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ABSTRACT 

This work has been divided into three parts, each part studies one of the stages of the 
nanostructured Al-6082 tube production. 

The first part defines the SPD techniques and explains these methods, in concentrating on 
the equal-channel angular pressing (ECAP). By this method, a commercial Al-Mg-Si alloy 
(6082) was deformed to produce bulk ultra fine-grained structure using route C technique up 
to eight passes with  high length to diameter ratio as 15-16. The products were investigated 
after one, four and eight passes. 

In the second part, the workability and the mechanical behaviors of nanostructured Al-6082 
alloy material have been investigated by using the upsetting test. The specimens were taken 
out from the three perpendicular axis of ECAP part and exposed to compressing test to 
determine the true stress true strain curves in all the three conditions. The tests were carried 
out using an electro-mechanical testing machine at room temperature to avoid 
recrystallization of the nanostructure, and the speed of the clamping head was 2 mm/min. 
During upsetting the anisotropy induced by the ECAP technology led to asymmetrical 
bulging/buckling. This phenomenon was reduced by lowering the height to diameter ratio of 
the upsetting specimens. The flow curves were plotted for all specimens in the three 
directions. A computer program was used to analyze the flow curve data to determine the 
stress and strain parameters, by plotting the fit curves on the flow curves. Ludwik equation 
was applied in this program to plot fitting curves. A simple yield criterion and material law 
are used to describe the plastic deformation of the nanostructured material. The parameters of 
anisotropy are determined. In this study many types of ductile fracture criteria were used to 
determine the limit of the bulk deformation. Metals produced by ECAP were reported to have 
high strength and high ductility. 

In the third part the extrusion process and tube extrusion of nanostructured Al-6082 alloy 
were investigated. The diameter of the produced bars in the forward extrusion process were 
10mm, 8mm, and 6mm, while the initial diameter was 15mm. The processes were carried out 
at room temperature with the speed of the ram of 2mm/min for all types of specimens, and a 
special type of lubrication was used to reduce the friction between the billet and the die. The 
relationship between the force and ram displacement was obtained. The experimental results 
show that the pass 8 (route C) has the maximum value of extrusion loads and maximum 
value of hardness. 

This part of work was also examined various nanostructured Al-6082 alloy, as it undergoes 
the tube extrusion process of tube manufacturing. Forward extrusion processes were applied 
to produce a tube from nanostructured Al-6082 material.  In this process, the die set consists 
of four parts: punch, container, piercing, and the base. The extruded materials were four 
types of nanostructured Al-6082 alloy: Pass 1, Pass 4 (route C) and Pass 8 (route C), which 
were produced by equal channel angular pressing (ECAP), in addition to the annealed 
material. The tests were simulated by using the finite element method and its results were 
compared with the experimental results. The finite element results were found to be nearly 
identical to the experimental results with the Pass 8 alloy having the maximum extrusion load 
value. 
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TARTALMI KIVONAT 

A dolgozat  három részb� l áll.Az els�  rész az intenzív képlékenyalakító (IKA) 

eljárásokat foglalja össze, különös tekintettel a könyöksajtolásra (ECAP). A dolgozatban 

vizsgált AlMgSi ötvözet mikroszerkezete könyöksajtolással, C alakítási úton lett formálva . 

A szerkezetváltozás mechanikai hatását  egy , négy és nyolcszori  átsajtolás után vizsgáltuk. 

A második rész az Al-6082 nanoszerkezet�  anyag alakíthatósági vizsgálatával 

foglalkozik. A zömít� próbatestek a könyöksajtolt darabokból 3, egymással derékszöget 

bezáró irányban lettek kimunkálva. Az egyik irány a könyöksajtolt darab hossztengelye. A 

zömítóvizsgálatok során mindegyik irányban meghatároztuk a valódi feszültség-valódi 

alakváltozás görbéket. A mérések szobah� mérsékleten 2 mm/min zömít�  sebesség mellett 

történtek. A mérések során az eredetileg hengeres darabok kör keresztmetszetei ellipszis- 

szer� vé alakultak. A magasság/átmér�  viszony csökkentésével a hordósodás mértéke 

csökkent. A három irányban meghatározott folyásgörbék feldolgozása során az anizotrop 

viselkedést jellemz�  paramétereket, valamint az alakíthatósági határértékeket is kiszámoltuk. 

Az eredmények azt mutatták, hogy az ECAP hatására megnövekedett szilárdság jelent� s 

képlékenységi tartalékkal párosult. 

A harmadik rész a cs� extrudálás folyamatával foglalkozik, ahol az el� zetesen 

könyöksajtolással alakított anyag tovább feldolgozása történik. A Æ 15 mm tömör anyagból 

Æ 10,8 és 6 mm bels�  mérettel rendelkez�  cs� szer�  alkatrész készült. Az alakítás 

szobah� mérsékleten 2 mm/min sebességgel folyt. Az alakító er�  és a bélyegelmozdulás 

regisztráltuk. A feldolgozás az anyag 4 különböz�  állapotában történt. Lágyított, 1x, 4x és 8x 

könyöksajtolt darabokat használtunk. A legnagyobb alakító er� t és a legnagyobb 

keménységet a 8x sajtolt darab tovább feldolgozása során kaptunk. A kísérletet végeselemes 

modellezéssel ellen� riztük, amely a méréshez közeli eredményt szolgáltatott.  
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Objective of the work 

There are three main objectives in this work: 

1- Producing the nanostructured materials from commercial aluminium Al-6082 alloy. This 

objective can be accomplished by the following steps. 

·  Review some of the type of severe plastic deformation (SPD) processes and 

comparing them to find the best method for producing these materials. 

·  Investigate the applying of equal channel angular pressing (ECAP) method to produce 

several type of nanostructured material. 

2- Perform tests such as upsetting to investigate the properties of nanostructured Al-6082 

materials. From this objective we can determine the following points: 

·  True stress - true strain curves, effective stress - strain curves, and yield strength of 

some types of nanostructured materials. 

·  Describing the workability of nanostructured Al-6082 alloy material which was 

produced by equal channel angular pressing (ECAP). 

·  Using Hu and Hill  anisotropic yield criteria to describe the anisotropic yielding 

behaviour of the bulk metal and ductile fracture limit by determining the anisotropic 

parameters.  

3- Applying some types of extrusion technology processes such as forward and 

backward extrusion to produce tubes from these materials. This objective include the 

following points:  

·  Investigate the behaviour of the produced materials and the parameters of these 

processes. 

·  Using the finite element method to simulate these processes and comparing the result 

with the experimental results. 

 
 



 

 1 

Chapter One 

1. Severe Plastic Deformation 

The aim 

The main objective of this part is to highlight the types of severe plastic deformation (SPD) 

techniques and their applications and study of the mechanical properties of nanostructured 

materials produced, concentrating on the equal channel angular pressing (ECAP) technique. 

Several literatures dealt with nanostructured Al alloys produced by ECAP technique and 

have been investigated and discussed.  

1.1. Introduction 

Severe plastic deformation (SPD) techniques are used to produce nanostructures in various 

bulk metallic materials by break down the microstructure into finer and finer grains [1]. 

These materials have attracted the growth of interest of specialists in material science [2]. 

 In particular, SPD methods resulted in overcoming of number of difficulties connected with 

residual porosity in compacted samples, impurities, processing of large scale billets and 

practical  application of given materials. 

Severe plastic deformation (SPD) techniques induce large plastic deformation in materials 

typically under high applied pressure and at relatively low temperature (usually less than 

0.4 Tm, where Tm is the melting temperature). They have been used to create ultra-fine-grain 

(UFG) metals and alloys with grain size in the range of 10 to 100 nm, and it can form 

nanostructures with high angle grain boundary. 

1.2. Methods of (SPD) and formation of nanostructures  

While there are different techniques to obtain nanostructure material, some of them are the 

most commonly used methods, the severe plastic torsion straining under high pressure (HPT) 
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and the equal channel angular pressing (ECAP). To mention at least one of the other 

available methods, it is also possible to produce nanostructure in metals and alloys by mean 

of multiple forging [2]. 

The torsion straining under high pressure and the equal channel angular pressing methods are 

producing very large plastic deformations (with true strain �  10) while forming the 

nanostructure [3]. 

Multiple forging method is used for formation of nanostructures in bulk billets; it is usually 

running with dynamic recrystallization. The principle of this method assumes multiple 

repeats of free forging operations: setting-drawing with a change of the axis of the applied 

strain load as shown in Fig. 1.1. The homogeneity of strain provided by multiple forging is 

lower than in the case of ECA pressing and torsion straining. However, the method allows 

one to obtain a nanostructured state in rather brittle materials because processing starts at 

elevated temperatures and the specific loads on tooling are low. The choice of appropriate 

temperature–strain rate regimes of deformation leads to a minimal grain size. The advantage 

of this method is that it was used for refinement of microstructures in a number of alloys, 

including pure Ti, titanium alloys VT8, VT30, titanium alloy (6%Al-32%Mo), magnesium 

alloy (Mg-6%Zr), high strength high alloyed nickel base alloys , and others. The given 

approach is usually realized over the plastic deformation temperature interval 0.1– 0.5 Tm 

(Tm is the melting temperature). It was shown that hydrogen alloying of two-phase titanium 

alloys not only increases their plasticity and decreases the temperature of deformation but 

also leads to smaller grain size.  

High Pressure Torsion (HPT) is an alternative procedure to introduce high plastic strains. A 

small disk metal sample is held under a high pressure and then subjected to torsional 

straining as shown in Fig.1.2. The advantage of this method is that it can produce 

exceptionally small grain sizes, (less than 100 nm), and the ability to process brittle materials 

such as semiconductors and intermetallics. Recent investigation also showed that high 

pressure torsion (HPT) method can be used successfully not only for the refinement of a 

microstructure but also for the consolidation of powders [4]. Nevertheless, this method has 

the disadvantage that the dimensions of the specimen are small, with maximum diameter of 

disk of 20 mm and thickness of 1 mm [5, 6]. 
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Fig. 1.1. Principle of multiple forging: (a), (b), (c) - setting and pull broaching along the first 
axis; (d), (e), (f) - setting and pull broaching along the second axis; (g), (h), (I) - setting and 

pull broaching along the third axis 

 

 

Equal Channel Angular Pressing (ECAP method) is used for deformation of big billets by 

pure shear; the mean feature is to apply intense plastic strain into the material without 

changing the cross section area (Fig.1.3). Repeated deformation is possible by this method, 
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the samples can be round or square (plate) [7] in cross section with a length from 70 to 200 

mm and the cross sectional diameter or its diagonal cannot exceed the 20 mm.  

In ECAP it is possible to make multiple pressing on the billet or the specimen through the die 

channel (one pressing operation is called one “pass”), the intersection angel F   between the 

two channels is generally between 90o and 135o (sometime up to 157.5o   [8]).  

In case of deforming hard materials like titanium, ECAP is carrying out at high temperature 

(under recrystallization temperature) to avoid any failure that may occur in the channels. 

 

 

 

Fig. 1.2. High  pressure torsion method 

 

 

. 
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Fig. 1.3. ECAP die 

 

The increment of shear strain at each pass through the channels (see Fig.1.4) when the outer 

angel =y 0 º and the inner angel F  is arbitrary can be calculated by the following equation 

[7, 8, and 9]: 
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(1.1) 

Where p is the pressure, fY  is the flow stress of the deformed material and ee  is the strain. 

When the sample is pressed through the intersection channels several times during ECA 

pressing, the total strain value is:  

en N ee D=  (1.2) 

Where N is the number of the passes. 
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Fig. 1.4. Principles of ECA pressing: (a) �  = 0o, (b) �  = �  – � , and (c) �  is between 0o and �  
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Generally, the strain value for the billet for N  passes in ECA pressing can be calculated: 
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(1.3) 

 

As mentioned above if we use F  = 90º and y  =20º as intersection angle, the strain value 

approximately increases by 1 in each pass.  

When a sample is pressed through a die having F  = 90º, it has been shown that the original 

grains of the structure become divided into subgrains separated by boundaries having low 

angles of misorientation and these subgrain boundaries evolve with further pressings into 

arrays of high angle boundaries [8]. This process of grain refinement was analyzed by 

considering the shearing patterns which develop during pressing when the channels intersect 

at F = 90º [8]. It is apparent, however, that these shearing patterns will change when dies are 

used having values of F  which differ significantly from 90°.  

In ECA pressing the number of passes and the direction of billet passes through the channel 

are very important in microstructure refinement and determining the mechanical properties of 

material. There are three kinds of routes, as shown in Fig.1.5. 

·  Route A if the sample is not rotated around its longitudinal axis. . 

·  Route B, C if the sample rotated around its longitudinal axis by angel 90º and 180º 

respectively. 

The given routes are influenced in their shear direction at repeated passes of work piece 

through the intersection channel when ECA pressing was applied. 

The application of these three ECAP routes through several passes produces an increase in 

the value of the yield stress and strength of the material until it achieves a saturation state [9].  

It should be noted that the formation of homogeneous nanostructures in bulk samples 

requires optimization of temperature, strain conditions of SPD, friction condition between the 
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sample and the die and the magnitude and character of deformation (it is specific for each 

material) [10, 11].   

 

 

 

Fig. 1.5. Types of ECAP method 

 

 

Repetitive corrugation and straightening (RCS). In this method, a work-piece is 

repetitively bent and straightened without significantly changing the cross section geometry 

of the work-piece, during which large plastic strains are imparted into the materials, which 

leads to the refinement of the microstructure [12]. A basic RCS cycle consists of two steps: 

corrugation and straightening. The corrugation is carried out in a die set as shown in Fig.1.6-
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(a), which is the discontinuous version of the RCS process. It was used to simulate the 

continuous version of the RCS process as shown in Fig.1.6 (b). It is obvious that the 

continuous RCS process can be easily adapted to a rolling mill for industrial production of 

nanostructured metals and alloys. The RCS process can produce bulk nanostructured 

materials with an average grain size of less than 100 nm, which is comparable with that 

attained by ECA process [13]. 

 

 

 

Fig. 1.6. (a) Die set up for discontinuous RCS process and (b) Set up for continuous RCS 

process that can be easily adapted to large-scale industrial production. 

 

Continuous confined strip shearing (C2S2) is a process based on equal channel angular 

pressing (ECAP). This technique enables sheet forming in a continuous mode and in a 

repeatable manner [14]. The developed process is able to control the mechanical properties of 

the material through the multi-pass operation. Such a die configuration and the use of the 

feeding roll comprise a unique ECAP process that is rather different from the conventional 

ECAP process that has been dealt with in the earlier studies. Feeding the work piece using 
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the feeding roll, instead of feeding the material using the ram of the hydraulic press, not only 

makes continuous operation possible but also allows the formation of various metal strips 

into the desired final dimensions. One of the advantages of this method is that it can be used 

long samples, but that the disadvantage of this method is that the samples must be strips. 

 A schematic of the C2S2 machine that was designed to introduce the shear deformation into 

metallic strips in a continuous manner is shown in Fig.1.7, [15]. 

 

 

 

Fig. 1.7. (a) A schematic showing the C2S2 process based on ECAP, which is capable of 
producing the metallic sheets in a continuous manner. (b) A detailed die configuration of the 

forming zone in (a). 

 

Conshearing process is similar to the C2S2 process, an equal-channel die with a channel 

angle �  is equipped at the exit of the small mill (satellite mill) [16], as shown in Fig.1.8.  The 

strip is fed by several small rolls (satellite rolls) and one large roll (central roll). All of these 

rolls are driven at an equal peripheral speed to generate large extrusion forces, and the strip is 
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extruded through the die continuously as either conforming or extrolling. Guide shoes are 

necessary to prevent the strip from buckling between each satellite roll [17]. The shear 

deformation is given to the strip continuously with this mill. The advantage of this method is 

that intense plastic shear strain can be also introduced by repeating the process several times 

as an ECAE process, but it is used only to produce strip nanostructured material.  
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Fig. 1.8. Schematic illustration of the conshearing process 

 

1.3. Nanostructured materials 

Nanostructured materials are materials which have a grain size less than 100 nm; these 

materials have grain boundaries like straight, curved, or wavy. This types of material 

(nanostructured material) have properties that differ from the original material, for example, 

yield stress and ductility are increasing by amount up to 20 %  or more as shown in Fig.1.9, 

and the material becomes resistant to fatigue and fracture. 

By now nanostructures have been obtained in a number of pure metals, alloys, such as 

Aluminium Al-6082 alloy, steels and intermetallic compounds via application of different 

SPD methods. 
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In pure metals, for example, the application of severe plastic torsion straining can result 

usually in the formation of ultrafine-grained structure with a mean grain size of about 100 nm 

and the application of ECA pressing can produce a material with a grain size of 200÷300 nm 

as shown in Fig.1.10. 
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Fig. 1.9. True stress - true strain curves of row and nanostructured Al-6082 material 

 

1.3.1. Mechanical properties of nanostructured materials 

The mechanical behaviour of nanostructured materials are found to depend on grain size. It 

was found that the mechanical properties such as strength and hardness were improved with 

the decrease of grain size within certain ranges [18]. The relation between the yield stress and 

the grain size has been investigated for a number of metals and alloys and has been found as: 

 

5.0
0

-+= gy kDss          1.4 

 

Where 0s  is the Hall-Petch constant which represents the stress required to move 

dislocations through the crystal lattice k  is Hall–Petch slope. 
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Fig.1.10. Typical TEM micrographs of nanostructured copper processed by ECAP: (a) route 
B; (b) route C 

 

By the same way, there have been reports of both increased and decreased strain rate 

sensitivity with decreasing grain size in metals. Iron, for example,  which is normally rate 
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sensitive, with  a strain rate exponent (em ), where  (
e
s
�ln

ln
¶
¶

=em  ), hardening exponent on the 

order of  0.04, goes down to the value of  0.004 when the grain size is 80 nm, and in some 

cases it goes down to the value of  0.006  when the grain size is 20 nm [19]. 

An opposite effect was found by some literature, the mechanical response of some metals 

such as FCC metals produced by ECAP was found to depend on the applied strain rate, 

which ranged from 0.001 to about 4000 s -1 as shown in Fig.1.11 [11]. The value of strain rate 

sensitivity ( em ), based on the above strain rate range, was found as: 0.015 for Cu, 0.006 for 

Ni, and 0.005 for Al-4Cu-0.5 Zr alloy. 

 

 

 
 

 

Fig. 1.11-a. Stress - strain response of copper 
nanostructured  material 

Fig. 1.11-b. Stress - strain response of 
nickel nanostructured  material 

 

The range of grain sizes (gD ) is typically from about 10 � m to several hundred micrometers 

in samples, which have been recrystallized after deformation. In a few experiments on some 

metals such as Cu and Ni it has been shown that the validity of Eq. (1.4) can be extended 

down to a recrystallized grain size of about 3 – 4 � m. Also fairly consistent values for the 

Hall–Petch slope (k ), have been found when taking into account especially the effect of 

solutes and of crystallographic texture. The validity of Eq. (1.4) with an exponent of (-0.5) in 

the micrometer range is the basis for examining whether Eq.(1.4)  also describes the 
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behaviour of nanocrystalline metals. However, a validation of the exponent is not possible at 

present because of a lack of data covering a range of grain sizes in high quality samples. This 

is indeed an approximation, and a more general formulation is to use a power expression with 

exponent (n). 

On the other hand, a reduction in grain size leads to an increase in the ductility. Thus one 

should expect a ductility increase as the grain size is reduced to nanoscale. However, in the 

most of metals that have a grain size less than 25 nm, the ductility is small. There are three 

major source of limited ductility in nanostructured materials, namely: (1) artifacts from 

processing; (2) tensile instability; (3) crack nucleation or shear instability [4, 16]. 

Nanostructured materials cannot generally sustain uniform tensile elongation. Several reports 

show virtually no strain hardening after an initial stage of rapid strain hardening over a small 

plastic strain regime (1-3%) which is different from the response of coarse grained 

polycrystalline metals [20]. 

In recent investigation [21], the fatigue crack growth rates in ultrafine grained (UFG) Al–

7.5Mg were investigated and were compared to those observed in powder-metallurgy (P/M) 

Al–7Mg and ingot-metallurgy (I/M) Al–7Mg. The fatigue crack growth rates in UFG Al–

7.5Mg  are significantly higher than those of P/M Al–7Mg, which, in turn, are significantly 

higher than those of I/M Al–7Mg  alloy. The fatigue crack growth threshold is the lowest in 

the UFG Al–7.5Mg alloy, followed by P/M Al–7Mg, and is the highest in I/M Al–7Mg. The 

higher fatigue crack growth rates and lower thresholds in UFG Al–7.5Mg may be attributed 

to the much smoother fracture surface morphology and lower roughness-induced crack 

closure and crack deflection. 

In recent years, creep in nanostructured materials has been studied, these studies encountered 

several obstacles because of the following factors: (1) the limitation of synthesizing bulk 

nanostructured material free of defect (porosity and impurities), (2) significant increase in 

volume fraction of grain boundaries and intercrystalline defects, (3) the grains grow when the 

temperature rises slightly. Generally, creep rate is depending on many factors such as grain 

size, temperature of testing, applied stress... etc. Also, for the fatigue properties of 

nanostructured materials, there have not been many researching studies. One of these studies 

was on tension-tension cycling of nanostructured copper prepared by inert gas condensation 
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[22], with maximum stress that ranged from 0.5 to 0.8 of yield stress and the minimum stress 

was 10 MPa. 

After several hundred cycles, a moderate increase in grain size was observed. The samples 

were shown to elongate slightly in the course of a prolonged fatigue test. In other research, 

the cycle behaviour of commercial purity ultrafine-grained titanium obtained by ECAP 

method is investigated. It was shown that under constant load, ultrafine-grained titanium 

processed by ECAP revealed considerable increase in fatigue life and fatigue limit when 

compared with those in the coarse-grain titanium. The S-Nf diagram plot for titanium 

produced by ECAP is shown in Fig.1.12 [23].  
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Fig. 1.12.  S–Nf diagram for  Ti  produced by ECAP  

 

1.4. Nanostructured aluminium alloys produced by ECAP technique 

It is well known that nanostructured aluminium alloys possess excellent mechanical strength. 

However, their path to commercial applications has been hampered by poor ductility, as 

necking usually occurs at low plastic strains. Different investigations have been carried out to 

increase the uniform tensile elongation of nanostructured aluminium, among them 
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establishing bi-modal microstructures, deforming at high strain rates and/or low 

temperatures, utilizing the effect of high strain-rate sensitivity, etc. All of these investigations 

are based on understanding and exploiting the mechanisms underlying the plastic 

deformation of ultra-fine grained (UFG) and nanostructured aluminium material. In one of 

these studies, the commercial aluminium alloy 6082, commonly used for structural 

applications, was chosen for this investigation. The material was annealed for 2 h at 530 Co 

and then quenched in water resulting a grain size of 40 µm. Billets of 100 mm x 10 mm x 10 

mm  were machined from this material and subjected to eight passes of ECAP using route Bc 

(which involves rotation of the billet by 90o between the passes). ECAP was conducted at 

100o C, followed by natural cooling [23]. Flat specimens for tensile tests with a gauge length 

of 7.5 mm, width of 1.5 mm and thickness of 1.2 mm were cut from the ECAP processed 

billets with the tensile axis being parallel to the ECAP direction. No effect of the strain rate 

on the deformation behaviour of the coarse-grained material is observed (Fig. 1.13 a). The 

strain-rate sensitivity of the flow stress seen in the monotonic deformation curves in Fig. 1.13 

a, and also measured as an instantaneous stress response to strain-rate jumps (Fig. 1.13 b) is 

very low (see below). 

Also, experiments were conducted on high purity aluminium to investigate the process of 

grain refinement during equal channel angular (ECAP) technique [24]. Samples were 

subjected to 1 to 4 pressings and then sectioned for microstructural examination in three 

mutually perpendicular directions. The results show that a single pressing leads to the 

development of sub-grain bands. The subsequent microstructural development in additional 

pressings depends upon whether these repetitive pressings are conducted with no rotation of 

the sample (route A), with a rotation of 90o between each pressing (route B) and route C. The 

sub-grains evolve more rapidly into arrays of high angle boundaries using route B, less 

rapidly using route C and the evolution is slowest using route A. The results are explained by 

considering the shearing patterns developed in the samples during each processing route. 

 In an other study, an Al–7%Si casting alloy has been subjected to equal channel angular 

pressing up to eight passes by routes A, BA, BC and C [25]. Microstructural and mechanical 

characterization by tensile testing was performed. No significant differences in tensile 

strength were found between the processed samples. However, there are strong differences in 



 

 18 

ductility, which are attributed to the dependence of the fracture propagation path on the 

processing route due to different geometric redistribution of the eutectic constituents. 

  

 

 

 

Fig. 1.13. (a). The true stress–strain curves for the AA6082 in the coarse grained condition at 
different strain rates: (I ) 10�2  s�1 ,  (II ) 10�4  s�1 ,  (III )  10�5  s�1 ,  (IV )  10�3  s�1 ,  and  (V)  
power-law curve, (b).  Strain rate jump test at the base strain rate of . 

 

The effect of severe plastic deformation through equal-channel angular pressing (ECAP) on 

the fatigue life of Al-Mg-Sc alloys with different concentration of magnesium is discussed in 
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[26]. Both high-cyclic and low-cyclic fatigue properties have been assessed in terms of the 

fatigue strength, fatigue ductility, cyclic stress-strain curves, etc. It is shown that the addition 

of Sc significantly increases the thermal stability of the fine-grain structure formed during 

ECAP. However, only modest improvements of tensile and cyclic mechanical properties 

have been achieved via ECAP of Al-Mg-Sc alloys in comparison to their ordinarily 

fabricated counterparts. The result of present investigation shows that the grain refinement of 

precipitation hardenable Al-alloys through severe plastic deformation can not be effective for 

enhancement of their static or cyclic strength. It is argued that early shear banding plays an 

important role in cyclic degradation of ECAP Al-Mg-Sc alloys. From the Coffin-Manson 

plot, Fig. 1.14, and the cyclic hardening curves, Fig. 1.15, it is apparent that the low-cyclic 

fatigue (LCF) properties of ECAP Al-Mg-Sc alloys depend on magnesium content. 

 

 

Fig. 1.14. Coffin-Manson plot for  Al-Mg-Sc alloy produced by ECAP 

 

Experiments were conducted to evaluate the influence of the pressing temperature when 

materials are processed by equal channel angular pressing. The tests were conducted using 

samples of pure Al, an Al–3% Mg alloy and an Al–3% Mg–0.2% Sc alloy at temperatures up 
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to 573 K. All samples were pressed to sufficiently high strains to give homogeneous 

microstructures [27]. The results show two important effects. First, the measured grain size 

tends to increase with increasing pressing temperature. Second, grain refinement is achieved 

at all temperatures but there is a transition from arrays of high angle boundaries at the lower 

temperatures to low angle boundaries at temperatures at and above 473 K in pure Al and at 

573 K in the Al–3% Mg alloy, whereas the Al–3% Mg–0.2% Sc alloy exhibits high angle 

boundaries at all pressing temperatures. The inability to achieve high angle boundaries at the 

higher pressing temperatures in these two materials is attributed to the higher rates of 

recovery which leads to dislocation annihilation rather than the absorption of dislocations 

into the subgrain walls. 

 

 

 

 

 

Fig. 1.15. Cyclic  hardening for Al-Mg-Sc-Zr alloy 
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Summary 

From the previous literatures and studies I conclude that the nanostructured materials have 

the following characteristics: 

·  Nanostructured material can be produced by several technique called sever 

plastic deformation (SPD). 

·  Equal channel angular pressing (ECAP) technique is the method most used to 

produce nanostructured materials, this because it is easy to apply and it provides 

good properties of materials. 

·  The previous study proves that the nanostructured materials have good 

mechanical properties such as ductility, workability, yield strength, etc. 

·  Nanostructured aluminium and its alloys are the best materials that produced 

by SPD methods, these alloys have good new properties. 

 

In the next chapter I will discuss the workability of nanostructured aluminium 6080 alloy.  
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Chapter Two 

2. Workability of Nanostructured Al-6082 Alloy 

The aim 

This part describes the workability of nanostructured Al - 6082 alloy material, produced by 

equal channel angular pressing (ECAP). The parameters of anisotropy are determined by 

upsetting tests on cylindrical pieces, machined in three perpendiculars axises of ECAP part. 

A simple yield criterion and material law are used to describe the plastic deformation of the 

nanostructured material. 

2.1. Introduction and definition 

In general, workability is defined as the amount of deformation that metallic material can 

undergo without cracking at given temperature, state of stress and strain rate. From a 

geometric viewpoint, bulk forming operations are distinguished by large changes in cross-

sectional area and may be accompanied by large change in shape. While the major role of 

bulk forming operations is to produce the desired shape, in doing so, they also modify the 

materials structure and surface. 

Usually, the effects of bulk working processes are beneficial, leading to improved internal 

quality as well as improved surface quality. The major emphasis in workability is the 

measurement and prediction of the limits of deformation before fracture. 

Generally, workability depends on the local conditions of stress, strain, strain rate and 

temperature in combination with material factors, such as the resistance of metal to ductile 

fracture [28]. In most cold forming operations of metals, workability is limited by ductile 

fracture. 

Most previous works are dealt with isotropic materials. This work describes the cold 

deformability of nanostructured Al-6082 alloy material (one, four and eight passes)  which 

were produced by equal channel angular pressing (ECAP), using route ‘C‘. Generally, for 
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nanostructured materials produced by (ECAP) process, the workability parameters are 

depending on the number of passes, type of route, and the direction of the specimen’s axis 

and it refers to the relative ease with which the material can be shaped through plastic 

deformation and it is a function of the material and the process .The materials produced by 

this process have anisotropic behaviour, which means different properties in different 

directions. Anisotropy has been recognized as a key factor in sheet metal forming for several 

decades, but less attention was paid for anisotropy behaviour for bulk forming processes. 

2.2. Workability tests 

A large number of tests are currently used to evaluate the workability of nanostructured 

materials such as tension, torsion, and compression tests and they may be classified into cold 

and hot tests. The initiation of ductile fracture is a major factor influencing the limit of 

deformability in many metalworking operations [28]. A number of workability tests are 

available to provide information, these tests are: 

1-Primary tests 

Which are including: 

 A- Tension test  

 B- Torsion test 

 C- Compression test (upsetting test) 

 D – Bending test 

2-Secondary tests 

Include: 

A-Secondary tension test 

B-Ring compression test 

C-Hot tension test 

In this work, several upsetting tests were carried out to evaluate the formability of 

nanostructured Al-6082 alloy by using cylindrical, tapered, and flanged specimens (Fig.2.1) 

and the true stress-true strain curves for all types of specimens were plotted. 
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Fig. 2.1. Geometry of specimens: (a) Cylindrical shape, (b) Flanged shape, (c) Tapered shape 

 

2.3. Cold upset testing 

Most metalworking processes involve compressive deformation, and so the uniaxial 

compression test has been widely used for studying deformation behaviour. Collectively, the 

cylindrical, tapered, and flanged compression test specimens provide a wide range of 

circumferential tension/axial compression strain states and these specimens don’t remain 

cylindrical in shape but becomes bulged or barrelled when they compressed with friction at 

the die surface. 

2.3.1. Upset test technique 

The aspect (height-to-diameter) ratio affects the strains occurring at the bulging free 

surface. The upper limit on this ratio is 2.0, and the lower limit is based on convenient height 

for application of grid marks. Normally the ratio is:     75.175.0 ££
D
h

 . 

The collar tests (Fig. 2.1 (b) and (c)) were developed to create a mode of deformation 

dominated by the circumferential tensile stress on the periphery of the collar. The thickness 

of the cylindrical surface at mid-height ( t ) (in flanged and tapered specimens ) ranges from 
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0.2 to 0.75 times the specimen height   ( h ) and the reduced diameter ( d ) is 0.8 times the 

original diameter (D ). In this type of test, friction between the die and work piece has a 

significant effect on the strains occurring at the free surface, particularly for cylindrical work 

pieces. In most of recent works they use some types of lubrications or they polished the end 

faces of work piece to avoid bulged and barrelled deformation. 

Each combination of friction condition and cylindrical aspect ratio gives different 

combination of axial compressive strain and circumferential tensile strain at the free surface 

of cylindrical work piece, while the friction has the greatest effect on these strains. In this 

work the upsetting  specimens of cylindrical shape with a diameter of 10 mm and height of 

10 mm were used in order to overcome the deviation of the longitudinal axes and the typical 

sliding layers that appear in the other h/d  specimen ratios, as shown in Fig.2.2. 

 

 

Fig. 2.2. Typical shape (caused by the anisotropy) of compression specimen with 1.5 initial 
height to diameter ratio 
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These specimens are produced by ECAP technology from the Al-6082 alloy and were cut 

out from the three directions of the axes. These directions are defined as longitudinal  

direction, zero direction, and 90o direction, as shown in Fig. 2.3. 

 

 

 

 

Fig. 2.3. ECAP part and the direction of specimen axes 

 

 

To overcome specimen distortion, compression loading up to 500 N (0.5KN) was applied 

to the specimen, which was then unloaded. After cleaning the end surfaces of the specimen, 

the height and the maximum and minimum diameters were accurately measured using digital 

Vernire calipers, which had 0.01mm resolution. Then, the specimen was reloaded by a load 

increment of 0.5 KN over the initial load and the procedure was repeated until fracture 

occurred in the specimen.  
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The chemical composition of this alloy is given in Table 2.1. The upsetting test 

experiments were carried out at room temperature, using Tira test 2300 machine (which has  

load capacity of 10 tons) (Fig. 2.4), with a punch travel velocity of n = 2mm/min 

(0.0333mm/sec); a special type of lubrication was used to reduce the friction between the 

billet and the die. The results of all tests were analyzed by fitting equations using the Origin 

6.1 program. 

 

 

Fig. 2.4. Upsetting machine with the die set 

 

Table 2.1. Chemical Composition of Al-6082 Alloy (wt %) 
 
Al Cr Cu Fe Mg Mn Si Ti Zn 

95.2 0.25 0.1 0.5 0.6 0.4 0.7 0.1 0.2 
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The proposed mathematical expressions for determination of various upsetting parameters 

are discussed as following: 

 

A
F n

z =s  (2.1) 

 

Where zs  is axial stress, nF  is axial force, and A is the cross-sectional area of the specimen. 

 

i
z h

h0ln=e  (2.2) 

 

Where  ze  is axial strain, 0h  is initial height of the specimen, and ih  is the instantaneous 

height of the specimens. The axial stress and axial strain were measured on specimens in all 

the three directions. 

2.4. Determination of true stress  

Generally, the determination of stress-strain curve by compression test is carried out under 

isothermal conditions at constant punch velocity and with minimum friction in order to avoid 

barrelling [29, 30, 31, and 32].     

Engineering stress can be determined by dividing values of forces at given displacement by 

initial area of work piece, while, the true stress can be calculated by dividing values of forces 

at given displacement by instantaneous area of work piece. The true strain can be calculated 

by taking the natural logarithm of dividing initial height by instantaneous height of work 

piece.  

To determine the true stress - true strain curves for all types of nanostructured materials, we 

need to calculate the true stress and the true compressive strain from the formulas given 

below. In this case, the determination of true stress is carried out under isothermal conditions 

at a constant strain rate and with minimal friction, using lubrication in order to minimize 

barrelling. 
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The true stress is  is 

 

i

i
i A

F
=s  (2.3) 

 

Where iF  is instantaneous force and iA  is the instantaneous cross-sectional area of the 

specimen, which can be calculated from volume constancy as: 

 

ii hAhA =00 ,  so  , 0
0 h

h
A

A
i

i =  (2.4) 

 

where 0A  = initial cross section area of specimen, and 0h  is the initial height of the 

specimen. 

 

 Therefore, 
 

00hA
h

F i
ii ´=s  (2.5) 

 

If the frictional force exists, the average pressure (true stress is ) required to deform the 

cylindrical specimen is greater than the flow stress of the material. The approximate ratio 

between average pressure (true stress is ) and flow stress is[28] :  
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Where mis the coulomb coefficient of friction and fs  is the flow stress. 

 The relative error of the measured flow stress affected by friction can be calculated from 

[33] 
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 The true strain ie is 

i
i h

h0ln=e  (2.8) 

 

  The true stress - true strain curves from the tests are shown in Fig. 2.5. 

2.5. Plastic Strain Calculation 

From equation (2.2) and the constancy of volume, the plastic strain in the three directions can 

be calculated as:  

0
1 ln

h
hi

z == ee  (2.9) 

And 

 

0
2 ln

r
ri=e  (2.10) 

 

Where  ir  is the instantaneous radius of the specimen and  0r  is the initial radius of the 

specimen. 

However, 

0321 =++ eee  (2.11) 

 

Then, from equations (2.9), (2.10), and (2.11), 
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Fig. 2.5-a. True stress - true strain curves 
(pass 1) 

Fig. 2.5-b. True stress - true strain curves 
(pass 4) [Route C] 
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Fig. 2.5-c. True stress - true strain curves 
(pass 8) [Route C] 

Fig. 2.5-d. All true stress - true strain curves 

 

At the free surfaces of the upsetting cylinders test, the strains consist of two types of strain: 

tension strain at the circumference and axial compression strain. This means that 1e  is a 

compressive strain and 2e  is a tensile strain.  For the frictionless upsetting test, the value of 

the tensile strain is equal to one-half the compressive strain. Bulge severity increases with 
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increases of friction, the tensile strain becomes larger, and the compressive strain decreases, 

as shown Fig. 2.6 [28]. Because the final cross-sectional area of the deformed specimens is 

elliptical, in this work there are two values for tensile strain, one on axis (a) and the other on 

axis (b), as shown in Fig. 2.7. 

2.6. Fitting curves on the true stress - true strain data 

After the true stress - true strain data are plotted, the curves are fitted to these data by a 

computer program using selected equation. This equation is assumed to be 

3
21

bXbby +=  (2.13) 

Where 21,bb , and 3b  are constants which are obtained from the fitting program. This equation 

is similar to the Ludwik equation, which is the following: 
s

yf Kess +=  (2.14) 

Where fs  is the flow stress, ys  is the yield stress, K  is the strength coefficient, s  is the 

strain hardening coefficient, and e  is the strain.  

The curves fitted on the true stress-true strain data are shown in Fig. 2.8, Fig. 2.9 show the 

deformed specimens and the values of the constants are given in Table 2.2. 

 

Table 2.2. Values of Constants for fitting equations  
 

No of pass C1» ys (MPa) C2»K (MPa) C3»s 

1 longitudinal 240 24.43225 1.3036 

1-zero direction 250 50.4201 1.0132 

1-90o  direction 260 33.36044 1.49003 

4c- longitudinal 285 31.74735 1.3438 

4c-zero direction 288 55.62919 1.13491 

4c-90o  direction 300 27.97364 2.24569 

8c- longitudinal 290 25.84493 1.23215 

8c-zero direction 300 58.24577 1.20169 

8c-90o  direction 305 18.33449 3.54729 
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Fig. 2.7-a. Experimental strain path in pass 1 
specimen 

Fig. 2.7-b. Experimental strain path in pass 4 
specimen  
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Fig. 2.7-c. Experimental strain path in pass 8 specimen  
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Fig. 2.8-b. Fit curve (pass 1- zero direction) 
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Fig. 2.8-f. Fit curve ( pass 4 [route C]- 
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Fig. 2.8-g. Fit curve (pass 8 [route C]-
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Fig. 2.8-h. Fit curve (pass 8 [route C]- 
zero direction) 
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Fig. 2.9-a. Pictures of pass 1 specimens Fig. 2.9-b. Pictures of  pass 4 C specimens 

 

 

 

  

 

Fig. 2.9-c. Pictures of pass 8C  specimens Fig. 2.9-d. Pictures of all specimens 
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2.7. Plastic anisotropy 

Most materials used in metal forming are anisotropic, i.e., have different properties in 

different directions. Anisotropy may be of two types [34]:  

(a) Mechanical anisotropy or fibering, which is important in dealing with fracture. 

(b) Crystallographic anisotropy or preferred orientation, which is important in dealing with 

yielding and plastic deformation. 

Several researches were dealt with anisotropic materials, but most of them were in sheet 

metal processing such as rolling. All of these researches have shown that the anisotropic 

materials have different behaviour in different direction. In this work we carried out upsetting 

test on nanostructured Al-6082 alloy and we noted that this material has different behaviour 

in different direction and the deformed specimens showed us that the deformation of the 

samples is not isotropy, (Fig.2.10). 

 2.7.1. Anisotropic continuum plasticity theory 

The continuum theory of plasticity (continuum mechanics) attempts to describe the stress –

strain behaviour of a continuum based on postulated yield criteria without regard to internal 

structure. Continuum mechanics also by passes all of the details involved with dislocation 

mechanics. 

Mathematical modelling of bulk forming operation requires a yield criterion that describes 

the anisotropic yielding behaviour of the bulk metal. 

The continuum theory of Plasticity was originally developed for isotropic material. The 

theory was then modified by many anisotropic yield criteria such as: Hill and Hu criteria to 

explain the effects of anisotropy on the forming processes by incorporating the “parameters 

of anisotropic plasticity” or the “coefficients of anisotropy”. 

2.8. Anisotropic yield criteria 

Since the theory of Bishop and Hill  (195l), extensive efforts have been made to understand 

the anisotropy of polycrystalline aggregates by mechanisms of slip in single crystals 

(Dubinsky and Wu, 1962; Hill , 1965; Hutchinson, 1970; Asaro and Needleman, 1985; 

Prantil et al., 1993). Such studies provide means to understand evolving texture and suggest 
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methods for producing constitutive models related to microstructural details. Apart from the 

micromechanical approach, phenomenological investigations based upon experiments have 

been in progress. 

Among the macroscopic theories based upon experimental observations, the theory 

proposed by Hill  (1950) has been most successful in its simplicity. Later, more general types 

of yield function have been proposed to convert a wide range of experimental observations 

(Bassani, 1977; Gotoh, 1977; Hill , 1979, 1990, 1993) [35]). Weilong Hu [36] proposed a 

new anisotropic yield criterion, which fully satisfies anisotropic presentations under uniaxial 

and equibiaxial tensions in the processes such as rolling. 

 

 

 

 

Fig. 2.10. Specimens of  deformed nanostructured Al-6082 alloy 
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2.9. Anisotropic Hill plasticity criterion  

The most widely used yield criterion in isotropic metal forming is the so–called Von Mises 

criterion which can be expressed as [37]: 

 

22
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2
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2
3322 6)(6)()()( yc=+++-+-+- sssssssss   

(2.15) 

 

Where ijs  are the stress components in an orthogonal Cartesian coordinate system and yc  is 

the yield stress. 

 

Hill  [37] extended the theoretical framework of this criterion to include anisotropy. In 

Hill’s formulation, attention is focused on those states of anisotropy that possess three 

mutually orthogonal planes of symmetry at every point by choosing the principle axes of 

anisotropy as the Cartesian reference axes. Hill  required his yield condition for the 

anisotropic solid to reduce to the Von Mises criterion when the anisotropy is vanishingly 

small. Because of this requirement, the yield criterion was a quadratic function of stress 

components and had the form: 
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(2.16) 

 

Where F, G… N  are the anisotropic parameters.  

If TT
21 ,ss  and T

3s  are the tensile yield stresses in the principal directions of anisotropy, 

respectively, anisotropic parameters are given as [38, 39]: 
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And if SS
2312,tt  and S

31t  are the yield shear stresses with respect to the principal axes of 

anisotropy, then: 
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From this criterion the equivalent stress can be expressed as: 
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(2.21) 

 

2.9.1. Calculation of ductile yield criterion constants using Hill plasticity criterion 

In order to calculate ductile yield criteria we need to calculate the equivalent stress and 

strain in addition to the other parameters of stress state. In this work I preformed upsetting 

tests on cylindrical and flanged specimens (Fig. 2.11), were produced from nanostructured 
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Al-6082 alloy, to determine the true stress - true strain curves and applied anisotropic Hill  

plasticity criterion to describe the anisotropic yielding behaviour of the bulk metal and 

determine some parameters of anisotropy.  
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All dimension in (mm) 

Fig. 2.11. Cylindrical and flanged specimens before deformation 

 

According to the anisotropic Hill plasticity criterion equation (2.16) and the equivalent 

stress equation (2.21), in the case of the upsetting test, at the free surface one of the three 

components of the stress is equal to zero and the shear stresses are equal to zero too, as 

shown in Fig. 2.12. 
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Hill equation becomes: 
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But 

02211 ==ss  

Then the equivalent stress becomes: 
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The equivalent strain can be expressed as: 
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The values of anisotropy constants can be calculated by solving these equations: 

 

1)( mGF y =+ s  (2.25) 
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Where ys  is the yield stress and  1m , 2m  and  3m  are the slope of the lines in Fig. 2.13-a. 

Where a and b are principal axes of the ellipse of deformed specimen (Fig. 2.13-b). The 

values of anisotropic parameters are given in table 2.3. 
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Fig. 2.12. Direction of  stress components at the free surface 
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Fig. 2.13-a. Values of  m1, m2, and m3 Fig. 2.13-b. Ellipse axes of deformed specimen. 

 

 

Figure (2.1) shows the equivalent stress and equivalent strain curves of nanostructured Al-

6082 material. 
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Fig. 2.14. Equivalent stress – equivalent strain curves of row and 
nanostructured Al-6082 material 

 
 
 
Table 2.3. Values of anisotropic parameters for all types of Al-6082 nanostructured materials 
 

Type of material F G H 

pass1-longtudinal 
direction 

0.5556730244e-5 
 

0.1090398922e-4 
 

0.9286153118e-5 
 

pass1-zero-direction 0.4703216479e-5 
 

0.9229136479e-5 
 

0.7859799999e-5 
 

pass 1- 90o-direction 0.4348388016e-5 
 

0.8532855472e-5 
 

0.7266826922e-5 
 

pass4-longtudinal 
direction 

0.9279478221e-5 
 

0.1191413504e-4 
 

0.1159673825e-4 
 

pass4-Zero-direction 0.9279478221e-5 
 

0.1191413504e-4 
 

0.1159673825e-4 

pass 4-90o- direction 0.8544770018e-5 
 

0.1097082632e-4 
 

0.1067855961e-4 
 

pass8-longtudinal 
direction 

0.4225988978e-5 
 

0.6262136421e-5 
 

0.5552658015e-5 
 

pass8-Zero-direction 0.4056401491e-5 
 

0.6010839037e-5 
 

0.5329831756e-5 

pass 8-90o- direction 0.3948951923e-5 
 

0.5851618589e-5 
 

0.5188650434e-5 
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2.10. Anisotropic Weilong Hu plasticity criterion 

A probable form of a yield function applied to general anisotropic material can be 

constructed as: 
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Where )2(
2

)1(
2 , JJ ¢¢ and )3(

2J ¢  are the second invariants of the deviatoric stress 

tensor under differing yield systems. 

From the above function, Hu has expressed his criterion as: 
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(2.29) 

  Where: 1X , 2X ,……, 7X    are the anisotropy parameters. 

In the case of the upsetting test of collar and cylindrical pieces at the free surface, the 

perpendicular component of stress (11s ) is equal zero (Fig.2.12). Because there is no 

shearing at such a point, the shear stress components ( 312312 ,, sss  ) are equal to zero too. 

031231211 ==== ssss  

 

By substituting the value of stresses in Eq. (2.29), the seven unknown anisotropy 

parameters are reduced to five, and the above equation becomes 
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On the other hand, the three components of strain rate can be calculated from the flow rule 

equation as: 
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Where  ii  is the symbol indicates the direction of stresses, and l �  is the flow rule constant. 

From the equations (2.30), (2.31) we get: 
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Because the constancy of the volume, then the following equation is derived: 

0332211 =++ eee ��� ,  so,  )( 332211 eee ��� +-=  (2.34) 

 

But 
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Where n   is the velocity of the punch, h is the height of work piece, andiie  is the normal 

strain. 

From Eq.(2.31), the following equations are obtained   
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(2.36) 

 

D
a

ln22 =e   and  
D
b

ln33 =e  
 

(2.37) 

 
Where a  ,b  are the minor and major axes of final cross section area of work piece 

respectively  (Fig.2.13-b), and  D   is the original diameter. 

By using computer software and based on the experimental data, the relationship between 

iie  and h can be plotted by creating a fitting curve that has a special mathematical 

expression as: 
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(2.38) 

 
Where ia  and ib  are approximation parameters which can be determined from the computer 

software, and i = 2, 3. 

Since 22e  and 33e  have been determined, the values of 22e�  and 33e�  can be calculated. 

To determine equivalent stress s  and equivalent strain ratee� , the initial values of 22s  and  

33s , which can be calculated by solving the Eqs. (2.32) and (2.33), should be determined. 

These equations contain two unknown variables, the values of 1X , 2X ,……, 7X , which 

were determined by other study [40], in addition to that il , which can be  substituted by 1 at 
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first. For this reason, 11e�  does not have to be determined. The values of the 

parameters: 1X , 2X ,……, 7X  are illustrated in Fig.2.15.  
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Fig. 2.15-a. Xi anisotropic coefficients of 
pass 1 material 

Fig. 2.15-b. Xi anisotropic coefficients of pass 
4 C material 

 

0.00 0.04 0.08 0.12
-2x10-10

-1x10-10

-5x10-11

0

5x10-11

1x10-10

2x10-10
 

X
i c

oe
ffi

ci
en

ts
 [M

P
a

1/
4 ]

Equivalent  strain

 X1    X2
 X3    X4

         X5

 

0 1 2 3 4 5 6 7 8-1x10-9

-8x10-10

-4x10-10

0

4x10-10

8x10-10

1x10-9

 

X
i c

oe
ffi

ci
en

ts
 [M

P
a

1/
4 ]

Number  of  passes

 X1  X2
 X3  X4 

          X5

 

Fig. 2.15-c. Xi anisotropic coefficients of pass 
8 C  material 
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The equivalent stress can be calculated as: 
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(2.39) 

The equivalent strain rate can be determined as: 
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(2.40) 

 

Then, the real value of il �   can be determined as : 
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(2.41) 

By substituting the new value of il �  in Eqs. (2.32) and (2.33), the real values of  22s  and 

33s  can be calculated and then the real values of equivalent stress and equivalent strain rate 

can be obtained. 

2.11. Ductile fracture criteria 

Ductility is usually thought of as being limited by the onset of the fracture. Prediction of 

ductile fracture initiation allows prior modification of process, which can result in a defect-

free final product with financial savings. It is well known that the greater ductility of the 
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material allows greater deformation. Many ductile fracture criteria have been proposed and 

can be classified into two groups [43, 44]: (a) models based on microscopic observation 

about void nucleation, growth and coalescence; (b) empirical and semi-empirical models.  In 

this study many types of ductile fracture criteria were used to determine the limit of the bulk 

deformation.  

The principal aim for the practical experiments is a study of the mechanical behaviour of 

the nanostructured Al-6082 material and the determination of its possible formation. 

Therefore, several experimental tests have been done such as upsetting tests and collar tests 

to determine the fracture criteria constants. The empirical formulas of some criteria are 

described on the following pages [45, 46]. 

 

Cockcroft and Latham fracture criterion  is based on true ductility and it is suggested that 

the fracture occurs when the tensile strain energy reaches a critical value: 
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(2.42) 

 

Where 1s   is the maximum tensile stress and ys  is the yield stress 

 

Brozzo et al fracture criterion has made a modification to the Cockcroft and Latham 

criterion (Eq. (2.42)). This criterion depends on the maximum tensile stress 1s   and 

hydrostatic (mean) stressms : 
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Freudenthal fracture criterion  is assuming that the total plastic work to fracture is constant: 
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Where  s  is the effective stress, e  is the effective strain at fracture and  ys  is the yield 

stress. 

 

Im and Argan fracture criterion  assumes that the integration of the sum of hydrostatic 

stress and effective stress is constant: 
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Oyane et al fracture criterion assumes that the fracture occurs at a critical volumetric 

strain: 

 

5
0

1 Cd
Q

f

m =��
�

�
��
�

�
+


e

e
s

s
 

(2.46) 

 

Where  Q = 2/3 (i.e. between unixial and triaxil stress states). 

 

Oh and Kobayashi fracture criterion assumes that the ratio of the maximum tensile stress 

and effective strain is equal to constant 
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 Shabaic and Vujovic fracture criterion considers the ratio of mean stress and effective 

stress and it gives the following fracture model: 
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Tresca Energy fracture criterion is a simple criterion. Considering the difference between 

tensile and compression stresses, and it is as follows: 
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(2.49) 

 

Where 1s  is the maximum tensile stress, 2s  is the maximum compression stress and ys  is 

the yield stress.  

1C , 2C , 3C , 4C , 5C , 6C , 7C  and 8C   are constants. 

Each of these ductile fracture criteria need to calculate the stress state or effective stress at 

the fracture point when the crack appears on the specimens as shown in Fig. 2.16.  

By applying the previous fracture criteria formulas we can calculate the constants of these 

criteria and plot the fracture criteria diagram as shown in Fig. 2.17.  
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 a      b 

 

Fig. 2.16. Crack appears on the specimens. (a) Flanged specimen. (b) 
Cylindrical specimen. 
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Fig. 2.17-a. Constant value of Cockcroft and 
Latham fracture criterion 

Fig. 2.17-b. Constant value of Brozzo fracture 
criterion 

 



 

 55 

1-L 1-Z 1-90 4-L 4-Z 4-90 8-L 8-Z 8-90 --
1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

L  = Longitudinal
Z  = Zero direction
90 = 90o directionC

rit
er

io
n 

co
ns

ta
nt

Passes

 Freudenthal

 

1-L 1-Z 1-90 4-L 4-Z 4-90 8-L 8-Z 8-90 --
2.5

3.0

3.5

4.0

4.5

5.0

5.5

L  = Longitudinal
Z  = Zero direction
90 = 90o direction

C
rit

er
io

n 
co

ns
ta

nt

Passes

 ImArgan

 

Fig. 2.17-c. Constant value of Freudenthal 
fracture criterion 

Fig. 2.17-d. Constant value of Im &Argane 
fracture criterion 
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Fig. 2.17-e. Constant value of Oyane el al fracture 
criterion 

Fig. 2.17-f. Constant value of  Oh and 
Kobayashi fracture criterion 
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Fig. 2.17-g. Constant value of  Shabaic and 
Vujovic  fracture criterion  

Fig. 2.17-h. Constant value of  Tresca 
energy fracture criterion 

 

2.12. Fracture limits 

Wide range of stress and strain conditions can be generated at the free surfaces of 

cylindrical, tapered or flanged test specimens. This range of conditions permits evaluation of 

the effects of variations in stress and strain states on the occurrence of fracture. The most 

convenient representation of fracture limits is a plot of circumferential and axial strain at 

fracture. 

Several previous studies had shown that the results of homogeneous cylindrical upsetting 

tests fit a straight line having a slope of one-half for all materials as shown in Fig.2.18. 

Using of flanged and tapered upset –test specimens expand the range of strains available 

for testing. Fig. 2.19 shows the combined results of cylindrical, tapered, and flanged upset 

tests in aluminium alloys [47]. 
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Fig. 2.18. Fracture loci in cylindrical upsetting test  specimens for two materials 
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Summary 

In the previous chapter, the workability of nanostructured Al-6082 alloy material produced 

by ECAP technique was investigated, the conclusions are as following: 

·  This work investigates the cold deformability of nanostructured Al-6082 alloy 

material which was produced by equal channel angular pressing (ECAP), route ‘C‘, 

investigated after one, four and eight passes. 

·  In this work upsetting specimens of cylindrical shape with a diameter of 10 

mm and height of 10 mm and flanged specimens were used to determine 

anisotropic parameters. 

·  The true stress and the true compressive strain are obtained and the curves are 

plotted, in addition to calculate the parameters of the material flow. 

·  Two types of anisotropic yield criteria are discussed and Hill  criterion was 

applied to determine the yield anisotropic parameters. 

·  Several ductile fracture criteria are applied to determine the limit of the bulk 

deformation.  
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Chapter 3 

3. Extrusion Process 

The aim 

In this chapter, extrusion process of nanostructured Al-6082 alloy is investigated. Forward 

extrusion, backward extrusion, and tube extrusion processes were performed to determine the 

parameters of these processes and compared with the results from the finite element method. 

3.1. Introduction 

 When metal is extruded, it is compressed above its elastic limit in a chamber and is forced 

to flow through and take on the shape of an opening. Metal is extruded in a number of basic 

ways as depicted in Fig. 3.1. [48]. The metal is normally compressed by a ram and may be 

pushed forward or backward and the products may be solid or hollow . 

Direct (forward) extrusion: This is similar to forcing the paste through the opening of 

toothpaste tube. The billet slides relatively to the container wall, the wall friction increases 

and the ram force is considerably. 

Indirect (reverse, inverted or backward) extrusion: The die moves toward the billet, thus, 

except at the die, there is no relative motion at the billet-container interface. Consequently, 

the frictional forces are lower and the power required for extrusion is less than for direct 

extrusion. In practice, a hollow ram carries a die, while the other end of the container is 

closed with a plate. In this type, the ram containing the die is kept stationary, and the 

container with the billet is made to move. 

Extrusion processes can be classified into two groups: (I) cold extrusion, and (II) hot 

extrusion, all of these types of extrusion have special condition and procedure.    
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Fig. 3.1. The basic ways of extrusion processes 

 

 

��� .  Cold Extrusion 

Cold extrusion nominally done at room temperature, it is quick, and the heat liberated can 

be expected to raise the temperature of metal by several hundred degrees for instant. Also the 

slugs of some metals such as magnesium are heated to few hundred degrees before cold 

extrusion. 

Step extrusion 



 

 61 

Cold extruding takes less force if done quickly, particularly with metals that work harden. 

Much less pressure is required at ram speeds of 20 to 100 m/min than at lower speeds, 

depending upon the metal and size and shape of work piece. 

Cold extrusion pressures range is from one to three times the final yield strength of the 

metal [49]. Advantages of cold extrusion is that it is fast, can finish parts in few steps , it can 

produce parts in large quantities with low unit cost, causes little waste of materials , it can 

produce parts with small dimension. From an old and until recent years the main cold 

extrusion operation was the manufacture of collapsible tubes from soft aluminium, lead, tin, 

and zinc. 

3.3. Extrusion Ratio 

     The ratio of extrusion R can be calculated by dividing the original area 0A  undergoing 

deformation by the final deformed area fA  of the work piece as: 

fA
A

R 0=  
 

(3.1) 

 

The extrusion ratio can also be calculated by the increase in length, using the constancy of 

volume. 

    The metal being extruded has a large effect on maximum extrusion ratio that is practical. 

Some typical approximate maximum extrusion ratios are 40 for aluminium alloy 1100, 5 for 

1018 steel and 3.5 for type 305 stainless steel [49]. 

    Extrusion pressure increases with extrusion ratio. Fig. 3.2 illustrates the effect of tensile 

strength on extrudability in terms of ram pressure for backward extrusion of low-carbon and 

medium-carbon steel at different extrusion ratios [49].  

    Because an increase in extrusion ratio results in a corresponding increase in the amount of 

cold deformation, the effects of work hardening will normally vary directly with extrusion 

ratio. 
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Fig. 3.2. Effect of tensile strength on ram pressure required for backward extrusion  at 
different extrusion ratios 

 

3.4. Extrusion equipment and tooling 

Most cold extrusion operations are performed on mechanical presses or cold-heading 

machines. Of the two, mechanical presses are used more often, because of their adaptability 

to other types of operation. Mechanical presses are generally more costly and are capable of 

higher speed than hydraulic presses of similar capacity. 

The consumable tools (punch, die, and ejector) are in direct contact with the metal to be 

extruded. These tools are exposed to a specific load and wear. Their design should 

incorporate features that will conform to the design requirements of the work piece while 

minimizing specific load and wear. The components of a typical tool assembly used for the 

backward extrusion of steel parts are illustrated in Fig.3.3 [49]. 
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There is considerable variation in tooling practice and design details of tool assembly 

components.  

   

 

Fig. 3.3. Tools constituting  a typical setup for the backward extrusion of steel parts 

 

3.4.1. Punch design  

A major problem in punch design consists of assessing the nature and magnitude of the 

stresses to which the punch is subjected in service. The stability problems that may arise 

when slender punches are used will be affected by the accuracy of alignment provided by the 

tool set or the press itself, or by factors in the extrusion operation, such as punch wander, 

initial cantering, and use of distorted slugs [49]. The ratio of punch length to punch diameter 

also affects stability; a ratio of about 3 to 1 is probably the maximum for cold extrusion of 

steel using tool steel punches. 
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In backward extrusion, acceptable results are obtained with a nose profile consisting of 

truncated cone having an included angle of 170 to 180o, with an edge radius of 0.51 to 2.54 

mm, and a land length of 1.27 to 1.9 mm with the shank relived 0.1 to 0.2 mm on the 

diameter. 

The area ratio between punch shank and head is also an important design factor. Large ratio 

will have the effect of spreading the punch load over large area of pressure pad. On the other 

hand, it will require a wider block of metal for its fabrication with a resultant cost increase. 

3.4.2. Die design 

Extrusion dies are usually inserted in one or more shrink rings to provide reinforcement. 

These rings prestress the die in compression by providing interference fits between rings and 

dies. This factor results in lower working stress and therefore longer fatigue life of extrusion 

tools. 

In general, the two most common types of extrusion dies are flat–face and shaped (conical) 

dies. Spider or bridge dies also are used for producing hollow extrusions such as tubing. The 

design of extrusion dies, whether of flat or conical type is still an art rather than science. 

However, optimal design depends on a large number of factors, including the size, the 

shape to be produced, the maximum and minimum wall thickness, the press capacity, the 

length of the run out table, the stretcher capacity, the tool stacking limitations, understanding 

of the properties and characteristics of metal to be extruded and the press operating procedure 

and maintenance. 

3.5. Determination of forward extrusion pressure [50] 

Early assumptions of the extrusion pressure calculation are based on the work done by 

homogeneous plastic deformation and then multiply by the efficiencyb .  
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Where W  the work done, V  is the volume of extrusion piece, Y is the yield strength of 

material, 0l  is the original length, and fl  is the extruded length. 

The volume is constant during the extrusion process ( ff lAlA =00 ) and the pressure (Pe) is 

proportional to work per volume unit and expressed as: 

 

fA
A

YPe 0lnb=  
(3.3) 

 

Where 0A  and fA  are initial and final cross-sections respectively  

 

Practically, it is difficult to compute the magnitude of b  so it is possible to calculate the 

pressure by role of friction. 

Due to the extrusion force applied by the ram, the billet will be deformed to fit tightly into 

the container. It behaves like a highly viscous fluid. Let us consider the thin section of the 

billet lying at right angles to the container axis and the stress is Pe as shown in Fig.3.4. [50]: 
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Where D  is the billet diameter, m coefficient of friction between billet and container wall, 

and  dx is the width of the section.  

By integrating equation (3.4) between limit x = 0 and x =L , then: 
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Where 0P  is the horizontal frictionless extrusion pressure. Fig. 3.5 shows the extrusion 

pressure as function of ram travel for forward and backward extrusion. 

 

 

Fig. 3.4. Pressure applied at extrusion 

 

 

This formula has been developed for extrusion of short billets and it can be used to 

calculate the frictionless extrusion pressure0P  [51]. 
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By substituting for 0P  in equation (3.5) the extrusion, pressure P  can be expressed as: 
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Fig. 3.5. Extrusion pressure as a function of ram travel (a) direct extrusion,  
(b) backward extrusion 

 

3.6. Forward extrusion of nanostructured Al-6082 material 

 In forward extrusion process three types of dies were used, these dies have same initial 

(inlet) diameter [D = 15 mm] but different exit diameters [d = 6, 8 and 10 mm] with profile 

angle 30=q , the geometry of these dies is illustrated in Fig. 3.6. The processes were carried 

out at room temperature using AKTIEBOLAGET ALPHA machine (Fig. 3.6) which has load 

capacity of 50 tons, with the ram speed of 8mm/min for all types of materials, and a special 

type of lubrication was used to reduce the friction between the billet and the die. The 

relationship between the force and ram displacement was obtained (Fig. 3.7) 
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Fig .3.6. Forward extrusion equipment 
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Fig. 3.7-a. Experimental  load – displacement 
curves for the die with 6m exit diameter in 

forward extrusion 

Fig. 3.7-b. Experimental load –
displacement curves for the die with 8mm 

exit diameter in forward extrusion  
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Fig. 3.7-c. Experimental load – displacement curves for the die with 10mm exit diameter in 
forward extrusion 
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3.7. Backward extrusion of nanostructured Al-6082 material 

In this process, small cups were produced by using high ram speed machine. The die set of 

backward extrusion is shown in Fig. 3.8, and the final product is shown in Fig. 3.9. The 

backward extrusion technology was used to test the further workability of the prepared 

nanostructure materials on work pieces; the main goal of this process was to produce cups 

and tubes from nanostructured Al-6082 alloy. The initial specimens are produced from all 

previously investigated passes.  

 

 

 

 

Punch 

workpiece 
 

Ejector 

Die 

 

  

Fig. 3.8. Backward extrusion die set Fig. 3.9. Backward extrusion cups: (a) 
annealed, (b) pass1, (c) pass 4C, (d) pass 

8C 

 

3.7.1. Surface roughness test 

In this test, the surface roughness of outer and inner surfaces of tubes were measured using 

Mitutoyo Surftest 211 device (see Fig. 3.10). The annealed material exhibited the highest 

amount of surface roughness, while the least amount of surface roughness was in Pass 8C 

material, as shown in Table 3.1. 
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Fig. 3.10. Surface roughness measurement device ( Surftest 211)  

 

 

 

Table 3.1. Surface roughness of inner and outer surfaces of final products 
 
Type of material Ra( mm) of inner surface Ra( mm)  of outer surface 

Annealed material 0.68 1.15 

Pass 1 material 0.57 1.09 

Pass 4C material 0.48 0.95 

Pass 8C material 0.34 0.68 

 

3.8. Extrusion of tubes 

There are several methods to manufacture tubes, for example, longitudinal welding of plate 

which is carried out by taking a piece of steel strip, rolling it into a cylinder, and then heating 

the edges and forging them together to make a tube. 

Another method of tube making is the extrusion of tube; this method consists of forcing a 

billet of metal through a special die set to produce a continuous length of constant cross 

section of tube.  
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Recently, the use of lightweight parts has been increasing with the development of 

automobile techniques and the aerospace industry. As a component in lightweight aerospace 

and automobile parts, the production of aluminium tubes with high strength and 

extrudability, such as those needed for door impact beams, seat side rails, and hood support, 

is in demand. The tube extrusion process is particularly suitable for manufacturing composite 

tubings. The bi-metallic tubes find useful applications in electrical, chemical, and nuclear 

industry where service conditions demand different requirements in the bore of a tube from 

those on its outside surface. In this work, tubes from nanostructured Al-6082 material were 

produced and analyzed by using finite element method.  

3.8.1. Forward extrusion of tube from nanostructured Al-6082 material 

The die set in forward extrusion of tube process consists of four parts: (a) container, (b) 

mandrel (piercing), (c) base, and (d) punch. These parts are manufactured from tool steel 

(K9), in Hungarian classification, which have the chemical composition given in Table 3.2, 

and were heat-treated. The outer diameter of the tube was D = 16.26 mm, and the inner 

diameter of the tube was d = 12 mm. The geometry of these dies is illustrated in Fig. 3.11. 

The processes were carried out at room temperature with the ram speed of 2mm/min for all 

types of materials, and a special type of lubrication was used to reduce the friction between 

the billet and the die. The formed specimens of tube extrusion are shown in Fig. 3.12. The 

relationship between the force and ram displacement which were obtained from the tests are 

shown in Fig. 3.13.  

 

 

Table 3.2 Chemical compositions of forward extrusion die material 
 
Element C Si Mn Cr W Mo V Ni P S 

Min % 1.9 0.10 0.15 11.0 0.5 0.6 0.15 Max Max Max 

Max % 2.2 0.40 0.40 13.0 0.80 0.90 0.30 0.35 0.03 0.03 
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Fig. 3.11. Die of forward extrusion of tube 

 

 

Fig. 3.12. Tube extrusion specimens:  
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Fig. 3.13. Experimental load – displacement  curves in forward  tube extrusion 

 

3.9. Finite element simulation 

In this work, finite element method is used to simulate the forward extrusion of tube 

processes for all types of nanostructured Al-6082 materials by using Q-Form software. In 

this software, we applied a hydraulic press with coefficient of friction of 2.0=m  between the 

die and the billet at room temperature and the materials data from the upsetting test were 

used. By this software, we can determine relationship between the force and ram 

displacement as shown in Fig.3.14 and Fig. 3.15., in addition to the flow stress and the 

effective strain, as shown in Fig. 3.16 and Fig. 3.17. The comparison of the experimental and 

finite element of forward tube extrusion has been done and plotted in Fig. 3.18. 

3.10. Hardness Test of Nanostructured Al-6082 Materials 

In this test, the backward extruded cups were tested by micro hardness measurement device 

(BUEHLER) which has load capacity of 500 KN (see Fig. 3.19). The cups were cut 

longitudinally (see Fig. 3.20) and the cross-section was polished and etched to get clear 
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microstructure. The applied load of the hardness test was 25 N, and the results of the test are 

shown in Fig. 3.21. 
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Fig. 3.14-a. Finite element load-displacement  
curve for all passes with die of (6 mm ) exit 

diameter 

Fig. 3.14-b. Finite element load-displacement  
curve for all passes with die of (8 mm ) exit 

diameter 
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Fig. 3.14-c. Finite element load-
displacement  curve for all passes with die of 

(10 mm ) exit diameter 

Fig. 3.15. Finite element load-displacement 
curve of tube extrusion for all passes 
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Fig. 3.16-a. Flow stress distribution on the 
tube (pass 1-longitudinal) 

Fig. 3.16b. Flow stress distribution on the 
tube (pass 4- longitudinal) 

 

 

Fig. 3.16c. Flow stress distribution on the tube (pass 8- longitudinal) 
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Fig. 3.17-a. Effective strain distribution on 
the tube (pass 1-longitdinal) 

Fig. 3.17-b. Effective strain distribution on 
the tube (pass 4-longitdinal) 

 

 

 

 

Fig. 3.17-c. Effective strain distribution 
on the tube (pass 8-longitdinal) 

Fig. 3.17-d. Time – effective strain curves at 
point 1 on the tube  
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Fig. 3.18-a. Forward extrusion results for 
annealed condition with die exit diameter of 

6 mm 

Fig. 3.18-b. Forward extrusion results for 
annealed condition with die exit diameter of 

8 mm 
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Fig. 3.18-c. Forward extrusion results for annealed condition with die exit diameter  
of  10 mm 
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Fig. 3.19. Microhardness measurement device (BUEHLER) 
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Fig. 3.20. Cross-section of 
cups 

Fig. 3.21. Hardness distribution along the deformed  specimen 
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Summary 

·  In the previous chapter, extrusion processes of ultra-fine grained Al-6082 alloy material 

were investigated. 

·  Extrusion load were measured from experimental tests and compared with the calculation 

by finite element method 

·  Tube extrusion of nanostructured Al-6082 alloy were performed and simulated by using 

finite element method. 

·  Hardness  and surface roughness tests were performed on the formed extrusion specimens 

and new results is obtained 
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Conclusions 

The conclusion of the present work can be outlined: 

1. From the previous literatures and studies, nanostructured material can be produced by 

severe plastic deformation (SPD) methods, from these studies it was noted that the ECAP 

method is the most applicable for producing nanostructured materials for tube extrusion. 

2. From the true stress-true strain curves of nanostructured Al-6082 alloy produced by 

ECAP technique the followings were found: 

·  The true stresses in zero direction of the three investigated passes (pass1, pass 4, and 

pass 8) are higher than those of the other directions, this may be because the value of 

shear stress in the zero direction is larger than in the other direction. On the other 

hand, the value of the yield stress of pass 8 is shown to be higher than those of the 

other passes. 

·  The true stress of nanostructured Al-6082 alloy depends on the number of passes of 

the ECAP and the direction of the axis. 

3. The induced anisotropy of specimens was caused by the ECAP technique, after 

deformation the circular cross section of the specimens becomes ellipse and its maximum 

was observed after pass one. 

4. The anisotropy parameters of the material were calculated using Hu and Hill  yield 

criteria and material law. From these criteria, the equivalent stress - equivalent strain 

curves were calculated, unusual material behaviour was noted. 

5. it was noted that the equivalent stress of the pass 4 material is close to (little bit greater) 

the equivalent stress of the pass 8 material. The equivalent stress of the initial material is 

the lowest. 

6. After determining the equivalent stress - equivalent strain curves, eight types of fracture 

criteria were used to calculate the ductile fracture properties. From the results the 

following were noted: 

·  Cracks appeared on all types of the specimens after certain values of deformation. 
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·  The minimum value of ductile fracture constant occurred at pass 4 in longitudinal 

direction and the maximum value of ductile fracture appeared at pass one in 

longitudinal direction. 

7. Two types of extrusion processes were applied, forward and backward. The extruded 

materials were three types of nanostructured Al-6082 alloy pass 1, pass 4 (route C), pass 

8 (route C) which are produced by equal channel angular pressing (ECAP), in addition to 

the annealed raw material. It is reported, in forward extrusion the maximum value of the 

extrusion loads were at using pass 8C material with using die exit diameter of (6 mm). In 

the hardness test, the value of hardness is decreasing as moving away from the middle 

point of the corner of cup wall. The reason for that is may be the fact that the value of 

effective strain at this point is the largest. 

8. Tubes were produced from nanostructured Al-6082 material using forward extrusion die. 

The materials were four types of nanostructured Al-6082 alloy: pass 1, pass 4 (route C) 

and pass 8 (route C), which were produced by equal channel angular pressing (ECAP), in 

addition to the annealed raw material. The tests were simulated by using the finite 

element method and its results were compared with the experimental results. The 

conclusions from the results are: 

·  The maximum value of the tube extrusion loads was obtained using pass 4 (route C).   

·  The results showed that the experimental results and the finite element results 

exhibited the same behaviour and were nearly identical, although initially, the 

experimental results are shifted to the direction of larges displacement. 

·  The extrusion process produces tubes of high quality, where, the quality of surface 

roughness improves with the increasing number of passes. 
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Theses 

1. The true stress and equivalent stress curves of nanostructured Al-6082 alloy produced by 

ECAP were determined in this work. From these curves it was concluded that: 

·  The true stress of nanostructured Al-6082 alloy depends on the number of passes of 

the ECAP and the direction of the axis. 

·  The true stresses of zero direction of the three investigated passes (pass1, pass 4, 

and pass 8) are higher than those of the other directions. On the other hand, the 

value of the yield stress of pass 8 is shown to be higher than those of the other 

passes. 

2. It was noted that the properties of Al-6082 alloy changed from isotropy to anisotropy 

when the material was subjected to ECAP process, and the strain path (the relationship 

between compressive strain and tensile strain) in all cases of passes is approximately a 

straight line. The anisotropic constants of Hill  yield criterion were determined using the 

slope of strain path.   

3. The ductile fracture in cold forming using eight types of fracture criteria were 

investigated in this work. From the results the followings are noted:  

·  The curves of the fracture criteria constant obtained from the eight criteria (except 

Shabaic and Vujovic fracture criterion and Tresca criterion) have the same 

behaviour.  

·  The minimum value of ductile fracture criteria constant occurred at pass 4 in 

longitudinal direction and the maximum value of ductile fracture constant appeared 

at pass 1 in longitudinal direction. 

4. From the experimental result of forward tube extrusion, it was concluded that: 

·  The best nanostructured material for producing tube is the pass one material if the 

extrusion load is the important factor to be taken into account, because this material 

needs the minimum value of extrusion load. 

·  The best surface roughness was on pass 8 material. 
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