 
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Fig. 11. Effect of σ - ε curves with linear strengthening on the channel outer filling  
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Fig. 12. Effect of σ - ε curves with nonlinear strengthening on the channel outer filling  
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Fig. 13. Dependence of index of outer corner shapes on the type of strengthening curve 

3.1.2 Mechanical and structural properties after ECAP 

The change of mechanical properties in dependence on number of ECAP passes is shown in 
Fig. 14. Ultimate tensile strength (UTS) is slightly sensitive on ECAP passes and 
substructure formation. Yield strength (0,2% YS) is decreasing up to 6th pass where achieved 
local minimum. From 6th up to 12th pass is growing.  Elongation to failure (El.) is inversing 
to 0,2% YS. Microhardness dependence is given in Fig. 15 from which resulting 
microhardness growth with an increase of ECAP passes. 
TEM analysis was performed on samples after 4th, 6th, 8th and 12th ECAP passes and shown 
in Fig. 16 - 20. 
Initial structure is creating with large polyedric grains (dg ~ 650 ┤m) and low dislocation 
density. Cell substructure with subgrain diameter dsg ~ 2,6 ┤m was searched after 4th and 6th 
ECAP passes and are given in Fig. 17, 18.  Dislocations are generated with plastic deformation 
and arranged to dislocation walls, which later transform to subgrains with low or high angles, 
as it is seeing in Fig. 19. Subgrains are equiaxial with average size dsg ~ 2,2 ┤m. 
Substructure after 12th ECAP pass is equiaxial with low misorientation and average subgrain 
size dsg ~ 1 ┤m (Fig. 20). Average subgrain size in dependence to number ECAP passes is 
given in Fig. 21. The significant substructure refinement was observed after 6th ECAP pass. 
Yield strength starts to grow also after 6th pass, what coincide with strengthening from grain 
size refinement after the Hall-Petch equation. Random coarse grains in fine structure matrix 
were observed after 4th and 12th ECAP pass as shown in Fig. 22. 
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Fig. 14. Development of mechanical properties on ECAP passes 
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Fig. 15. Microhardness change on ECAP passes 
 

 
Fig. 16. TEM micrograph before ECAP (dg ~ 650 ┤m) 
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Fig. 17. TEM micrograph after 4th ECAP pass (dsg ~ 2,6 ┤m) 
 

 
Fig. 18. TEM micrograph after 6th ECAP pass (dsg ~ 2,6 ┤m) 
 

 
Fig. 19. TEM micrograph after 8th ECAP pass (dsg ~ 2,6 ┤m) 
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Fig. 20. TEM micrograph after 12th ECAP pass (dsg ~ 0,98 ┤m) 

This anomaly is nucleus of recrystallized subgrain with high angle grain boundary (HAGB). 
In literature does not exist clear opinion on high purity aluminium recrystallization at room 
temperature. Dynamic recovery (DR), dynamic recrystallization (DRX), metadynamic 
recrystallization (MDRX) and static recrystallization (SRX) are possible mechanisms to 
formation of fine grain structure with SPD at room temperature. Recrystallization of high 
purity aluminium (99,999%) deformed at room temperature was described (Choi et al., 1994) 
as DRX and as SRX. Less pure aluminium very slowly recrystallized with comparison of 
99,999% pure aluminium (Kim et al., 2003); (Kim et al., 2007). From the literature analysis is 
resulting intensive sensitivity of aluminium softening (dynamic or static mechanism) in 
dependence on aluminium purity.   
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Fig. 21. Grain size change on ECAP passes 

The measurement of deformation forces for two material grades (high purity aluminium 
and oxygen free high conductivity Cu) during ECAP processing were performed by 
tensometric sensors. The deformation forces were recalculated on deformation stresses and 
insert to Fig. 23. From graphical dependences are resulting two curve developments. One 
with decreasing and the other with increasing of deformation stresses. Deformation stress 
decreasing was observed for aluminium material and increasing for copper material.  
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Fig. 22. Recrystallized grains after ECAP processing: a) 4th ECAP pass; b) 12th ECAP pass 
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Fig. 23. Dependence of deformation stresses on ECAP passes for different materials 

The deformation stress changes with connection of stacking fault energy (SFE) are observed. 
The high purity aluminium is material with high SFE on level 166 m.J.m-2 while OFHC 
copper is distinguishing with low SFE on level 40 m.J.m-2 (Humphreys & Hartherly, 1996); 
(Neishi et al.,  2002).  
The materials with high SFE are characterized with dynamic recovery while materials with 
low SFE by deformation strengthening follow by some kind of recrystallization mechanisms 
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what have good correlation with observed graphical experimental dependences. Therefore 
investigated high purity aluminium material is characterized up to 6th ECAP pass with 
decreasing of deformation stress caused by dynamic recovery and from 6th ECAP pass 
deformation stress is slightly growing.  Similar development of yield strength dependence 
and inverse dependence of elongation were observed up to 6th and from 6th ECAP passes 
(Fig. 14).  These characteristics dependences from 6th ECAP pass are related on the 
mechanical strengthening mechanism resulting from refinement of grain size (Fig. 21). On 
the other side dependence of deformation stress for OFHC copper is growing with the 
increasing of ECAP passes because of Cu is material with low SFE and mechanical 
strengthening can be subsequently accompany by some kind of recrystallization process. 
From Fig. 23 is resulting that ratio between deformation stresses in the 5th ECAP pass 
(σmax,Cu/σmin,Al) for high purity aluminium and OFHC copper has value 0,33. That means 
softening mechanisms realized by dynamic recovery was needed only 33% from maximal 
level of deformation stress occasioning mechanical strengthening which can be 
subsequently accompanying with possibility of recrystallization process. 

3.2 Experimental results and discussion for Al-Cu-Mg-Zr aluminium alloy 
3.2.1 Mechanical properties 

The stress-strain curves under various processing conditions are plotted in Fig. 24. 
  

 
Fig. 24. Stress-strain curves of Al-Cu-Mg-Zr aluminium alloy prepared by different 
processing conditions 

The implementation of SPD via ECAP method caused an increase in materials strength if 
compared to both systems without application of SPD (as-rolling and quenching). Markedly 
strengthening of materials after first pass was observed by authors (Vedani et al., 2003); 
(Cabbibo & Evangelista, 2006); (Kvačkaj et al., 2010). Strengthening of material is caused by 
grains refinement and strain hardening of solid solution.  
The tensile results under various processing conditions are summarized in Table  5.  
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Processing Mechanical properties 
 YS [MPa] UTS [MPa] El. [%] Re. [%] 
As-rolled 235 381 22,3 27,8 
Quenched 157 394 32,8 34,4 
ECAPed 511 593 17,1 18,0 
ECAPed + aged 515 541 14,4 14,0 

Table 5. Mechanical properties of investigated aluminium alloys Al-Cu-Mg-Zr 

The difference in the strength values is basically due to the various materials modification. 
The reason for the increasing of strength and ductility in case of the as-rolled state in 
comparison to the quenched state was the reduction of strain hardening. The reason for the 
strength increasing in ECAP was SPD of analyzed alloy, which caused also a sensible 
decrease of ductility. ECAP increased the strength value approximately 35 % if compared to 
the as-rolled and quenched alloy. Values of yield strength of approximately 55 % and 70 % 
separately, of the as-rolled and quenched material were obtained. Overall very good 
complex mechanical and plastic properties were obtained after ECAP: yield strength of 511 
MPa, ultimate tensile strength of 593 MPa, tensile elongation of 17,1 % and reduction in area 
of 20 %. It is clear that the result of such grains refinement is first of all related to the 
improvement of mechanical properties; it also increases markedly the density of lattice 
defects in the solid solution of Al-based alloys and thus accelerates the precipitation process 
of strengthening particles during the subsequent ageing (Valiev & Langdon, 2006), (Lowe & 
Valiev, 2000). Finally, present results show that grain refinement by ECAP can lead to a 
unique combination of strength and ductility. The achieved mechanical properties by ECAP 
and subsequent treatment can be useful for producing high strength and good ductility in 
precipitation-hardened alloys. 

3.2.2 Fracture and structure investigation 

The fracture surfaces analyses of investigated materials showed dominant of transcrystalline 
ductile fracture. The effect of plastic deformation was revealed in particles cracking for the 
relevant materials that are typical for aluminium alloys (Nový et al., 2005), (Ovid'ko, 2007); 
(Nový et al., 2009). During plastic deformation, particles were cracked and/or particles were 
divided from interphase surface by means of cavity failure systems, which after that 
exhibited in the formerly dimples, Fig. 25 and Fig. 26. 
Detailed fractographical examinations revealed that there were two categories of dimples of 
transcrystalline ductile fracture: large dimples with average diameter in the range from 5 to 
25 µm (arrow in Fig. 27 a), formed by the intermetallic particles on the bases of Fe and Si, 
which can be to visible by metallography examination (arrow in Fig. 28 b) and small 
dimples with average diameter in the range from 0,5 to 2,5 µm, formed by submicroscopic 
and dispersive particles, which were observed by TEM investigation, Fig. 26.  
Different average diameters of dimples were obtained for the investigated materials, 
according to the treatment: as-rolled approximately 10 µm, quenched approximately 9,5 µm, 
ECAPed approximately 8,5 µm and ECAPed + aged approximately 7,8 µm. The difference 
between dimples was affected by various processing conditions. For the as-rolled state, the 
initiator can be identified in the CuAl2 particles, while for the quenched; the role of initiators 
takes intermetallic particles based of Fe and Si. The SPD via ECAP method caused grains 
refinement, strain hardening of solid solution and intermetallic deformed particles. 
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Fig. 25. Transcrystalline ductile fracture as-rolled state and quenched state 

 

 
Fig. 26. Transcrystalline ductile fracture ECAPed state, and ECAPed + aged state 

 

 
Fig. 27. a, b Intermetallic particles on the base of Fe and Si as a initiators of large dimples  
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Fig. 28. TEM analyses revealed submicroscopic and dispersive particles as an initiators of 
small dimples 

3.2.3 FEM investigation 
Distributions of equivalent plastic deformation after one ECAP pass for both conditions are 
presented in the Fig. 29. 
 

 
Fig. 29. Distribution of equivalent strain after one ECAP pass at the same forming condition: 
a) database material, and b) experimental material 

Fig. 29 shows, that plastic deformation is non-uniformly distributed along the cross-section 
and also the length of specimen.  
Along the workpiece length is possible to divide the plastic deformation into three 
deformation areas:  
head  – non-uniformity of plastic deformation is caused by non-uniformly material flow 

during junction from vertical to horizontal canal,  
body  – steady state of plastic deformation,  
tail  – non-uniformity of plastic deformation is related to the uncompleted pressing of 

specimen during the exit channel.  
Non-uniformity of plastic deformation most be concentrated to the bottom part of the 
workpiece, in accordance with authors (Kvačkaj et al., 2007); (Kočiško et al., 2009); (Li et al., 
2004); (Leo et al., 2007). Due to this fact, the material properties after ECAP are carried out 
only from body of specimen.  
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The Fig. 30 illustrates the distribution of equivalent plastic deformation in cross-section part 
of specimen for the 550th computational step (steady state area of plastic deformation) of 
both conditions. 
Local changes were observed in maximum of curve, where the simulation analysis with 
database characteristic achieved effective strain value of 1,12 while in simulation analysis 
with experimental characteristic attained 1,2. The difference represented 7 %. That means 
the entry data from stress-strain curves did not affect the distribution of plastic deformation 
intensity in cross-section area of workpiece. 
 

 
Fig. 30. Distribution of equivalent strain in cross-section part of workpiece in 550th 
computational step: a) database material, and b) experimental material 

Fig. 31 illustrates the distribution of strain rate intensity for both conditions. Strain rate 
determined the plastic deformation area and/or the plastic deformation zone (PDZ). It can 
be seen that strain rate is concentrated in the narrow zone – PDZ. In all cases, the plastic 
deformation zone varies both along the workpiece axis and along the transverse direction 
from top to bottom as it is confirmed in (Kvačkaj et al., 2007). It is needed to keep in mind 
that ECAP deformation is generally non-homogeneous, especially when the die is rounded 
or if conditions lead to a free surface corner gap (Li et al., 2004). However, a disadvantage of 
the FE studies is that various different combinations like the workpiece, die design, the 
friction conditions, etc. are applied. All mentioned factors can deeply influence the 
simulation results and therefore make it difficult to compare results from different studies. 
Hence, studies for understanding PDZ during the forming process and interpreting the real 
forming conditions in ECAP process are still lacking.  
It can be found from the distribution of strain rate intensity (the 550th computational step in 
the Fig. 31) that the strain rates are clearly different in case of the database and experimental 
material; in the inner side of the channel achieved an increase in strain rate about 29 % for 
experimental material characteristics. 
Fig. 32 enables to interpret a temperature development during ECAP process. 
Results from Fig. 32 that an increase in temperature during the process, from initial ambient 
temperature to 35,5 °C for database material and to 46 °C for experimental material. An 
increase in temperature is connected to heat transformation of plastic deformation part. The 
temperature of workpiece fail to reach a level of restoration processes for both investigated  
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Fig. 31. Distribution of strain rate intensity along to cross-section in 550th computational 
step: a) database material, and b) experimental material 

materials. In simulation to take heat transfer into consideration, for that reason during the 
ECAP process can to observe a heating of forming tools too. It is important point that 
temperature of forming tool not allowed to reach a tempering grade. It results from (Kvačkaj et 
al., 2007) that the significant recovery process can be recognized for temperatures over 300 °C. 
 

 
Fig. 32. Temperature development during ECAP process and heating of forming tools: 
a) database material, and b) experimental material 

4. Conclusions 

From mathematical simulations of ECAP process by FEM is resulting that the channels 
filling with material and effective plastic deformations are depends on contact friction, 
material stress – strain (σ-ε) curves and geometrical definition of ECAP die. Better channels 
filling by material was observed when friction coefficient was increased. The negligible 
effect of σ-ε strengthening type curves on channels filling was observed if curves had 
character rigid – plastic form with linear and nonlinear strengthening. If strengthening 
curves were approaching to ideal rigid – plastic form with minimal strengthening so 
differences in channel filling were observed. 
The investigation of high purity Al (99,999%Al) material processed by ECAP method refers 
on slight sensitivity ultimate tensile strength in dependence on ECAP passes. The ultimate 
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tensile strength was change in interval UTS=49 – 52 MPa. Stronger influence from ECAP 
passes on yield strength, elongation, microhardness and subgrain diameter was recognized.  
The values were changed in following intervals: YS=26 – 39 MPa, A=27– 56 %, dg=650 - 1┤m. 
From the literature analysis is resulting non-uniform opinion on softening mechanisms of 
high purity Al during or after SPD in ECAP unit. The opinions are recognizing from 
recovery in dynamic and static regime up to recrystallization in dynamic, metadynamic and 
static regime. On the essential our results is resulting for high purity Al as material with 
high stacking fault energy, that  softening mechanism up to 6th ECAP pass is  dynamic 
recovery, whereas from 6th ECAP pass the mechanism mechanical strengthening was 
starting.  This supporting viewpoint has good correlation with development of mechanical 
and substructural properties.  On the other side OFHC copper is characterized as material 
with low stacking fault energy and mechanical strengthening was observed in dependence 
on ECAP passes. The local dynamic recrystallization grains were observed after 14th ECAP 
pass. The stress ratio resulting from graphical dependences was σmax,Cu/σmin,Al=0,33, what 
means that softening mechanisms realized by dynamic recovery needed only 33% from 
maximal level of deformation stress occasioning mechanical strengthening. 
Tensile test results show that, in the stress-strain curves, the stress increased with increasing 
strain conditions due to severe plastic deformation via ECAP. However, it was observed 
also that the ECAP exhibited decrease in ductility.  
Severe plastic deformation via ECAP may be a very useful process on increasing mechanical 
properties with only partial decrease and acceptable of ductility. Strengthening of material 
is caused by grains refinement and strain hardening of solid solution.  
Fractographical examinations revealed that there were two categories of dimples of 
transcrystalline ductile fracture: large dimples, formed by the intermetallic particles and 
small dimples, formed by submicroscopic and dispersive particles. 
The simulation analyses of ECAP process of Al-Cu-Mg-Zr aluminium alloy by means of the 
commercial two-dimensional finite element code DEFORM shows that in term of prediction 
individual parameters during forming processing was in the some case (strain rate intensity 
and temperature) sensible different, providing that material characteristic were given by 
database or on the basis experimentally determined stress-strain curve. The recorded 
changes in simulation can be explained to better knowledge of material characteristics from 
tensile test, by reason that material in them carries the all history of previous technological 
operations and using a data from program database it needn't exactly to correspond of 
material selection. In this regard, is necessary to consider in the simulation process to appear 
from knowledge of material characteristic receives by laboratory test of formability. 
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