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Introduction 

The researcher’s interest in nanostructured materials (NSM) is a result of the demand for light 

weight parts with more corrosion resistant and higher strength pure or alloyed metals [1], 

which are produced by new, appropriate methods. The nanostructured material means such a 

material where the atoms are arranged in nano-sized sub-grains within the original grains, the 

sub grains usually defined by existing a dislocation grain boundary that divide the original 

grains. [2]  

As the grain size decreases the volume fraction of grain boundaries is increasing and 

this parameter strongly affects the mechanical properties of the material. Also, it has influence 

on other properties such as electrical, optical, magnetic etc. characteristics. By using a variety 

of methods, nanostructured materials can be produced in several forms like thin films, 

coatings, powders and bulk material. [3]  

In the conventional forming processes like rolling and wire drawing the material is 

deformed in one or two directions, which causes elongated or flattened grain structure as in 

foils or filaments production, in this cases the grains dimensions could reach the nano size in 

one direction. This kind of products has limited applications, whereas the bulk nanostructure 

materials has wider range of applications especially as structural elements and machine parts. 

[4] 

Researchers have shown previously that deforming pure metals and alloys plastically in 

a high extent (severe plastic deformation, SPD) have certain benefits such as microstructural 

refinement and improvement of mechanical properties as well. Bulk nanostructure materials 

(BNSM) processed by methods of SPD have attracted the growing interest of specialists in 
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materials science. This interest is conditioned not only by unique physical and mechanical 

properties inherent to various nanostructured materials, but also by several advantages of SPD 

materials as compared to other NSM production methods, e.g. processed by gas condensation 

or ball milling with subsequent consolidation. In particular, SPD methods resulted in 

overcoming of a number of difficulties connected with residual porosity in compacted 

samples. The principle of processing of bulk nanostructured materials using SPD methods is 

an alternative to the existing methods of NSM production by compacting nanopowders [5]. 

In this PhD work I have applied the SPD technique to produce bulk ultra-fine grained 

material. The multiple forging (MF) has been used on 7075 and 6082 aluminum alloys 

applying two methods based on MF principles: open and closed die forging, sheet form was 

produced from multiple forged 7075 Al using cold rolling. This work included not just 

producing ultra-fine grained material but also several mechanical tests were carried out on the 

material such as tensile test, compression test, bending test, hardness measurements, and some 

micrographs were taken to evaluate the microstructure change during the process. More over 

constitutive equation constants were determined for wide range of temperature and strain rate 

of the deformation. 

  



3 

 

1. Nanostructured and ultra-fine grained 

materials 

The aim 

The main aim of this chapter is to give an overview about the first usage of the ‘nano’ 

expression, and the nano and ultra-fine grain material. This literature review contains also the 

definition and type of such materials, as well as the properties enhanced.  

1.1. Introduction 

In 1959 Nobel laureate physicist Richard Feynman delivered his now famous lecture, “There 

is Plenty of Room at the Bottom.” He stimulated his audience with the vision of exciting new 

discoveries if one could fabricate materials and devices at the atomic or molecular scale. He 

pointed out that, for this to happen, a new class of miniaturized instrumentation would be 

needed to manipulate and measure the properties of these small nanostructures. [6] 

Nanotechnology is the creation and utilization of materials, devices, and systems 

through the control of matter on the nanometer length scale, that is, at the level of atoms, 

molecules, and supra molecular structures. The essence of nanotechnology is the ability to 

work at these levels to generate larger structures with fundamentally new molecular 

organization. These nanostructures made with building blocks, understood from first 

principles, are the smallest human made objects, and they exhibit novel physical, chemical 

and biological properties and phenomena. The aim of nanotechnology is to learn to exploit 

these properties and efficiently manufacture and employ the structures. Control of matter on 
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the nano scale already plays an important role in scientific disciplines as diverse as physics, 

chemistry, materials science, biology, medicine, engineering, and computer simulation. For 

example, it has been shown that carbon nano tubes are ten times as strong as steel with one 

sixth of the weight. As understanding develops, natural and living systems are governed by 

molecular behavior at nanometer scale, and as this understanding begins to be felt in science 

and medicine, researchers seek systematic approaches for nano scale based manufacturing of 

human made products. [7] 

All natural materials and systems establish their foundation at the nano scale; control of 

matter at molecular levels means tailoring the fundamental properties, phenomena, and 

processes exactly at the scale where the basic properties are determined. Therefore, by 

determining the novel properties of materials and systems at this scale, nanotechnology could 

impact virtually the production of every human made objects from automobiles, tires, and 

computer circuits to advanced medicines and tissue replacements, and lead to the invention of 

objects yet to be imagined. Nanotechnology will be a strategic branch of science and 

engineering for this century, one that will fundamentally restructure the technologies currently 

used for manufacturing, medicine, defense, energy production, environmental management, 

transportation, communication, computation and education. [7] 

The nanotechnology can be conceptually classified on a relatively broad basis. 

According to dimensional classification of the material, it can be divided into the following 

areas [8] as it is shown in Figure 1.1: 

a) Nano particles, spheres and clusters. 

b) Nano fibers, wires and rods. 

c) 2D films, plates and networks. 

d) Array of nanostructured materials (bulk nanostructure material). 

The group (d) is the area of interest of this research work.  

 

Figure 1.1  Dimensional classification of nano materials 
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1.2. Definition of nano and ultra-fine grained material 

The term nano material is now frequently used for a variety of materials. It usually refers to 

materials with external dimensions, or an internal structure, measured in nanometers that 

exhibit additional or different properties and behavior as compared to coarser grain materials 

with similar chemical composition. NSM are now used in many innovative technological 

applications and products, including a wide range of consumer products, and there is growing 

concern about their safe use and possible impact on human health and the environment [9-12]. 

NSM are single or multi-phase polycrystalline solids with a grain or sub-grain size of a 

few hundreds nanometers (Figure 1.2), typically less than 100 nm where the ultra-fine grains 

are extend to 1µm. As the grain size decreasing the volume fraction of grain boundaries is 

increasing, this parameter strongly affects the mechanical properties of the material. Also it 

has influence on other properties such as electrical, optical, magnetic etc.[13]  

 

Figure 1.2  Metallography of Ti-Al alloy (a) initial state ‘coarse grain’, (b) after isothermal 
deformation at 700°C ‘sub-micron crystalline structure’ [14] 

1.3. The properties of nano and ultra-fine grained materials 

As it was mentioned before, the NSM are attracting the real interest not just for the 

researchers and scientists but the industrial interest as well, all of these interests are referred to 

the unique improvement in the materials properties [9], i.e., mechanical, physical, electrical, 

magnetic properties, etc. It is good to mention here that all NSM producing methods are 

enhancing the material properties, not only SPD, nevertheless the sharpness of these changes 

can be affected by the original grain size and the NSM method [15].  

The review of this topic is divided to two parts, the first one presents in details the 

mechanical properties, and the second shortly shows the other interesting properties. 
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1.3.1. Mechanical properties  

The mechanical properties are very important research direction, which has been developed 

intensively in the last decades, by investigation of mechanical properties of NSM. In terms of 

mechanical properties the formation of nanostructures in various metals and alloys should 

lead to real interesting properties improvement. The most important mechanical properties are 

detailed in the next paragraphs separately to understand them in a better way. 

Strength 

Usually the NSM formation leads to increase in materials strength for pure and alloyed 

material as well, for ductile polycrystalline materials the empirical Hall-Petch equation has 

been found to express the grain-size dependence of flow stress at any plastic strain out to 

ductile fracture [12,16], The relationship is illustrated in Figure 1.3. In terms of yield stress, 

this expression is: 

𝜎𝑦 = 𝜎𝑜 + (
𝐾

√𝑑
) (1.1) 

where σy is yield stress, σo is material constant, K is strengthening coefficient and d is the 

average grain diameter. 

 

Figure 1.3 The Hall-Petch relation and strengthening limit  

There is another reason for this increasing in strength, which attributed to the 

dislocation movement throughout the grain boundaries. During the deformation the 

dislocations are gathering at the grain boundary because the forces which were used for 
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dislocation movement are insufficient to keep the dislocations moving throughout the grain 

boundary. The increasing in dislocation density inside the individual grains pushes the force 

to increase up to reach the level enough to cross over the grain boundaries as it is 

demonstrated in Figure 1.4. 

 

Figure 1.4  Dislocation movement through grain boundary 

The tensile engineering stress–strain curves of the AISI 304L stainless steel are shown 

in Figure 1.5. It can be seen (curve A) that the annealed stainless steel yielded at a very low 

stress of about 168 MPa, but displayed a strong strain hardening behavior and failed at a 

fracture stress of 556 MPa. After one Equal Channel Angular Pressing (ECAP) pass, its yield 

strength was greatly improved (curve B) to about 710 MPa, however, its strain hardening rate 

became relatively low. When the material was pressed for four passes, its yield strength was 

further increased (curve C) to about 1121 MPa and displayed little strain hardening behavior 

[17].  

 

Figure 1.5  Engineering stress–strain curves of the AISI 304L stainless steel  
subjected to ECAP for 0, 1 and 4 passes [17] 
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Fatigue 

The fatigue behavior of material is very important property which can make the application of 

material very limited in case of poor fatigue resistance [10,12,18-20], therefore it takes the 

interest of researchers to investigate the fatigue resistance of NSM. Nevertheless, the fatigue 

behaviors of NSM materials have less intensely been studied than their static strength 

properties [12,19]. Several studies prove that the UFG materials show higher fatigue 

resistance than coarse grained for high cyclic test regime (Figure 1.6), in the contrast these 

materials have poor cyclic properties [19,21]. 

 

Figure 1.6   S-N curves showing enhanced fatigue life of SPD Cu as compared to larger 

grained specimens [21] 

Superplasticity 

It means the ability of the material exhibit high tensile elongation (100%-1000%) before 

failure [22]. This behavior is focused by lots of research work all over the world, the reason of 

this interest came from the several advantages over the conventional forming operations, such 

as increasing productivity [23], it can form large and complex products in one operation, the 

finished product has excellent precision and fine surface finish. These products also don’t 

suffer from residual stresses, can also be made larger to eliminate assemblies or reduce 

weight, which is critical in aerospace applications, and lower forming force required besides 

less tooling costs [24]. 
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Figure 1.7 shows 7075 Al alloy samples which were machined from ECAP material 

then subjected to superplastic deformation at various conditions [25]. Similar results were 

obtained by a lots of researchers covering pure and alloyed material prove the ultra-fine 

grained materials produced by SPD have good superplastic behavior [11,26-31]. 

 

Figure 1.7 7075 Al alloy samples machined from ECAP material then subjected to 
superplastic deformation at various conditions [25] 

Elasticity 

Since the NSM has really good plastic properties, which has high importance for product 

manufacturing and suitable for a wide range of application, then it is very important to 

investigate the elastic properties as well. The refining grains effect the elasticity in the 

opposite way comparing to other mechanical properties, where the elastic modulus is 

decreasing with decreasing grain size [32-35]. Table 1.1 shows an example of bulk NSM 

results. The elastic properties are important for the structural materials and devices, the 

balance between high strength and low elasticity is the key for developing novel β type 

biomedical titanium alloys [36]. It is worth mentioning here that in case of thin films and 

nanoparticles the influence has tended to increase the elastic modulus [37-40]. 

1.3.2. Other interesting properties 

The grain refinement is enhancing not only the mechanical properties but also some other 

fundamental parameters. Values of such fundamental parameters of UFG materials in 

comparison with coarse grained (CGM ) condition are given in Table 1.1. 

It can be seen that the formation of nanostructures leads to changes in fundamental 

magnetic characteristics such as the Curie temperature and saturation magnetization. Though 
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these properties are characteristics of ferromagnetic materials, nevertheless, they reflect 

features of the nanostructured state. 

Significant changes were revealed also in the value of the Debye temperature which was 

measured by means of X-ray methods and Mossbauer spectroscopy. As shown below, the 

Debye temperature in the near boundary region can be estimated on the basis of a structural 

model. The decrease revealed in the Debye temperature manifests an increase in the dynamic 

properties of atoms which are attributed to changes in the diffusion coefficient as well. As an 

example, the data for diffusion coefficient of copper in the nanostructured nickel processed by 

ECAP are presented in Table 1.1. [9, 32, 41-43] 

Table 1.1  Fundamental parameters of UFG materials in comparison  
with coarse grained state 

Properties Materials 
Value Reference  

UFG CGM   

Curie temperature, K Ni 595 631 74  

Saturation magnetization, Am2/kg Ni 38.1 56.2 74  

Debye temperature, K Fe 240 * 467 75  

Diffusion coefficient, m2/s Cu in Ni 1×10-14 1×10-20 5  

Ultimate solubility at 293 K, % C in α-Fe 1.2 0.06 73  

Young's modulus, GPa Cu 115 128 76  

* For near boundary regions  

Summary 

The following points have summarized the previous literatures review: 

 The historical usage of ‘nano’ term was reviewed. 

 Definition and dimensional classification of nanostructured materials were introduced.  

 The interesting properties of nanostructured materials were detailed. 
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2. Severe Plastic Deformation 

The aim 

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

the SPD techniques.  

2.1. Introduction 

Severe plastic deformation (SPD) may be defined as metal forming processes in which the 

bulk metallic material is subjected to high hydrostatic pressure and undergo ultra-large shear 

plastic strain in order to create ultra-fine grained material or even nanostructured materials 

[9,10,18,44-46]. It is important to mention here that the plastic deformation has the main 

effect on structure development not the temperature in case of warm SPD, where the 

temperature effect is used to decrease the flow stress and prevent some undesirable flow 

problems. It worths to mention a similar group of methods where the effect of plastic 

deformation and temperature have equal importance, these methods are the advanced thermo 

mechanical processes (ATP). 

In the last decades, huge interest of specialists in materials science goes to bulk 

nanostructured materials (NSM) processed by methods of SPD [9, 47]. This attraction of 

interest exists not only due to physical and mechanical properties which are usually 

accompanied with nanostructured and ultra-fine grained materials, but also because of the 

advantages of SPD materials in comparison to materials processed by other methods 

[9,48,49]. In particular, SPD methods resulted in overcoming of a number of difficulties 



12 

connected with residual porosity in compacted samples, impurities from ball milling, 

processing of large scale billets for practical application of the given materials. The 

processing of bulk nanostructured materials using SPD methods is an alternative to the 

existing methods of nano powder compacting.  

In the conventional metal forming processes such as rolling, forging and extrusion, the 

imposed plastic strain is generally less than about 2.0. When multi-pass rolling and drawing 

are carried out up to a plastic strain of greater than 2.0, the thickness and the diameter become 

very thin, and the shape is significantly change, while many SPD processes have been 

developed in order to impose an extremely large strain on the bulk metal without real changes 

on the shape. 

Long time ago the researchers prove that there are some special benefits by forming the 

metallic alloys using cold rolling or drawing where the deformation is higher comparing to 

other conventional forming process (plastic strain greater than 2). These benefits are the result 

of significant refinement of microstructure at low temperature, while the material produced by 

these forming processes show two problems. The first is the limitation in a scale of thickness 

and diameter, where they become very thin and are not suitable to be used for structural parts. 

The second is belonging to the structure formed by these processes, often sub-structured grain 

with low angle grain boundaries are formed. At the same time, the plastic strain achieved by 

SPD can be equal or even higher than 10 in the bulk metal without changing the shape. The 

nanostructure material formed by using SPD are ultra-fine grained structures containing 

mainly high angle grain boundaries. [10, 47, 50-52]. Using these principles of SPD numerous 

forming techniques were developed and used to produce such material structure. 

Nowadays the SPD techniques are divided to basic, derivative and integrated processes, 

which are detailed in the following sections. 

2.2. SPD processes 

Several SPD processes are reviewed here, where basic processes are detailed and the 

derivative and integrated processes are listed only. 

2.2.1. High pressure torsion – HPT 

The method of HPT is one of the most known techniques of SPD. In general the HPT 

procedure is carried out using a thin disk shaped specimen which is placed between anvils 
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(plunger and support), subjected to high pressure of several GPa and strained by torsion as 

shown in Figure 2.1 (a). The geometric features impose on the material a quasi-hydrostatic 

compression state, which is able to keep the shape of the sample despite the large strain value. 

The strain can be calculated using Eq. (2.1) and (2.2) [9, 10, 47, 53-55]. 

𝜀𝑒𝑞 =
2𝜋𝑟𝑁

ℎ√3
 (2.1) 

𝑒 = 𝑙𝑛 (
𝜋𝑟𝑁

ℎ
) (2.2) 

where εeq and e are engineering equivalent and true logarithmic strain, r and h are disk radius 

and thickness respectively, and N is the number of anvil’s turns.  

 

Figure 2.1  Schematic illustration of HPT 

In the former time these devices were used for investigation of phase transformations 

during heavy deformations [56], as well as evolution of structure and changes in 

recrystallization temperature after large plastic deformations. Successful formation of 

homogeneous nanostructure materials with high angle grain boundaries was a very important 

step allowing to consider this procedure as a new method of producing nanostructured 

materials [53]. 

Recent investigations also showed that severe torsion straining can be used successfully 

not only for the refinement of the microstructure but also for the consolidation of metal 

powders [57]. 

The basic HPT process has three limitations:  

1. The sample shape is in the form of disk which is not suitable for many industrial 

applications. 
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2. The sample size is generally limited to a maximum of 35 mm in diameter to maintain 

a high degree of applied pressure.  

3. Because the generated strain is proportional to the distance from the disk center, an 

inhomogeneous distribution of microstructure is developed. 

In order to overcome these problems, the HPT method has been developed using ring 

[58], sheet [59] and wire [60] shape samples which are more appropriate for industrial 

applications. 

The equivalent strain can be calculated as it is shown in Figure 2.1 (b), where εeq 

equivalent strain, r distance from the center of the disk or ring, t thickness, R the mean radius 

of the groove, N is the anvil number of turns and s the fraction of sample slippage. 

2.2.2. Equal channel angular pressing – ECAP 

It is a two channel forward extrusion method where there is an angle between the connecting 

channels (2ϕ). Equal channel angular pressing is an innovative forming process to extrude 

material bars or billets without substantial change in their cross section. The mechanism of 

ECAP is illustrated in Figure 2.2, the material billet is placed in the first channel then 

extruded out from the second channel by applying a load by the punch. The billet is plastically 

deformed in nearly by simple shear [9, 47, 61, 62]. The accumulative strain value for N passes 

in ECAP can be calculated using Eq. (2.3): 

   2cot cos
3N

N
ec      

      (2.3) 

where εN accumulative strains, ϕ and α angles are illustrated in the Figure 2.2.  

 

Figure 2.2  Equal Channel Angular Pressing (ECAP) [2] 
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During ECAP processing the direction and number of billet passes through the channels 

are very important for microstructure refinement, and it can be classified with respect of that.  

 

Figure 2.3  The three various processing routes in ECAP 

There are three different ways to extrude the material in the ECAP with respect of rotation 

angle of specimen ϴ after every pass to 0 , 90 , 180A B C   , as it is shown in Figure 

2.3. [9, 61]  

 Route A is when the orientation of the specimen remains unchanged after each pass.  

 Route B is when the specimen is rotated 90° around its longitudinal axis after each 

pass. If the rotation is always performed in the same direction, it is called route BA, it 

is called route BC.  

 Route C is when the specimen is rotated 180° around its axis after each pass. 

According to the real advantages of ECAP processes, several modifications were 

applied on the basic method in the way to improve the out coming product.  

2.2.3. Accumulative roll bonding – ARB 

ARB is an intense plastic straining process introducing high level of strain by roll bonding of 

two strips, cutting the rolled material into two equal halves, stacking them one on another and 

rolled again. This processing sequence is illustrated in Figure 2.4, the desired accumulative 

equivalent strain can be achieved by repeating the process several times [63]. The equivalent 

strain can be calculated using Eq. (2.4): 
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2
ln

3

toNeq t


 
 
 
 

  (2.4) 

where t0 is the initial thickness of the sample, t the thickness of the sample after rolling, N the 

number of passes. 

 

Figure 2.4   Schematic illustration of accumulative roll bonding (ARB) process 

Pre-heating of the samples may be adopted prior to rolling for some materials. The 

process enables continuous production of bulky materials with ultra-fine grains, large mis-

orientations and without changing the geometrical shape in the final strips. 

2.2.4. Differential speed rolling – DSR 

DSR is an SPD procedure that uses rolls with equal diameters rotating at different speeds. The 

application of this method results large shear strains in metallic sheets and therefore it can be 

used for production of ultra-fine grained metals [64-67]. An advantage of this technique is 

that it enables continuous production in contrast to other SPD methods. This favorable feature 

of DSR has attracted large interest in recent years. Beside the grain refinement, homogeneous 

and beneficial texture can be achieved by this technique, that may increase the ductility and 

formability of Al [68], Ti [69] and Mg [70–72] alloys. 

The texture developed by DSR was investigated by several authors. The four different 

routes of DSR are illustrated in Figure 2.5 [73, 74]. In the case of route UD no rotation of the 

sample occurs, whereas for routes ND, RD, and TD the sample is rotated by 180° around the 

normal, the rolling and the transverse axes, respectively. The grain structure and the through-
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thickness texture gradient produced by the different routes of DSR have been studied in Al 

1050 aluminum alloy [15, 16]. It was found that DSR gives rise to the shear textures through 

the thickness which are closer to the ideal shear texture if they are obtained by changes in the 

shear direction. The DSR method was compared with other SPD techniques in terms of 

monotonity of deformation. It was found that the monotonity of DSR is close to those of 

ECAP and HPT methods, and results in a similar effectiveness in grain refinement [57]. 

 

Figure 2.5  Various routes of DSR 

2.2.5. Twist extrusion – TE 

The principle of TE is illustrated in Figure 2.6, where the sample is extruded through a twist 

die. In this method simple shear can be achieved, the deformation process starts with twist the 

sample around its longitudinal axis by certain angle, the next deformation is the same like the 

first, the only difference is the direction of the angle, it will be in the opposite direction. At the 

end of process the sample cross section will be again deformed to have the same shape before 

starting the process [76-78]  

 

Figure 2.6   Schematic illustration of twist extrusion process (TE) 
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The process can be repeated without any special preparations, after several passes the 

strain can reach to high level, where the accumulated strain per pass is about 1.2 [76]. The 

equivalent strain is estimated using the following equation Eq. (2.5) [77]: 

𝜀𝑚𝑖𝑛 ≈ 0.4 + 0.1𝑡𝑎𝑛𝛾   ,    𝜀𝑚𝑎𝑥 ≈
2

√3
𝑡𝑎𝑛𝛾   (2.5) 

where γ is the slope angle of twisted channel as it is shown in Figure 2.6. 

2.2.6. Multiple forging – MF 

It is one SPD technique to obtain bulk nanostructure material. The SPD occurs by repeating 

the forging operation with the change of the axis of applied load as shown in Figure 2.7. 

Parallel to this multiple forging operation, usually dynamic recrystallization happens in the 

deformed material. [47, 79-81]  

In fact the maximum strain in case of multiple forging is lower than at the ECAP and 

HPT. This operation usually applied for brittle materials, the pre-heating temperature reduces 

the flow stress and makes the material more ductile, which decreases the specific load on the 

tools as well. By using optimal temperature and strain rate one can obtain the minimal grain 

size. [47, 82]  

 

Figure 2.7  Principle of multiple forging (MF) 

The method of multiple forging was used for refinement of microstructures in a number 

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

Mg-6%Zr, aluminum alloy, high strength high alloyed nickel base alloys and others [79, 80, 
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81, 83]. The usually used MF deformation temperature interval is (0.1-0.5) Tm, where Tm is 

the melting temperature in K. [9]  

Thus, by now, the SPD methods have been actively developed for formation of 

nanostructures in bulk billets and discs made in different metals and alloys. Nevertheless, the 

problem of fabrication of massive ingots which are proper for larger dimension samples to 

have enough homogeneous structure, is still very actual. In the matter of large sample 

dimensions, it is obvious that the MF is able to produce the largest bulk ultra-fine grained 

material using SPD principles, with less structure homogeneity and a bit larger grain size 

comparing to other SPD techniques [9]. The equivalent strain, as it was mentioned, is smaller 

than that of at other SPD techniques, but by repetition of the process several times, the 

accumulated strain reaches a level where ultra-fine grains are developed. 

Accumulated strain is obtained using basic Eq. (2.6) in case of cylindrical samples: 

ln o
eq

h
h


 
 
 

  (2.6) 

where ho and h are the initial and current height respectively. 

MF usually is applied as open die forging, where the die set is quite simple with low 

cost and easy to handle [9, 84, 85]. Another design of MF die is also used to produce ultra-

fine grained material, the so called closed die forging. In this case the material flow is 

constrained by the die walls, as Figure 2.8 illustrates. [86,87]  

 

Figure 2.8  Illustration of closed die forging 
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2.2.7. Derivative and integrated processes 

Besides the basic processes of SPD the researchers are established some derivative and 

integrated processes to improve the SPD outlet. The developed derivative processes are using 

one basic process, where the integrated processes are using more than one process, Table (2.1) 

illustrates these processes. 

Table 2.1  Derivative and integrated SPD processes 

Derivative processes Schematic illustration Ref. 

1. HPT using ring specimens 

 

[58] 

2. Continuous HPT ( for wire 

and plate specimens) 

 

[59, 60]  

3. Incremental ECAP 

 

[88, 89]  



21 

4. Parallel ECAP channel 

 

[88, 90]  

5. Repetitive side extrusion 

 

[91] 

6. Rotary-die ECAP 

 

[92] 

7. Repetitive corrugating and 

straightening (RCS) 

 

[93, 94]  
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8. Continuous repetitive 

corrugating and 
straightening (CRCS) 

 

[93, 95]  

9. Cyclic extrusion 

compression (CEC) 

 

[96] 

Integrated processes Schematic illustration Ref. 

1. Integrated extrusion and 
ECAP 

 

[97]  

2. ECAP conform 

 

[98, 99]  
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3. Con-shearing 

 

[100,101]  

4. Continuous confined strip 
shearing (C2S2) 

 

[102]  

2.2.8. Cold rolling as post-deformation process after SPD 

Since the SPD as attracted the interest of researchers because of the material properties, the 

forming of this ultra-fine grained materials has importance as well where some applications 

require material in bulk, plate, sheet and wire shape. These needs encourage the researchers to 

apply some post-deformation processes in the way to have the required form with keeping the 

benefits of SPD or even improve them further. [103] 

Cold rolling is one of these processes which are used after SPD for the reason mentioned 

above. The microstructural evolution observed after cold rolling has shown very high 

dislocation density, which leads to the formation of lamellar structure consisting of 

dislocation cells with thick cell walls and low angles of mis-orientation. As the strain 

increases the thickness of the cell walls decreases and the original grains fragmented to 

smaller sub-grains. The dislocation cell walls evolve into grain boundaries (GBs), and 

ultimately an array of ultra-fine grains with high-angle GBs are formed. [104, 105] 
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2.3. Ultra-fine grained formation mechanism during SPD 

Nowadays the SPD techniques are known and used as methods producing bulk ultra-fine 

grained metals and alloys. However, most of the researcher’s works are concentrating on the 

structure development and how this development is enhancing the material properties [9, 44, 

52]. Only a limited number of works dealt with mechanisms of fine-grain formation during 

SPD technique, for instance HPT [106, 107], ECAP [108, 109] and MF [110, 111]  

Many research works evaluated and discussed the changing in grain structure during 

plastic deformation as a result of dynamic recrystallization (DRX) [44, 112-115]. During 

DRX a considerable grain refinement can be observed for cold to warm working, i.e. 

0.5T Tm where Tm is the melting temperature. It is well known that the critical strain 

inducing the DRX can be very large at cold to warm working, which makes the development 

of ultra-fine grains quite difficult [106, 107, 110, 116-118]. The initial grains will be 

fragmented if the geometrical necessity of dislocation boundary are fulfilled [112, 114, 119], 

and/or several deformation bands are formed [115, 120, 121]. These boundary mis-orientation 

can be increasing with increasing strain at high level of plastic deformation, in such cases 

medium to high angle grain boundaries can be achieved. 

The formation of new grains at elevated temperatures and at high strains can be resulted 

from another mechanism of DRX, which usually called geometrical dynamic recrystallization, 

gDRX. The original grains are flattened and pancaked by large deformation, gradually the 

original grain thickness is reduced to about two sub-grains size, when the grain boundaries 

contact each other, new grains appear with separate boundaries [122, 123].  

Other researchers explain the idea of structural changes during cold to warm 

deformation, they conclude, that the process starts with formation of low to medium angle 

sub-boundaries, which are originated by deformation of micro-shear bands, as starting points 

of the main process. The sub-boundaries may be generated within original grains at relatively 

low strain with high strain heterogeneity and results in grain sub-division. These low angle 

grain boundaries progressively transformed to high angle boundaries during the process, 

where the accumulated strain increases up to high level. It should be noted that the 

deformation temperature has high effect on the new grains formation, during the hot forming 

process the material usually undergo not only the DRX but static annealing as well, that 

results in two structural components [124-126]. Because of this effect the hot deformation (T 

> 0.5Tm) should be avoided. 
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Summary 

 From the previous review of literatures it is concluded that the nanostructured materials 

can be produced using SPD method. 

 Under SPD method several techniques are listed. 

 The SPD techniques can be divided to two groups, the first contains the basic 

techniques such ECAP, HPT and MF etc., where the second group contains derivative 

and integrated processes. The derivative processes are using one basic process, while 

the integrated processes are using more than one basic process. 

 Cold rolling was reviewed as the post-process after SPD processes. 

 Ultra-fine grained formation mechanisms during SPD were presented based on lots of 

publication. 
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3. Materials and experiments  

The aim 

The aim of this chapter is to show: 

 The material which was going to be investigated in this study work. 

 The SPD techniques, that were used for ultra-fine grained material production. 

 The tests were used in the way to evaluate the material properties. 

This chapter contains also some literature review of my own work. My own work includes the 

preparation of materials before the application of MF process and all conducted tests with the 

connected preparations. 

3.1. Investigated materials 

Pure aluminum and aluminum alloys belong to the most interesting materials in modern 

engineering, and they are the most used non-ferrous materials for engineering applications 

like automotive, aerospace, and construction engineering, because of their good corrosion 

resistance, mechanical properties, machinability, low weight, weldability and relatively low 

cost [127-129]. By the intensive research and development on the Al alloys makes the further 

practical application progress going very fast. Alloying and age hardening effects, discovered 

at the beginning of the last century, were used as the main approaches to improve strength of 

the Al alloys. However, it has recently been realized that a better understanding of 

strengthening and flow properties applied to manipulating the grain refinement processes can 

enable improvements of their mechanical and functional properties [9, 129-131]. As it is 
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mentioned in the previous chapter, several techniques have emerged for processing metals and 

alloys in a bulk form, with the primary aim of grain refinement. It has been demonstrated 

recently that such nano and ultra-fine structuring of the Al alloys can strongly improve not 

only their mechanical strength, but also service, chemical, and physical properties making 

them attractive for structural and functional applications [9, 44, 132].  

Both ‘bottom-up’ and ‘top-down’ approaches to processing of bulk nanostructured Al 

alloys have received considerable attention and development. Powder milling at cryogenic 

temperatures with further consolidation of the powders [5] is a nice illustration of the 

‘bottom-up’ approach, where the nanostructured materials are built from bottom level of 

material structure, the bottom is the nano-powder and the up is bulk material. A well-known 

example of the ‘top-down’ approach is the grain refinement using severe plastic deformation 

(SPD) techniques[9, 133], in this approach the initial material is provided as bulk forum, then 

it is plastically deformed according to the SPD basics. 

Since work first started in this field [134], Al alloys have advanced to be the most 

developed UFG materials. A significant advantage of SPD techniques is their applicability to 

nearly all commercial Al alloys. Nowadays, from a practical point of view, SPD of bulk 

billets appears to be the most promising processing route for manufacturing nanostructured Al 

alloys for various industrial applications. A significant amount of experimental and theoretical 

research on the mechanical properties of nanostructured Al alloys has been done within the 

last decade. It was demonstrated that the strength and ductility of Al alloys are primarily 

controlled by their microstructure development [129].  

Rapid development of the state-of-the-art techniques for the microstructural 

characterization at the nano and atomic scale (such as atom probe tomography technique, 

atomc force microscopy, etc.) allowed getting a deeper insight into microstructure–properties 

relationship at the nano scale, in particular to solve the problem of high strength and ductility 

in the nanostructured Al alloys. Another area of research into nanostructured Al alloys 

focuses on their enhanced physical and chemical properties. It has been demonstrated that 

nanostructuring of the Al alloys via SPD can significantly improve their electrical 

conductivity, corrosion resistance etc., allows to produce the so called multifunctional 

materials, where high mechanical properties are combined with advanced functional ones[5, 

9]. 

Because of all those interests going around the aluminum alloys, as it was previously 

reviewed, two aluminum alloys were chosen for this work: 



28 

3.1.1. 7075 Al alloy  

Table 3.1 shows the chemical composition of this alloy, the data is given by the material 

producer SWA (Southwest Aluminium (group) Co. Ltd. The row material was received as rod 

40 mm in diameter and 3m in length. The received rod was annealed at 450°C for 30 minutes, 

and then it was cooled down to room temperature in the furnace in order to allow the 

precipitation process to complete. This results in low cooling rate, which ensures a stable base 

material for further tests. 

Table 3.1  Chemical composition of 7075 Al alloy 

Element Si Fe Cu Mn Mg Cr Zn Ti Al 

WT % 0.12 0.37 1.76 0.06 2.66 0.23 5.66 0.02 balance 

 

The 7075 Al alloy is one of the interesting materials because of its mechanical 

properties, low density, high strength, moderate ductility and toughness. Due to these 

properties, the alloy is mainly used for highly stressed structural parts. This material has wide 

range of applications such as aircraft fittings, gears and shafts, fuse parts, meter shafts and 

gears, missile parts, regulating valve parts, worm gears, keys, various other parts of 

commercial aircrafts and aerospace vehicles [127]. 

3.1.2. 6082 Al alloy 

Table 3.2 shows the chemical composition of this alloy. The initial material was received as 

hard extruded rod 20 mm in diameter, because the industries usually use the material as it 

receives, therefore the preparation for next process includes just cutting to 100mm in length. 

Table 3.2  Chemical composition of 6082 Al alloy 

Element Mg Si Mn Fe Ti Cu Zn Ni Sn Cr Al 

WT % 1.016 0.88 0.9 0.21 0.003 0.029 0.026 0.003 0.003 0.002 balance 

 

The 6082 aluminum alloy has moderate to high strength and very good corrosion 

resistance. Because of this properties are suitable for wide range of applications including 

structure elements, building, marine, machinery and other applications.[127] 
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3.2. Production of ultra-fine grained material 

There are several techniques which can be used to produce ultra-fine grained material (UFG) 

by SPD methods, as it was illustrated in the first chapter, all of these techniques has 

advantages and disadvantages. Sometimes attributed to the achieved grain size, ability of 

larger specimen dimension or the simplicity of the technique itself and the production cost. 

After review all SPD technique the MF was chosen to apply in the present research work with 

combination of cold rolling, because of the following reasons: 

 This technique hasn’t studied in the same level of intensity like other techniques.  

 With this method larger specimen can be produced comparing to other techniques, 

which gave our results wide range of use in research fields and in the industrial aspects 

as well. 

 It has the simplest die design and lowest die cost, that may increase the industrial 

interest in producing low cost products. 

 The usage of cold rolling gives opportunity to have sheet or plate, as well as check the 

ability of the MF materials for further deformation processes. 

3.2.1. MF with open die 

The open die forging has very simple die, it consist of two plates, the lower and the upper 

one. Cylindrical specimen is installed between the plates then it is deformed up to reach the 

desirable height, and the same process is repeated in every pass. Figure 3.1 shows the MF 

operation steps, which consist of performing multi-repeats of open die forging operations, 

where the load axis is changed by 90o after each pass.  

Some parameters have to be determined before performing the MF process. One of the 

most important parameters is the forming temperature, since it has significant effect on 

forming ultra-fine grain structure. The ultra-fine grain structure development requires lower 

working temperatures than those are commonly used in conventional manufacturing of semi-

finished products [135].  

In order to determine the forming temperature, several trial and error tests were 

conducted: my results have shown that the lowest temperature which can be applied for all 

process steps without any undesirable behavior was 250°C. The diameter-to-height ratio is 

another parameter that has to be taken into consideration, and according to my experimental 



30 

results it was found that 0.54 (D/H) is a suitable ratio. Thus, the specimens for the MF 

experiments were cut to 40 mm in diameter and 74 mm in height. 

 

Figure 3.1   Open die MF operation steps  

This die type used for 7075 Al alloy. The chosen of this die type for this alloy was not 

just by chance, using open die makes the work at elevated temperature easier to apply. The 

real MF material is shown in Figure 3.2 

 

Figure 3.2  MF specimen after third pass 

The MF open die operations were simulated by the Simufact program to estimate the 

force needed for every pass of deformation that leads to optimal forming machine selection. A 

3D finite element model was used with ridig tools and elastic-hardening plastic material 



31 

model for the workpiece. For the mesh 8-node hexahedral elements where used (with 

remeshing), while shear friction model with a friction coefficient of 0.25 was applied for the 

contact surfaces. Beside the optimization of process parameters by using the finite element 

results, the flow pattern, stresses and strain distribution etc. can be estimated with high 

reliability. For instance Figure 3.3 shows the effective strain map over the specimen cross 

section after MF passes. 

 

Figure 3.3  The accumulated effective plastic strain distribution for three passes of MF 
specimens. A first pass, B second pass and C third pass 
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3.2.2. MF with closed die 

The principle of this method is to subject the cylindrical bar, 20 mm in diameter and 100 mm 

in length to several cold forging passes, where the direction of deformation is changing at 

every pass by 90°. The closed die was designed to simulate the plane strain case, where the 

strain in one direction is equal to zero (longitudinal), the cross section shape changes from 

circle (Ø20) to rectangle (24.1 x 13.25 mm) while the length remains 100 mm. The process 

was repeated five times, Figure 3.4 shows the die drawing which was used to produce MF 

material. 

 

Figure 3.4  MF closed die and punch 

This die type was used for 6082 Al alloy, because this alloy is able to deform at room 

temperature, it makes the die manufacturing task quite easy. The real MF specimen is shown 

in Figure 3.5. 

 

Figure 3.5  MF specimen after fifth pass 



33 

 

Figure 3.6  The accumulated effective plastic strain simulation results in the specimen’s cross 
section for three MF passes. A first pass, B second pass and C third pass 

The MF closed die operations also were simulated using the Simufact program to 

estimate the force needed for every pass of deformation that leads to optimal forming machine 

selection. A 3D finite element model was used with ridig tools and elastic-hardening plastic 
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material model for the workpiece. For the mesh 8-node hexahedral elements where used (with 

remeshing), while shear friction model with a friction coefficient of 0.15 was applied for the 

contact surfaces.The die was considered as rigid body to simplify the task of simulation, 

where the pressure applied to the MF material (forming stress in normal direction) is very 

important, especially when the process is running at room temperature using the 6082 Al 

alloy. Figure 3.6 introduce the accumulated effective plastic strain on the specimen cross 

section. 

3.2.3. Cold rolling 

After the MF open die process the specimens were cut and machined to have plates with 8.7 

mm thickness, then these were subjected to rolling process at room temperature. The cold 

rolling was performed in 10 steps up to 58 % of thickness reduction without any undesirable 

phenomenon or cracks. 

The rolling process parameters were the followings: roll diameter 200 mm, roll speed 

30 rpm and reduction of thickness in one rolling step 0.5 mm. 

3.3. Mechanical tests 

Advances in the field of materials science and engineering have resulted in the improvement 

of existing materials and the development of new materials. Most branches of engineering, 

particularly those involved in the design and construction of new mechanical or structural 

elements, depend on the results of mechanical tests for measurements of material properties. 

The production of new material structure can be useless without evaluation of its properties, 

since long time ago several basic mechanical tests are used to state the material properties. Up 

to now this tests are accepted by engineers, researchers and scientist as reliable and suitable 

data source for mechanical structure design. Here, all the carried out material tests are 

discussed and detailed. It is necessary to mention here, that in this chapter only the main test 

details are presented, and any special preparation or parameter are shown with the results. 

The materials those conducted to the mechanical tests has different designations, IS for initial 

state, MF for multiple forged and MF-RS for multiple forged rolled sheet. Table 3.3 is shown 

the investigated test and the alloys. 
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Table 3.3  Conducted material tests and the alloys 

 

  Tests                                      Alloy 
7075 Al 6082 Al 

IS MF MF-RS IS MF  

Tensile test  Χ Χ Χ Χ Χ 

Cold compression test Χ Χ  Χ Χ 

Hot compression test Χ Χ    

Bending test Χ Χ Χ   

Hardness measurements Χ Χ Χ Χ Χ 

Optical Metallographic Χ Χ  Χ Χ 

Fractographic picture Χ Χ Χ Χ Χ 

 

3.3.1. Tensile test  

The engineering tensile test is widely used to investigate the strength and ductility of 

materials and as an acceptance test for the specification of materials. Two kind of tensile 

specimens were machined from the test materials with round (cylindrical) and rectangular 

(plate) cross section. 

 

Figure 3.7  Tensile specimen dimensions 
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The rectangular cross section test specimens were prepared according to the ASTM 

(B557) M standard [136, 137], both tensile specimen’s dimensions are shown in Figure 3.7. 

The tests were carried out at room temperature at 5 mm/min speed using MTS 810 testing 

machine, see Figure 3.8. 

 

Figure 3.8  MTS 810 testing machine 

3.3.2. Compression test 

The compression test is a method for determining the behavior of materials under 

compressive load. Compression tests are conducted by loading the test specimen between two 

plates by moving the crosshead. The compression test is used to determine elastic limit, 

proportionality limit, yield point, yield strength and compressive strength, more over the 

results can be used for the determination of other properties such as anisotropy behavior, 

constitutive behavior and workability. 

Cold compression test 

Some specimens were subjected to cold compression test at room temperature and constant 

crosshead speed. The specimens were subjected to this test to measure the flow stress at room 

temperature and investigate the anisotropy behavior by measuring two perpendicular 

diameters on the specimen’s cross section. 
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Hot compression test 

Hot compression tests are generally used to determine constitutive equation constants [138-

142]. Nowadays the finite element method (FEM) is widely used in metal forming to find out 

the optimal deformation parameters. Constitutive equation representing the flow behavior of 

materials is used as input to the FEM code for simulating the material’s response under the 

specified loading conditions [138]. The constitutive models for hot deformation proposed by 

Sellars and McTegart [144] are among the most widely used solution for summarizing and 

extrapolating experimental data, see Eq. (3.1, 3.2) 

�̇� = 𝐴 𝑠𝑖𝑛ℎ(𝛼𝜎)𝑛𝑒𝑥𝑝 (
𝑄

𝑅𝑇
)  (3.1) 

�̇� = 𝐴 𝑒𝑥𝑝(𝛽𝜎) 𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
)  (3.2) 

where �̇� is the strain rate (s-1), σ is the true stress (MPa), Q is the activation energy of 

deformation, R is the gas constant and T is the absolute temperature of deformation (K). A, β, 

n and α are material parameters. 

The hot compression test specimens were machined from 7075 Al alloy in cylindrical 

shape with 7 mm diameter and 8.4 mm height, all specimens were machined in the direction 

of Y (see Figure 3.2). Isothermal compression tests at constant strain rates and constant 

temperatures were conducted. The maximum compression equivalent strain of 0.55 was 

achieved in the test. Before beginning the test, the specimens were held in the die for some 

minutes to allow the material to reach steady state. As it is shown in Figure 3.9 the die is 

rounded by high temperature furnace. The temperature was measured using thermocouples. 

Carbon powder was used as a lubricant to decrease the effect of friction and barreling. The 

deformation temperature and strain rate were automatically controlled by the control unit of 

the machine. The experimental temperatures were between 250 and 450°C with an interval of 

50°C. At each deformation temperature four constant strain rates were applied (0.002, 0.02, 

0.2 and 2 s-1). The crosshead’s velocity was controlled based on the specimen’s height to keep 

the strain rate constant. All compression tests were carried out using an Instron 5982 universal 

electromechanical material testing equipment with a maximum loadability of 100 kN and a 

high temperature furnace was applied (Figure 3.9). 
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Figure 3.9  Instron 5982 universal electromechanical testing machine 

3.3.3. Bending test  

This test was conducted to evaluate the ductility and the strength of material. One of the basic 

type of test was used, the three point bending test at room temperature to determine the 

maximum stress and maximum strain. The ASTM E290 – 09 Standard [143] was used for 

specimen preparation. Figure 3.10 shows the specimen dimension. 

 

Figure 3.10  Bending specimens dimension 

The test was carried out at room temperature with 5 mm/min speed using MTS 810 

testing machine. The bending stress and strain was calculated using Eq. (3.3, 3.4, 3.5, 3.6): 
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𝜎𝑏 =
𝑀 ∙𝑐

𝐼
  (3.3) 

𝑀 =
𝑃𝐿

4
   (3.4) 

  𝐼 = 𝑡 
(2𝑐)3

12
  (3.5) 

 𝜀𝑏 =  
6𝐷𝑑

𝐿2  (3.6) 

where σb is the bending stress, M is the bending moment, I moment of inertia, P applied load, 

c half of thickness, L length of specimen, t is the width of test specimen, εb bending strain, 

D maximum deflection of the center of the test specimen, d the test specimen thickness. 

3.3.4. Hardness measurements  

The Metals Handbook [136] defines hardness as “Resistance of metal to plastic deformation, 

usually by indentation.” However, the term may also refer to stiffness or temper or to 

resistance to scratching, abrasion or cutting. It is the property of a metal, which gives ability 

to resist being permanently deformed (bent, broken, or have its shape changed), when a load 

is applied. The greater the hardness of the metal, the greater resistance it has to deformation. 

The Dictionary of Metallurgy defines the indentation hardness as the resistance of a material 

to indentation. This is the usual type of hardness test, in which a pointed or rounded indenter 

is pressed into a surface under a substantially static load.  

Vickers hardness test is the standard method for measuring the hardness of metals. The 

surface is subjected to a standard pressure for a standard length of time by means of a 

pyramid-shaped diamond. The diagonals of the resulting indention is measured under a 

microscope and the Vickers hardness value can be obtained from a table, or even the results 

are displayed digitally. The diamond material of the indenter has an advantage over other 

indenters because it does not deform over time and use. The indentation left by the Vickers 

penetrator is a dark square on a light background. The Vickers indentation is more easily 

"read" than the circular impression of the Brinell method. 

Vickers hardness tests (HV5) were used to evaluate the structural homogeneity and the 

influence of the MF and cold rolling on the surface hardness of the material. KB Prüftechnik 

GmbH hardness machine with automatic loading, reading and digitally displayed results was 

used for the measurements (Figure 3.11). The main load during the test was 5 kg.  

Large number of measurements were taken on the investigated surfaces, these surfaces 

were cut from the IS material in the parallel to cross section, in case of MF and MF-RS they 
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were cut parallel to the loading direction. These results were used to show the homogeneity 

and structure to be discussed.  

 

Figure 3.11  KB Prüftechnik GmbH hardness testing machine 

3.3.5. Metallographic work 

Some samples were prepared to monitor the structure, starting with the initial state of the 

material (IS) and MF steps.  

For 7075 Al alloy the samples were cut from the original specimen by handsaw parallel 

to the applied load, were subsequently grinded in several steps, and the mechanical 

preparation was finished by polishing with aluminum oxide powder. Immediately before the 

start of the optical microscope investigation, electro-polishing was done for all samples. 

Different polishing parameters were used in the way to find the best one, as a result of this 
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trials, the used etching liquid was 700 ml ethyl alcohol, 120 ml distilled water, 78 ml 

perchloric acid 70% and 100 ml butyl glycol, and the used voltage was 30 V for 10 seconds. 

In case of 6082 Al alloy the same preparation was applied like for 7075 Al alloy, the 

difference was the using of normal chemical etching liquid instead of electro-polishing. Its 

chemical composition was 2.5ml HNO3, 1.0 ml HCl, 1.5 ml HF and 95 ml water. 

3.3.6. Fractography 

Fractography is a widely used technique in several sciences to analyze fractured surfaces. In 

material science research, fractography is used to develop and evaluate theoretical models of 

crack growth behavior, moreover using fractography pictures the fracture can be classified to 

ductile or brittle fracture, which has high influence in engineering materials selection. 

In many cases, fractography requires examination at a finer scale, which is usually 

carried out in a scanning electron microscope (SEM). The resolution as well as the depth of 

field are much better than that of the optical microscope, although samples are examined in a 

partial vacuum and colors are absent. 

In this work the fractography of tensile specimens is used to investigate the effect of 

SPD on the fracture mode, being brittle or ductile. The measuremens were made using a 

Philips XL 30 electron microscope. 

  



42 

 

4. Results and discussion  

The aim 

In this chapter my own results are presented, analyzed, and discussed. 

4.1. Tensile tests  

4.1.1. Tensile tests on 7075 Al alloy 

For this alloy tensile tests were conducted in the three basic conditions of the material: initial 

state (IS), after third MF and after rolled MF (MF-RS) state. The results show the increase in 

tensile strength. 

 

Figure 4.1  Engineering stress–strain curves for the three material states 
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Some increasing in the tensile strength and the ductility were achieved in MF material 

comparing to the IS material, see Figure 4.1 and 4.2. The rolled sheet has an expected change 

in the strength and the ductility, the yield strength increased dramatically up to 276 %, at the 

same time the ductility decreased about 52 %. 

 

Figure 4.2 Tensile strength (Rp0.2), yield stress (Rm) and maximum elongation (A) for 7075 Al 
alloy 

4.1.2. Tensile tests on 6082 Al alloy 

In case of this alloy the IS material was deformed up to fifth pass, the tensile specimens were 

machined from every passes including the initial state. Figure 4.2 shows the engineering 

stress–strain curve for the initial material and all MF passes. The tensile strength Rm, yield 

strength Rp0.2 as well as the maximum elongation A are presented. The two Figures (4.3, 4.4) 

display the effect of MF on the material, where the initial material has the lowest strength and 

highest elongation. The yield strength increases and the elongation decreases notably after 

first pass, then a small interval fluctuation can be observed in the following passes. It can be 

stated that the tested mechanical properties don’t change remarkably after the 2nd pass: the 

strength and the ductility are varying about constant values. The tensile strength should have 

increasing tendency as the total strain increases, but it cannot be seen in the results. An 

explanation of this deviation can be that recrystallization or recovery was taking place during 

the 3rd and 5th passes. 
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Figure 4.3  Engineering stress–strain curve for initial state and after MF passes 

 

Figure 4.4 Tensile strength (Rp0.2), yield stress (Rm) and maximum elongation (A) 
 for 6082 Al alloy 
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4.2. Compression tests 

4.2.1. Cold compression tests of 7075 Al alloy 

The results of IS and MF processed state show the same behavior as of tensile test results, 

only small differences among the IS and MF were observed Figure 4.5, this slightly change 

can be explained by the influence of recovery and dynamic recrystallization during the warm 

MF process. 

 

Figure 4.5  True stress true strain curve for 7075 Al in initial state and after MF passes 

To determine anisotropy step-by-step compression tests were carried out in the three 

axes, namely, X, Y and Z of MF material, as illustrated in Figure 4.6. In all axes the 

anisotropy phenomenon appears where the cross section is changed from cylindrical to 

elliptical shape, the Y axis has the highest effect of anisotropy comparing to other axes. The 

compressive and tensile strains were calculated using equations Eq. (4.1, 4.2, 4.3, 4.4 ): 

𝜀1 = 𝑙𝑛 (
ℎ𝑖

ℎ𝑜
)  (4.1) 

𝜀𝑎 = 𝑙𝑛 (
𝑎

𝐷𝑜
)  (4.2) 

𝜀𝑏 = 𝑙𝑛 (
𝑏

𝐷𝑜
)  (4.3) 

𝜀1 + 𝜀𝑎 + 𝜀𝑏 = 0  (4.4) 

At the free surfaces of the compressed cylindrical test specimens, the strains consist of 

two types of strain: tension strain at the circumference and axial compression strain. Because 

the final cross-sectional area of the deformed specimens is elliptical, there are two values for 
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tensile strain in the direction of the diameter a and b. That means ε1 is compression strain, εa 

and εb is tensile strain. The X, Y, Z axes are already defined on the Figure 3.2. 

Table 4.1 Logarithmic strain for Cold and hot forming 

 MF 7075 Al alloy cold forming MF 7075 Al alloy hot forming 

εa 0.26 0.30 

εb 0.54 0.33 

R 2.08 1.1 

 

Table 4.1 shows the value of plastic Logarithmic strain in the direction of a and b at 

cold and hot forming, and the Lankford value (R) [150, 151], in the isotropic case the R equal 

to one, as much as the value far from the one the material is far from the isotropic behavior, 

the R vale can be express using Eq. (4.5) 

R = (
𝜀𝑏

𝜀𝑎
) (4.5) 

 

Figure 4.6  A, B, C and d are the logarithmic strain of initial diameter and ellipse axes on X, Y 
, Z axes and Y axis at elevated temperature respectively as scatter points, the lines represent 

the isotropic case,  
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Figure 4.7  Flow curves in the three axes X, Y, and Z 

According to the experimental results conducted at room temperature, the Y axis has the 

highest deformation anisotropy compared to the other axes, because it is the direction of the 

forward extrusion of the IS material rod. The deformation anisotropy in all axes of 

deformation can be seen in Figure 4.6. All flow curves along the various axes are close to 

each other, as they are illustrated in Figure 4.7. 

The IS material wasn't interesting for anisotropy investigation because it didn't show 

any notable deformation anisotropy. 

4.2.2. Cold compression tests of 6082 Al alloy 

All five MF passes and the IS material were subjected to the cold compression test. All 

6082 Al alloy test specimens were machined in the longitudinal direction of MF specimen 

The results introduce the development of stress strain curve during the MF passes, curves in 

Figure 4.8 results in the same tendency of the tensile curves. The explanation used for tensile 

curves can be again used to explain the compression curves as well. 

In case of 6082 Al alloy the anisotropy behavior wasn’t interesting, because the 

anisotropy of this alloy after SPD process was investigated in our department [148, 149]. 
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Figure 4.8   Stress–strain curves for the IS state and after the MF passes 

4.2.3. Hot compression test of 7075 Al alloy 

The hot compression test were carryout as continues test, that means the specimens cannot be 

checked just after the test, the final specimens height were measured using micrometer caliper 

too, comparing both value that measured by the test machine and by caliper result in a 

problem, the test machine value (point c in the Figure 4.9) was higher than the height 

measured by micrometer caliper (point b in the Figure 4.9), this difference caused by two 

reasons, the first one is the thermal expansion, and the second is the elasticity of the machine 

and die system. To solve this problem the thermal expansion was calculated, the results show 

negligible value of heat expansion effect, therefore the reason is belonging to the elasticity of 

the test system. To solve this measuring problem I have established an approximation method. 

The solution is illustrated in Figure 4.9. The line ae and bd are extended up to cross 

each other at point f (it is high up, therefore can not be seen on the Figure), and the angle efb 

is divided to several smaller equal angles by straight lines. For instant the line 1 is crossing 

the data curve at F1 force and the X axis at H1
*, where this point (H1

*, F1) is the new pair 

instead of (H1, F1). 
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Figure 4.9  The method of force–height data correction 

The corrected force–height data was used to calculate the true stress–true strain curves 

using some basic equations Eq. (4.5, 4.6): 

𝜀 = 𝑙𝑛 (
ℎ𝑜

ℎ
)  (4.6) 

𝜎 =
𝐹

𝐴
  (4.7) 

Where  is the equivalent strain, h0 is the initial height (mm), h is the current height 

(mm), σ is the flow stress (MPa), F is the force (N) and A is the current cross section area 

(mm2). One example of flow curve using corrected data are plotted as scatter points on Figure 

4.10 and 4.11. 

The most obvious difference among the stress–strain curves for the IS material is the 

significant influence of test temperature. At 250°C for strain rates of 0.002, 0.02 and 0.2 s-1 

the material exhibit clear strain hardening behavior. The flow stress is less strain dependent at 

0.002 and 0.02 s-1 strain rate at working temperature of 350, 400 and 450°C, the material 

shows strain softening at 0.2 and 2 s-1 at working temperature of 300, 350, 400 and 450°C. 
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Figure 4.10  The measured flow curves for IS material deformed at strain rates: (a) 0.002 s−1, 
(b) 0.02 s−1, (c) 0.2 s−1 and (d) 2 s−1; for all the temperatures tested 

 

Figure 4.11  The measured flow curves after MF processing at strain rates: (a) 0.002 s−1, (b) 
0.02s−1, (c) 0.2 s−1 and (d) 2s−1 for all the temperatures tested 
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In Figure 4.11 the flow curve of the MF processed specimens are shown as scatter 

points, which were obtained from hot compression tests at the following working 

temperatures: 250, 300, 350, 400 and 450 °C, and the following strain rates: 0.002, 0.02, 0.2 

and 2 s-1. The flow curves of the MF processed specimens behave in the same manner as the 

flow curves of the IS material under the same experimental conditions. However, there were 

slight differences in the behavior where the strain softening is more visible in the MF 

specimens at the highest strain rate. 

4.3. Constitutive equations for 7075 Al alloy 

The stress–strain data obtained from the hot compression tests under different strain rates and 

working temperatures were used to determine the material parameters of constitutive 

equations for the IS and MF samples. The used constitutive functions are: 

1. From the constitutive equation using exponential function Eq. (3.1)the flow stress can 

be expressed as follows: 

𝜎 =
𝑙𝑛�̇�

𝛽
+

𝑄

𝛽𝑅𝑇
−

𝑙𝑛𝐴

𝛽
  (4.8) 

2. Constitutive equation using sin hyperbolic function. The flow stress can be expressed 

from Eq. (3.2) as follows: 

𝜎 =
𝑎𝑟𝑐𝑠𝑖𝑛ℎ(𝑒𝑥𝑝(

(𝑅𝑇(𝑙𝑛(�̇�)−𝑙𝑛(𝐴))+𝑄)

𝑅𝑇𝑛
))

𝛼
  (4.9) 

where �̇� is the strain rate (s-1), σ is the true stress (MPa), R is the gas constant, T is the 

absolute temperature of deformation(K), Q is the activation energy of deformation, Q A, n, 

and α are material parameters. All material parameters have been obtained by solving the 

equations as an over-determined problem, where we have a higher number of equations than 

the number of the unknown parameters. The obtained parameters were plotted with equivalent 

strain between 0.05 and 0.55 with an interval of 0.05. A fourth-order polynomial fitting 

function was applied to describe the relationship between the material parameters and 

equivalent strain. 

To explain the method of material parameter determination, one value of these 

parameter are obtain in the next steps: 

1. From all flow curves the flow stresses are calculated at level of equivalent strain, start 

at strain 0.05 up to 0.55 with an interval of 0.05, as it is illustrated in Figure 4.12 
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Figure 4.12  The flow stress at level of equivalent strain 

2. The flow stresses at one level of equivalent were collected from all flow curves that 

plotted in Figures 4.10 and 4.11, as example Table 4.2 is including the collected data: 

Table 4.2  The collected flow stresses at one level of equivalent strain (0.2) 

Strain rate (1/s2) Deformation temperature (K) Flow stress (MPa) 

0.002 523 82.9 

0.02 523 105.6 

0.2 523 133 

2 523 143.1 

0.002 573 58.23 

0.02 573 79.9 

0.2 573 101.8 

2 573 117.3 

0.002 623 41.7 

0.02 623 60 

0.2 623 83 

2 623 105.6 

0.002 673 28.4 

0.02 673 44.2 

0.2 673 63.1 

2 673 95.6 

0.002 723 17.1 

0.02 723 29.8 

0.2 723 47.5 

2 723 70 
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3. The data collected in table 4.1 are plotted in the space on the Figure 4.13. 

 

Figure 4.13  Flow stresses data at 0.2 equivalent strain 

 

Figure 4.14  Surface fitting for flow stress data at 0.2 equivalent strain 
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4. The plotted data in Figure 4.13 is fitted using the constitutive equation model, for 

instance I will show the fitting surface using the equation 4.8, as a result of this 

surface fitting one value of Q, A, n and α are obtained. 

5. All material parameter Q, A, n and α that obtained are plotted with equivalent strain, 

the four curves are fitted using forth order polynomial as shown in Figure 4.17. 

The equations 4.7 and 4.8 with the forth order polynomials are state the constitutive equation, 

it is important here to mention that all used fitting model (surface or polynomial) were made 

with a good correlation coefficient (0.98 as minimum). 

4.3.1. Constitutive equations for IS material 

From the two constitutive equations of Sellars and McTegart [142] the exponential one was 

chosen to apply first (Eq. 4.7), where the flow stress depends on temperature and strain rate, 

and the material constants were considered as function of equivalent strain [137,142,145-

147]. 

All material parameters have been obtained by solving the equations as over-

determined problem, where we have much more equation than the number of unknown 

parameters. The obtained parameters where plotted with equivalent strain between 0.05 and 

0.6 with an interval of 0.05 see Figure 4.15. In the way to find the equations to describe the 

relationship between the parameters and equivalent strain, fourth order polynomial equation 

was fitted to the series of obtained data. The resulted of polynomials are: 

𝑙𝑛(𝐴) = 10.8689 − 2.2073𝜀 + 134.233𝜀2 − 253.12𝜀3 + 126.22𝜀4   (4.10) 

𝛽 = 0.14329 − 0.5753𝜀 + 3.2297𝜀2 − 6.5412𝜀3 + 4.6932𝜀4  (4.11) 

𝑄 = 124.32 − 143.61𝜀 + 1416.73𝜀2 − 2729.42𝜀3 + 1666.05𝜀4  (4.12) 

The R square value of fitting polynomials for Q, ln(A) and β were 0.997, 0.998 and 

0.994 respectively. These R square values show how well the equations are fitting to the 

measured points. A, β and Q vary with equivalent strain and are independent of temperature 

and strain rate at a given strain. The parameter ln(A) was between 11.13 and 19.68, β value 

varies from 0.123 to 0.145, and the Q activation energy was between 120.9 to 172.1 kJ/mol. 

All these parameters have increasing tendency with increasing equivalent strain. These results 

are plotted in Figure 4.10 where Eq.(4.7, 4.9, 4.10 and 4.11) are the constitutive equations for 

the 7075 Al alloy.  
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Figure 4.15  The values of IS material parameter Q, ln(A) and β obtained from different strain 
levels as  scatter points, this points were fitted by fourth-order polynomial equation 

In order to verify the equations, stress–strain curves were calculated using the 

constitutive equations at the same temperatures and strain rates that the experiments were 

done. The measured true stress as scatter points and the calculated true stress as solid lines are 

plotted in Figure 4.16. 

The average absolute relative error (AARE) and correlation coefficient (R) were 

calculated for all data using Eq. (4.13, 4.14): 
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The second constitutive equation used for the IS material is expressed by sin hyperbolic 

function Eq. (4.8), where the flow stress depends on the temperature and strain rate, and the 
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material constants where considered as function of equivalent strain. The material constants 

were determined by the same method as for the exponential equation: 

 

 

Figure 4.16  Measured flow curves (as scatter) and calculated flow curves (as solid lines) 

𝑙𝑛(𝐴) = 12.28 + 18.15𝜀 + 96.77𝜀2 − 211.4𝜀3 + 100𝜀4   (4.15) 

𝑄 = 12486 − 16484𝜀 + 106𝜀2 − 3 × 106𝜀3 + 2 × 106𝜀4   (4.16) 

𝑛 = 2.232 + 19.28𝜀 − 48.03𝜀2 + 71.86𝜀3 − 4549𝜀4  (4.17) 

𝛼 = 0.055 − 0.416𝜀 + 1.84𝜀2 − 3.536𝜀3 + 2.475𝜀4  (4.18) 

The R square value of the fitting of polynomial equations for ln(A), Q, n, and α were 

0.999, 0.997, 0.999 and 0.989 respectively. These values indicate the good fitting. The 

observation from Figure 4.17 is that lnA, Q and n increase with the equivalent strain; also, 

they are independent of changes in the working temperature and the strain rate at given strain. 

In contrast, α values decrease with the equivalent strain.  

The parameter ln(A) was between 13.46 and 25.49, Q was between 120.554 and 

170.336 kJ/mol, n was varying from 3.067 to 6.096 and α was between 0.039 and 0.01994. 

Equations (10, 12, 13, 14 and 15) are the constitutive equations for the IS material. These 

results are plotted in Figure 4.18.  
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Figure 4.17  The values of IS material parameters ln(A), Q, n, and α obtained for different 
strain levels as scatter points, this points were fitted using fourth-order polynomials 

 

Figure 4.18  Measured IS material flow curves (scatter) and calculated flow curves (solid 
lines) 

The average absolute relative error (AARE) and correlation coefficient (R) were 

calculated over all data:  AARE=4.55907, R=0.99854. 
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4.3.2. Constitutive equations for MF material 

Constitutive equations which express the relation as exponential function Eq. (4.7) are 

presented first. The material constants are: 

𝑙𝑛(𝐴) = 13.397 − 29.758𝜀 + 275.959𝜀2 − 545.449𝜀3 + 391.007𝜀4   (4.19) 

𝛽 = 0.144 − 0.579𝜀 + 3.181𝜀2 − 6.333𝜀3 + 4.405𝜀4   (4.20) 

𝑄 = 131.31 − 244.40𝜀 + 1761.4𝜀2 − 3448.7𝜀3 + 2314𝜀4  (4.21) 

 

Figure 4.19  Values of the MF material parameters lnA, Q, and β obtained for different strain 
levels as scatter points, this points were fitted using fourth-order polynomials 

The R2 values of the fitting of the polynomial equations for ln(A), β and Q were 0.999, 

0.983 and 0.997 respectively. The A, β and Q parameters are varying with equivalent strain 

and are independent of the working temperature and the strain rate at a given strain. The 

obtained parameter values are: ln(A) from 12.4 to 20.61, β from 0.1099 to 0.1437, and Q from 

119.9 and 173.1 kJ/mol. All of these parameters tend to increase with equivalent strain 

(Figure.4.19). Eq. (4.7, 4.18, 4.19 and 4.20) are the constitutive equations for MF materials. 

Stress–strain curves were calculated using the constitutive equations at the same 

working temperatures and strain rates that were used in the experiments. The measured true 

stress as scatter points and the calculated true stress as solid lines are plotted in Figure 4.20. 
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Figure 4.20  The measured and calculated flow curves of the MF material using exponential 

function 

The average absolute relative error (AARE) and correlation coefficient (R) were 

calculated, AARE=5.1238, R=0.99869. 

The sin hyperbolic function was used for the MF material as well; however, the results 

of approximations wasn’t good. Although, the verification parameters were good (AARE and 

R), the flow curve using this constitutive equation has a zigzag shape Figure 4.22 that is why 

these results were not published. The R square values of the fitting of polynomial equations 

for ln(A), Q, n, and α were perfect, which indicates the good fitting to the results Figure 4.21. 

𝑙𝑛 (𝐴)  =  12.999 +  10.086𝜀 +  55.149𝜀2 −  116.95𝜀3 + 66.588𝜀4      (4.22) 

𝑄 = 132112–  266380𝜀 + 2 × 106𝜀2 – 4 × 106𝜀3  + 2 × 106𝜀4  (4.23) 

𝑛 =  0.2087 +  35.722𝜀 −  162.96𝜀2 +  413.64𝜀3 − 221.09𝜀4  (4.24) 

𝛼 = 0.1259 −  1.2945𝜀 +  6.2928𝜀2 −  12.407𝜀3   +  8.7023𝜀4   (4.25) 
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Figure 4.21  The values of MF material parameters lnA, Q, n, and α obtained for different 
strain levels and the fitted curves using fourth-order polynomials 

 

Figure 4.22  The measured and calculated flow curves of the MF material using sin 
hyperbolic functions 
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Figure 4.16 and 4.17 show the material constants and the measured and calculated 

flow curves of the MF material respectively. The average absolute relative error (AARE) and 

correlation coefficient (R) were: AARE=4.5591, R=0.99854 

4.4. Bending  

This tests were done only for the 7075 Al alloy. Three different base state of material were 

tested IS, MF and MF-RS material. Under the bending load the MF material shows the same 

behavior as in the tensile test, increasing in strength and ductility. The rolled sheet has an 

expected change in the strength and the ductility, the strength dramatically increases and the 

ductility decreases. Table 4.3 shows the results of bending stress and strain. 

 

 Figure 4.23  Bending specimens with maximum deformation, (a) IS, (b) MF, (c) MF-RS 

Table 4.3  Maximum bending stress and strain 

Type of material Maximum stress (MPa) Maximum strain (%) 

IS material 220 54.02 

MF material 240 57.23 

Rolled MF material 340 8.97 
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4.5. Hardness measurements  

4.5.1. Hardness of 7075 Al alloy  

The result of hardness measurement in Figure 4.18 describes the changes during the work 

processes. The IS material has the lowest hardness of 65.7 HV, then it increased after MF to 

72 HV, the cold rolling lifts up the hardness to 112.2 HV. The standard deviation decreases 

after MF process from 1.278 for IS material to 1.045 for MF material, it is sign of an 

improvement in the structure homogeneity,  

It should be noted here that the number of hardness measurements were 30 point 

distributed randomly on the material surface.  

 

Figure 4.24  The mean value of hardness measurements and standard deviation on 7075 Al 
(HV 5) 

4.5.2. Hardness of 6082 Al alloy  

The hardness results of the MF steps show similar tendency to that of the tensile results. 

There are quite considerable rise in hardness after the first pass, then it has slightly changed 

(Figure 4.25). 

The specimens’ cross sections were divided to several areas and minimum 10 

measurements were taken in each. These areas where chosen according to the results of 
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equivalent plastic strain calculated by FEM as illustrated on Figure 4.26. It shows that the 

distribution and tendency of plastic strain and hardness are similar in the cross section.  

In correspondence with the finite element calculations, the hardness measurements 

show inhomogeneous distribution of plastic deformation in the cross section, that causes less 

structure homogeneity. The second and third passes produce the maximum structure 

homogeneity comparing to the other MF passes according to the standard deviation value in 

Figure 4.25. 

 

Figure 4.25  Hardness measurements and standard deviation for 6082 Al alloy. From left to 
right IS material then MF passes. 

 

Figure 4.26  a) The equivalent plastic strain distribution in the specimen’s cross section and 
b) the mean value of HV5 hardness test measurements after the 2nd pass. 

Similar Figures like Figure 4.26 for first and third passes are presenting in the appendix 

Figures 9.1 and 9.2. 
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4.6. Metallographic investigation 

4.6.1. Metallographic pictures for 7075 Al alloy  

The optical microscope photos show a microstructure development during the MF passes, 

comparing IS material Figure 4.27 (a) and third pass of MF Figure 4.27 (d), the refinement 

process is exist after three passes of MF. 

 

Figure 4.27  Optical metallographic pictures (a) for IS material and (b, c, d) for the first, 
second and third MF passes respectively  

The darker grain boundaries on the MF specimen are presenting the original boundaries 

and the light ones are the boundaries of new sub-grains. The second phase particles size 

decreases as well as the grain size see Figure 4.28.  
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Figure 4.28  The 7075 Al alloy metallography, upper photo is the IS material, right photo 
after 3 MF passes 

4.6.1. Metallographic pictures for 6082 Al alloy  

The refinement process is very clear using only the optical microscope (Figure 4.29), the 

initial grains have equiaxial grain shape, where after deformation the grain size decreasing 

and the shape of grains changes to elongated ones. The direction of this grains are differing 

according to the position on the specimen’s cross section (all pictures are showed in the 

appendix), Figure 9.3 shows different deformation zone where the grains shape and direction 

are change, Figures (9.4-9.10) are showing this changes. 
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Figure 4.29  Microstructure development during MF using optical microscopy for the initial 
material and after forth MF pass for 6082 Al alloy 

4.7. Fractographic investigation 

The pictures were taken for the fracture surface of tensile specimens. In general both 

aluminum alloys have shown ductile fracture, without any sign of cleavage-like features. In 

case of 7075 Al alloy IS, the last MF pass and MF-RS materials Figure 4.30.  
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Figure 4.30   SEM images of fractured surfaces of the three base materials in tensile test:  
(a) IS material, (b) MF material and (c) MF-RS material 

 

Figure 4.31   SEM images of the fractured surfaces after the tensile test. (a) IS material, (b-f) 
five MF passes 

Figure 4.31 shows the fractured surfaces after the tensile test for 6082 Al alloy. Six 

different specimens were checked, IS material and all MF passes. It can be stated that no 

significant difference can be found between the IS and MF passes, in every case the material’s 

behavior was rather ductile than brittle. 
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5. Conclusion and Summary 

In this chapter the conclusions of this whole work are summarized, and divided to three parts 

according to the considered material and the finite element method simulation. 

5.1.  Conclusion for 7075 Al alloy 

 The using of MF open die process on 7075 Al alloy at 250 ºC has moderate effect on 

the mechanical properties, where the strength (Rp0.2 and Rm) and maximum elongation 

(Au) increased slightly as in Table 5.1. The existing of refinement process and the 

decreasing of grain size is proved by the optical microscopic, where the grains 

boundary can be seen and compared for IS material and the third pass of MF material 

Figures 5.1 and 5.2.  

 

Figure 5.1 Microstructure picture for 7075 Al alloy before MF passes 
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Figure 5.2 Microstructure picture for 7075 Al alloy after three MF passes 

Material homogeneity was improved after MF passes, using hardness measurements 

this statement can be proved. The value of standard deviation is the parameter that 

used to express the material homogeneity, it was decreasing from 1.278 to 1.045 for 

IS and MF material respectively. This improvement caused by two reasons, one is the 

grain refinement and the second is decreasing of the second phase particle size. 

Table 5.1 Tensile and hardness results for 7075 Al alloy 

Material Hardness Rp0.2 (MPa) Rm (MPa) Au (%) 

IS 65.7 95 195 11 

MF(third pass) 72 105 201 14.2 

MF-RS 112.2 290 319 6.8 

 

 Rolling of MF material results the increase of the yield stress up to 276% and drop in 

maximum elongation. Because of high level of plastic deformation accumulated in 

the rolled material, I estimate the continuing of grain refinement process based on the 

significant increase in yield stress according to the Hall-Petch relationship. 

 Using the fractographic picture I can state that, the material behaves as ductile after 

large plastic deformation. There is no sign for brittle failure mode (cleavage-like 

features), only ductile dimples are appears.  

 Multi step compression test results were used to investigate the deformation 

anisotropy of multiple forged 7075 Al alloy after the third passes. The test were 

carried out at room temperature and elevated temperature as well. The two 

perpendicular diameters of the specimen’s cross section were measured during the 
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test steps, Table 4.1 shows the value of maximum logarithmic strain in the direction 

of a and b at cold and hot forming, and the difference value as percentage of strain in 

direction a, as it expresses in Eq. (4.5). It is very clear that the isotropic deformation 

has notable effect at cold deformation, while it is negligible at hot forming. 

 The flow curve results of 7075 Al alloy (IS and MF), which obtained under different 

temperatures and strain rates, shows different deformation behavior, such as strain 

hardening, less strain dependence and strain softening, at warm, moderate and high 

temperature respectively. 

 A set of constitutive equations for IS and MF materials were obtained using 

constitutive equation derived by Sellars and McTegart, where the stress depends on 

the temperature, strain rate and other three material parameters A, β and Q:  

𝜎 =
𝑙𝑛�̇�

𝛽
+

𝑄

𝛽𝑅𝑇
−

𝑙𝑛𝐴

𝛽
 

These material parameters are considered as functions of strain. 

 Material constants for IS material 

𝑙𝑛(𝐴) = 10.8689 − 2.2073𝜀 + 134.233𝜀2 − 253.12𝜀3 + 126.22𝜀4  

𝛽 = 0.14329 − 0.5753𝜀 + 3.2297𝜀2 − 6.5412𝜀3 + 4.6932𝜀4 

𝑄 = 124.32 − 143.61𝜀 + 1416.73𝜀2 − 2729.42𝜀3 + 1666.05𝜀4 

 Material constant for MF material 

𝑙𝑛(𝐴) = 13.397 − 29.758𝜀 + 275.959𝜀2 − 545.449𝜀3 + 391.007𝜀4  

𝛽 = 0.144 − 0.579𝜀 + 3.181𝜀2 − 6.333𝜀3 + 4.405𝜀4  

𝑄 = 131.31 − 244.40𝜀 + 1761.4𝜀2 − 3448.7𝜀3 + 2314𝜀4 

 A set of constitutive equations was obtained for the IS and MF materials, where the 

flow stress depends on temperature and strain rate according to a sin hyperbolic 

function. The material parameters, A, Q, n and α. 

𝜎 =

𝑎𝑟𝑐𝑠𝑖𝑛ℎ (𝑒𝑥𝑝 (
(𝑅𝑇(𝑙𝑛(�̇�) − 𝑙𝑛(𝐴)) + 𝑄)

𝑅𝑇𝑛 ))

𝛼
 

All material parameters are considered as functions of equivalent strain. 
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 Material constants for IS material 

𝑙𝑛(𝐴) = 12.28 + 18.15𝜀 + 96.77𝜀2 − 211.4𝜀3 + 100𝜀4
 

𝑄 = 12486 − 16484𝜀 + 106𝜀2 − 3 × 106𝜀3 + 2 × 106𝜀4  

𝑛 = 2.232 + 19.28𝜀 − 48.03𝜀2 + 71.86𝜀3 − 4549𝜀4 

𝛼 = 0.055 − 0.416𝜀 + 1.84𝜀2 − 3.536𝜀3 + 2.475𝜀4 

 material constant for MF material 

𝑙𝑛 (𝐴)  =  12.999 +  10.086𝜀 +  55.149𝜀2 −  116.95𝜀3 + 66.588𝜀4     

𝑄 = 132112–  266380𝜀 + 2 × 106𝜀2 – 4 × 106𝜀3  + 2 × 106𝜀4  

𝑛 =  0.2087 +  35.722𝜀 −  162.96𝜀2 +  413.64𝜀3 − 221.09𝜀4  

𝛼 = 0.1259 −  1.2945𝜀 +  6.2928𝜀2 −  12.407𝜀3   +  8.7023𝜀4  

Table 5.2 Verification parameter values for IS and MF material and all used functions 

Material  Used function  AARE R2 

IS material exponential function 6.195 0.99862 

IS material sin hyperbolic 4.559 0.99854 

MF material exponential function 5.124 0.99869 

MF material sin hyperbolic 4.270 0.99847 

 

It is clear from the AARE results given in the table that the sin hyperbolic function can 

better simulate the material behavior and predicts the flow stress with lower average 

error comparing to the exponential function. 

5.2.  Conclusion for 6082 Al alloy 

 The closed die forging has influence on the material structure and the properties as 

well, Table 5.3 shows the measured value of strength, elongation and hardness for IS 

and all MF passes. The refinement process has taken place during the MF processes, 

it is very clear using only the optical microscope Figure 4.31. Using tensile test 

results that in Table 5.3, we can state that: the yield strength increases notably after 
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first pass, after the second pass the mechanical properties don’t change remarkably. 

On the samples forged by 3, 4, 5 passes only small interval fluctuation of the 

mechanical properties can be observed. A possible explanation of this behavior can be 

the recrystallization or recovery during the forging operations, then further forging 

passes has no sense.  

Table 5.3 Tensile and hardness results for 6082 Al alloy 

Material Hardness Rp0.2 (MPa) Rm (MPa) Au (%) 

IS 206 206 300 27.8 

MF pass 1 303 303 332 14.45 

MF pass 2 329 329 352 10.5 

MF pass 3 316 316 347 14 

MF pass 4 332 332 354 17.9 

MF pass 5 312 312 341 16.6 

 

 In correspondence with the finite element calculations the hardness measurements 

show that the deformation is not homogeneous in the cross section. The second and 

third passes produce the maximum structure homogeneity comparing to the other MF 

passes according to the standard deviation value table.  

Table 5.4 Standard deviation values for MF passes 

MF passes First Second Third Forth Fifth 

Standard deviation 6.187 3.625 3.030 4.252 5.459 

 

 The fractography indicated that material’s behavior was ductile even after five MF 

passes. There is no sign for brittle failure mode (cleavage-like features), only ductile 

dimples are appears. 

5.3.  Finite element method simulation 

 According to the simulation results obtained by the Simufact program for both type of 

forging die, the accumulative strain on the specimen is higher using the closed die 

than the open die under the different deformation temperature and used material. 

 In case of 6082 Al alloy FEM simulation results show good correspondence with 

hardness measurements over all area cross section of closed die MF specimen. 
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6. Theses 

1. Open die forging for 7075 Al alloy [II] 

The 7075 Al alloy subjected to open die forging at 250 ºC is gaining some interesting 

change in properties and microstructure. The yield stress, maximum elongation and 

hardness were increased after three MF passes as it is shown in the next table. 

Table 6.1 Tensile results and hardness for 7075 Al alloy 

Material Hardness Rp0.2 (MPa) Rm (MPa) Au (%) 

IS material 65.7 95 195 11 

MF (third pass) 72 105 201 14.2 

 

The maximum accumulative strain after three passes of MF was calculated, the results 

obtained using finite element program was 2.6. At this level of accumulative strain the 

microstructure was refined as it is concluded from Figures 5.1 and 5.2. 

2. Producing sheet from multiple forged 7075 Al alloy [II] 

Produsing sheet form from multiple forged material using cold rolling is aimed in my 

work, as it is expressed in the work title. Based on the result of rolling process that 

was conducted to the Multiple forged 7075 Al, I can state that multiple forged 7075 Al 

alloy at 250 ºC – total plastic strain 2.6 – followed by cold rolling up to a thickness 

reduction of 58% in ten steps behaves as ductile material without any sign of brittle 

failure mode or undesirable flow defects, moreover the ductility of rolled sheet was 



74 

proved using fractographic pictures of the tensile fracture surface, where only ductile 

dimples are observed and no sign of cleavage-like features axist. 

Table 6.2 Tensile results and hardness for cold rolled MF material 

Material Hardness Rp0.2 (MPa) Rm (MPa) Au (%) 

MF-RS 112.2 290 319 6.8 

 

3. Correction method [III] 

New method has been established to eliminate the forming equipment elasticity effects 

in the measured force–height data. For cold deformation such problem can be solved 

easily using multi-step test, however during hot deformation the multi-step test it is not 

the best solution. The method is illustrated on the Figure below.  

  

The method of force–height data correction 

The point c height was measured by the machine and point b height was measured by 

micrometer caliper. The line ae and bd are extended up to crossing each other at point 
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f (it is high up). The angle efd is divided to several smaller equal angles by straight 

lines, each lines are crossing the data curve and H axis using a straight line from point 

f; thus for each curve point the corrected one Hn
* can be determined, For instant the 

line 1 is crossing the data curve at F1 and H1
*, where this point (H1

*, F1) is the new 

pair of force–height curve instead of (H1, F1). 

4. Constitutive equations [III, V] 

A set of constitutive equations were obtained for 7075 Al alloy (IS and MF material) 

based on two models, an exponential and a sine hyperbolic function. These 

constitutive equations were found to predict the flow stress precisely over wide range 

of temperature and strain rate, the deformation temperature were between 250 and 

450°C with an interval of 50°C, at each deformation temperature four constant strain 

rates were applied (0.002, 0.02, 0.2 and 2 s-1). Although both models gave good 

average absolute relative error AARE, but the model using sin hyperbolic function 

gives better results than the other using exponential function.  

 exp exp
Q

A
RT

 
 

  
   

 sinh exp 
 

  
 

n Q
A

RT  

All material parameters in the equations are considered as function of equivalent 

strain, these functions are described by using fourth order polynomials. 

Table 6.3 Verification parameter values for IS and MF material and all used functions 

Material Used function AARE R2 

IS material exponential function 6.195 0.99862 

IS material sin hyperbolic 4.559 0.99854 

MF material exponential function 5.124 0.99869 

MF material sin hyperbolic 4.270 0.99847 

 

5. Anisotropy behavior [V] 

Multi step compression test results were used to investigate the deformation 

anisotropy of multiple forged 7075 Al alloy after third passes. The test were carried 

out at room temperature and elevated temperature as well. The two perpendicular 
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diameters of the specimen’s cross section were measured during the test steps, Table 

6.3 shows the value of maximum logarithmic strain in the direction of a and b at cold 

and hot forming, and the difference value as percentage of strain in direction a, as it 

expresses in Eq. (4.5). It is very clear that the anisotropic deformation has notable 

effect at cold deformation, while it is negligible at hot forming. 

Table 6.4 Logarithmic strain for Cold and hot forming 

Strain MF 7075 Al alloy cold forming MF 7075 Al alloy hot forming 

εa-max 0.26 0.30 

εb-max 0.54 0.33 

Δε(a,b) (%) 107.8 9.3 

 

6. 6082 Al alloy after closed die MF [IV, VI] 

The 6082 Al alloy was subjected to tensile and compression test after every pass of 

MF. Both tests results show similar material behavior, the yield strength increases 

notably on the second pass, further MF passes don’t change the strength remarkably. 

This conclusion is supported by hardness measurements as well. On the second MF 

pass the material lost a part of its ductility, but some of it is restored gradually up to 

the fourth pass, the tensile and compression results are shown in Table 6.4, the 

material shows ductile fracture even after the fifth pass. 

The grains shape is elongated and the size is decreasing after MF passes, this 

conclusion is proved using optical microscopic pictures Figure 4.29. 

Table 6.5 Tensile and hardness results for 6082 Al alloy 

Material Hardness Rp0.2 (MPa) Rm (MPa) Au 

IS 206 206 300 27.8 

MF pass 1 303 303 332 14.45 

MF pass 2 329 329 352 10.5 

MF pass 3 316 316 347 14 

MF pass 4 332 332 354 17.9 

MF pass 5 312 312 341 16.6 
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9. Appendix 

 

Figure 9.1  a The equivalent plastic strain distribution in the specimen’s cross section and b 
the mean value of HV5 hardness test measurements after the 1st  pass. 
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Figure 9.2  a The equivalent plastic strain distribution in the specimen’s cross section and b 
the mean value of HV5 hardness test measurements after the 3 ed  pass 

 

Figure 9.3  Deformation zone on the MF specimen’s cross section 
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Figure 9.4  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (1) 

 

Figure 9.5  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (2) 
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Figure 9.6  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (3) 

 

Figure 9.7  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (4) 
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Figure 9.8  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (5) 

 

Figure 9.9  Micrographic picture shows grains direction for multiple forged 7075 Al alloy (6) 


