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ABSTRACT 

This thesis deals with the influence of deformation parameters on the structure 

and mechanical properties of the alloy EN AW 6082. Two different semi-finished 

products were compared - extruded semi-finished products and HCM semi-finished 

products. The structure and mechanical properties of these semi-finished products 

in various variants of deformation and with or without heat treatment were evaluated. 

This thesis was created in cooperation with Strojmetal Aluminum Forging s.r.o. 
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LIST OF USED ABBREVIATIONS AND SYMBOLS 

Abbreviation 
Symbol 

Expression Unit 

kgf kilogram-force N 

K12 Face-centered cubic lattice - 

NA Natural aging - 

AA Artificial aging - 

Rp0.2 Yield strength MPa 

Rm Ultimate tensile strength MPa 

A5 Ductility of short test rod % 

A10 Ductility of long test rod % 

TM Melting point K 

HCM Horizontal casting material - 

EXT Extrusion - 

h Deformation degree % 

h0 Degree of discrete deformation % 

A Ductility % 

Z Area reduction % 

PO Transection - 

PR Cross section - 

EBSD Electron backscatter diffraction - 

BSE Back-scattered electrons - 

UFG Ultrafine Grained - 



SPD Severe plastic deformation - 

HKL Miller indices - 

SEM Scanning electron microscope - 

HAGB High-angle grain boundary - 

LAGB Low-angle grain boundary - 

HV Vickers hardness - 

HV1 Vickers hardness  load 1 kgf - 

HV1 Average value of Vickers hardness  load 1 kgf - 

 Incremental value of Vickers hardness  load 1 kgf - 



Introduction 

In the automotive industry, great emphasis is placed on reducing fuel 

consumption and resulting emissions. For this reason, we are looking for a ways 

to lighten the construction of the car. Therefore, aluminum alloys are increasingly 

used. In the automotive industry, these are mostly Al-Mg-Si alloys. 

The thesis was initiated by Strojmetal Aluminum Forging s.r.o. Because 

of the topic is extensive, three people participated in the experimental part. Besides 

 

The subject of this master thesis is the observing of the influence 

of deformation and repeated deformation on recrystallization and mechanical 

properties of the alloy EN AW 6082, which is delivered in two different manufactured 

semi-finished products. Half of the semi-finished products were produced 

by extrusion and the other half by horizontal continuous casting (HCM). 

Semi-finished products were free forged to different degrees of deformation, 

discrete deformation was performed on a part of the samples. A sample with 

or without heat treatment was prepared for each degree of deformation. 

The aim of the thesis is to evaluate the macrostructure. Microstructure 

evaluation on both light microscopy and EBSD. Evaluation of mechanical properties 

by tensile test and hardness measurement. 

  



THEORETICAL PART 

1 Property of aluminum and its alloys 

1.1 Pure aluminum 

Technically pure aluminum has an aluminum content 99% and above. 

The mechanical properties of aluminum are not sufficient for the vast majority 

of construction applications, and therefore its alloys are used which achieve 

significantly better properties. However, aluminum has excellent formability, 

conductivity and corrosion resistance. Therefore, pure aluminum is mainly used 

in the power industry for conductors and components of electrical installations. 

It is also used as a packaging foil because it is not toxic, and the formability allows 

the production of foils. Aluminum can also be used for cladding as a form 

of corrosion protection and is also used for lightly stressed parts for an attractive 

appearance. [1] [2] 

1.2 Physical properties of aluminum 

Tab. 1 lists some physical properties of aluminum. Aluminum has a cubic K12 

grating, which makes aluminum and its alloys have good plastic properties both hot 

and cold environment. Slip planes are {111}, slip directions <110>. 

Table 1 - Selected physical properties of aluminum [1] 

Quantity Value Unit 
Atomic number 13 - 

Relative atomic mass 26,982 - 
Crystal lattice K12 - 

Lattice parameter 0,404958 nm 
Density 2.  -3 

Melting temperature 660.37 (Al 99,996%)  
Boiling point 2494  

Thermal conductivity  -1 -1 
Heat capacity 0.9 -1 -1 

Volume change during 
crystallization 6.5 % 

Electric resistance 26.2 (Al 99.   
Superconductivity temperature 1.2 K 

Modulus of elasticity 70 GPa 

 

 



Tab. 2 shows the thermal expansion values of aluminum at different 

temperature intervals. These values are important for aluminum construction 

purposes. 

Table 2  The thermal expansion values at different temperature intervals [1] 

Temperature interval  Average coefficient  

-200 to 20 18.0 

-150 to 20 19.9 

-50 to 20 21.8 

20 to 100 23.6 

20 to 200 24.5 

20 to 300 25.5 

20 to 400 26.4 

20 to 500 27.4 

1.2.1 Divide of aluminum alloys 

Aluminum alloys can be divided according to the phase diagram 

with the alloying element. For simplicity, a binary diagram is shown in Fig. 1, 

but for alloys with multiple alloying elements, must be used multi-component 

diagrams, for example, a ternary diagram is used for two alloying elements. 

Aluminum alloys can be divided from two points of view, the eventualities of heat 

treatment 

and their utilization.  

Figure 1  Divide of aluminum alloys [3] 

The first division in terms of heat treatment is the ability to solution heat 

treatment. According to Fig. 1, the alloy that can be solution heat treated must 

contain an enough alloying elements 

The solution heat treated alloys are in the binary diagram Fig. 1 between points 



F' and F. Non-solution heat treated alloys are located between pure aluminum 

and point F'.  

The second division is their utilization. Alloys are divided into wrought and cast. 

For 

microstructure. In the binary diagram they are located between pure aluminum 

and point F. From point F onwards, these alloys are referred to cast. Cast alloys 

contain a greater number of alloying elements, which usually leads to the formation 

of hard and brittle phases that impair formability. To improve the cast ability, 

it is desirable to engender a eutectic. [2] [3] 

The Tab. 3 shows how many alloying elements content the alloys 

which are used for forming and casting. 

Table 3 - Maximum content of alloying elements [1] 

Alloying 
element 

Wrought alloys 
[%] 

Casting alloys 
[%] 

Cu <6 <12 

Mg <8 <11 

Mn <2 <2 

Si <1 <25 

Zn <8 <6 

Fe <0,5 <1,6 

 



2 Series 6000 

The main alloying elements of the series are magnesium and silicon. 

These alloys have excellent formability and weldability, excellent corrosion 

resistance and good machinability. They are used as components in vehicles, bridge 

constructions and sports equipment. [1] 

2.1 System Al-Mg-Si 

The ternary system Al-Mg-Si is one of the simpler angling diagrams. The solid 

aluminum solution is in equilibrium with the Mg2Si phase. Thanks to this phase, 

these alloys are heat-treatable, and in terms of mechanical properties, it depends 

on the amount of Mg2Si phase. No other ternary phases were detected 

in this system, Al-Mg-Si. Stable phases of this system are shown in Tab. 4. Silicon 

occurs in ternary equilibria in elemental form. [1] 

Table 4  Solid phases in the Al-Mg-Si system [1] 

           

Phase   Al3Mg2  Al30Mg23  Al12Mg17  Al5Mg4  Mg2Si 

  < 450   <460     <1085 

The magnesium and silicon atoms in the aluminum solution attempt to form 

Mg2Si phase precipitates. The maximum solubility of the Mg2Si phase is 1.85% 

Mg2Si phase, magnesium and silicon are in a ratio of 1.73:1. 

If the Si content is higher than the Mg:Si concentration ratio = 1.73, the solubility 

of the Mg2Si phase in the solid aluminum solution decreases. The ratio 

between magnesium and silicon is more important for the properties of alloys 

than the actual content of both elements. [1] 

 



2.2 Alloying elements of alloys series 6000 

In Tab. 5 are shown the intervals of alloying elements that occur 

in these aluminum alloys. 

Table 5 - Alloying intervals for wrought alloys 6000 series [1] 

Alloying element Quantity [%] 

Mg 0.2  1.5 

Si 0.2  2.0 

Mn 0  1.5 

Cr 0  0.5 

Cu 0  2.0 

Zn 0  2.5 

B 0  0.3 

Ti 0  0.3 

Zr 0  0.3 

Pb 0  1.0 

Bi 0  1.0 

Sn 0  1.0 

The following overview describes the effect of additional alloying elements 

for the 6000 series. [1] [4] [5] 

Boron - softens the structure, increases the ability of Al to capture neutrons. 

Bismuth - is added for better mechanical machinability. 

Chromium - is added to make the recrystallization process more difficult and reduce 

the critical cooling rate, reducing electrical conductivity. 

Copper - is added to increase strength properties, reducing corrosion resistance. 

Manganese - is added to increase strength properties, increase recrystallization 

temperatures, grain refinement, blocking grain growth in case of its excretion in the 

form of dispersed precipitates and to suppress the excretion of Fe in the plate shape. 

Lead - is added for better machinability, Al-Cu-Mg alloys may cause heat cracking 

due to segregation during recrystallization. 

Tin - increases strength properties and speeds up the aging process. 

Titanium - is added with boron to refine the structure. Fine intermetallic phases 

of TiB2 are formed. 

Zinc - increases strength properties. 

Zirconium - creates fine precipitates that block recovery and recrystallization 

processes. 



Depending on the amount of magnesium and silicon and their relative ratio, 

it can be divided into three groups. 

In the first group, the total amount of silicon and magnesium does not exceed 

1.5%. The two main elements are in an equilibrium Mg:Si ratio of 1.73 or with a slight 

excess of silicon. The first group includes alloy 6082, which is the subject 

of this thesis. The advantage of this alloy is that in solution annealing a temperature 

during cooling. This means that it is possible to allow the alloy to cool in air 

after solution annealing. It achieves good strength and ductility and excellent 

corrosion resistance. [1] [4] [5] 

The second group contains 1.5 % or more magnesium. Excess magnesium 

provides better corrosion resistance but deteriorates formability over alloys 

with excess silicon. In addition to silicon, other elements such as copper are added. 

Copper increases the heat treatment strength. Elements such as manganese, 

chromium and zirconium are used to obtain a fine grain structure. [1] 

The third group contains more Mg2Si phase than the first two groups. 

An excess of silicon increases the strength of the alloy, which contains 0.8 % Mg2Si 

by 70 MPa, but worsens the weldability over the alloys of the first two groups. 

The addition of lead and bismuth improves machinability. [1] [5] 

2.3 Alloy EN AW 6082 

The main alloying elements are silicon, magnesium and manganese. 

The chemical composition of the alloy is shown in Tab. 6. [6] 

Table 6 - Chemical composition of EN AW 6082 alloy in weight % [6] 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.7  1.3 0.5 0.1 0.4 - 1 0.6  1.2 0.25 0.2 0.1 residuals 

This alloy is widely used in lightweight construction due to the combination 

of good strength and low weight. After a heat treatment, the yield strength value 

is at the level of steel S235. Other properties of this alloy are good formability, good 

weldability by all common welding processes, it is suitable for machining and has 

excellent corrosion resistance, even in marine environment. Corrosion resistance 

can be further improved by anodic oxidation. This alloy is used in engineering, 

automotive, construction, or hydraulic and pneumatic components. [1] 



In Tab. 7 are shown mechanical properties depending on the heat treatment 

method.  

Table 7 - Mechanical properties of alloy EN AW 6082 depending on the heat treatment [6] 

  Annealed Annealed + NA Annealed + AA 

Rp0,2 [MPa] max. 110 110 255 

Rm [MPa] max. 160 205 310 

A5 (A10) [%] 13 (15) 12 (14) 9 (10) 

 



3 Strengthening mechanisms 

Strength is one of the basic characteristics of a material. It is a function 

of the binding forces, structure and chemical composition of the material. In general, 

higher strength is found in metals which having a higher melting point.  

Aluminum has a relatively low melting point, a relatively high thermal 

expansion coefficient, and the bonding energy between the aluminum atoms 

is not great. This results in low strength characteristics. [2] [7] [8] 

The strength of the pure metals is very often lower than that required 

for their application. For this reason, it is necessary to look for ways to increase 

this strength. For pure metals, strength can be increased by cold forming 

or by reducing grain size. If a higher strength is required, it is necessary to switch 

from pure metals to the alloys. Alloy strength can be increased by alloying or heat 

treatment. It is therefore advisable to combine several methods, such as alloying, 

forming, grain size control or heat treatment, for optimum properties. [2] [7] [8] 

Strengthening of the material can be characterized as an increase 

in resistance to the occurrence and movement of dislocations. The stress required 

to effect plastic deformation depends on the type, amount, and distribution 

of obstacles that prevent dislocation movement. The barriers to movement 

of dislocations include dislocation networks, grain boundaries and sub-grains, 

atoms alloying elements or precipitates. The following subchapters describe 

the impact of individual obstacles on the increment of the strengthening. [2] [7] [8] 

3.1 Dislocation hardening 

Dislocation hardening is based on the interaction of movable dislocations 

with embedded dislocations, dislocation clusters and dislocation networks 

and depends on the amount of dislocations in the material. The number 

of dislocations is characterized by the density of dislocations. Dislocation density 

is the total length of dislocation lines in a unit of volume. 

 

volume. 

 



The increment of dislocation hardening can be expressed by relation 

 

.5 to 1, G is the shear 

 

Dislocation hardening is related to grain boundary hardening because 

dislocation is inversely proportional to grain size. 

 

z is grain size.  

For aluminum and its alloys, it should be noted that dislocation hardening 

is affected by the specific energy of the stacking fault. Aluminum is a metal that has 

a high energy of stacking fault  = 2.10 5 . 2, with a narrow band of stacking fault. 

This means that the mobility of dislocations by cross slip is easier than for metals 

with low energy of stacking fault such as a steel. The resulting hardening 

will not be as pronounced as for low energy stacking fault. [2] [8] 

3.2 Grain boundary hardening 

The polycrystalline material is composed of differently oriented grains 

separated by boundaries. Grain boundaries are an obstacle to the movement 

of dislocations; The influence of grain boundaries on mechanical properties can 

be expressed by grain sizes. In general, the smaller the grain, the larger 

the proportion of boundaries. The finer the grain, the better the strength and plastic 

properties.  

Due to the influence of grain size on yield strength and hence grain boundary 

strength, the Hall-Petch relationship was derived. 

 

where Re 0 is the stress for the movement of dislocations 

within the grains, Kz expresses the effect of the grain boundary on the induced slip 

in adjacent grains, dz is the mean grain size. [2] [8] 

 



Fig. 2 shows the yield strength dependence on the grain size for copper 

and aluminum. It is apparent from this dependence that the effect of grain size 

is not as pronounced in the case of aluminum as it is in copper. [9] 

 

Figure 2 - Dependence of yield strength on the grain size of aluminum and copper [9] 

3.3 Hardening by alloying 

Strengthening with alloying elements and increasing the yield strength can 

be obtained if the alloying element atom distorts the basic metal lattice. This means 

that atoms of other elements act as sources of stress fields in the matrix. Depending 

on the size of the aluminum radius rAl and the radius of the alloying element rx, tensile 

or compressive stresses arise. The interaction of the stress fields of the atoms 

of the alloying element leads to an increase in the slip stress, in other words 

an increase in the strength properties. Fig. 3 shows the dependence of the elements 

on increasing the strength of aluminum.  

 

Figure 3 - Influence of element content on the increase of aluminum strength [9] 



The Tab. 8 shows the difference in the radius of the alloying element 

and the aluminum, as well as the increase in yield strength and strength 

as a function of the concentration of the alloying element. [2] [8] [9] 

Table 8 - Influence of alloying elements on substitutional reinforcement of aluminum [1] 

Element 
rX-rAl 

[%] 
Rp0,2 

[MPa/Wt%] 
Rm 

[MPa/Wt%] 

Si -3.8 9.2 39.6 

Zn -6 2.9 15.2 

Cu -10.7 13.8 43.1 

Mn -11.3 30.3 53.8 

Mg 11.8 18.6 50.3 

 The increment of alloying hardening can be expressed as follows formula 

 

Where  is the proportionality constant of the alloying element, 

c is the concentration of the alloying element, m ranges from 0.5  1. [8] 

3.4 Precipitation hardening 

The precipitates are formed by the decomposition of the supersaturated solid 

solution. A stress field is created around the precipitate which retards the movement 

of dislocations. The finer the particles and the smaller their distance, the greater 

the effect on the reinforcement. Depending on the coherence of the interface 

between the precipitates and the matrix, the dislocation interaction proceeds 

according to either the Friedel or Orowan mechanism. Fig. 4 shows dependence 

of stress for dislocation passage on particle size. The critical particle size 

corresponds to the maximum strength increase, and as the particles grow further, 

the strength decreases. [2] [8] 

 

Figure 4 - Stress for the passage of the dislocation through the particle depending 
on the particle diameter [8] 



The Friedel mechanism assumes that the particles have a coherent 

or semi-coherent interface. The particles are small, and the dislocation passes 

through the particle. Fig. 5 shows the passage and intersection of a particle 

by dislocations. [2] [8] 

 

Figure 5 - Friedel mechanism [7] 

For coherent and semi coherent particles, the stress relation for dislocation 

passage applies 

 

where  is the critical stress,  is the slip stress of the base matrix, 

G is the shear modulus,  the lattice mismatch parameter. 

 

where a' is the lattice parameter of the particle, a is the lattice parameter 

of the base matrix. 

 



The Orowan mechanism applies when the particles reach a critical and larger 

size, an incoherent interface is created, and the dislocations no longer pass through 

the particles but bypass them. Fig. 6 shows extrusion of dislocation through particles 

to form dislocation loops. 

 

Figure 6 - Orowan mechanism [7] 

For non-coherent particles, the stress relation applies to the movement 

of dislocation across the particles. 

 

where  is the critical stress,  is the slip stress of the basic matrix, 

G is the Shear modulus, b is the Burgers vector,  is the interparticle distance. [2] 

[8] 

 



4 Recovery and recrystallization 

During the deformation of metals, a part of the deformation energy is absorbed. 

This energy is called stored energy. The stored energy causes the growth of internal 

energy and therefore the metal gets into an unbalanced metastable state.  

During subsequent heating, the metal tendencies to return to equilibrium state 

before deformation. The stored energy is re-released and is the driving force 

of the relieving processes. The deblocking processes are divided into a two 

processes, recovery and recrystallization. 

Recovery is characterized by the elimination of redundant point disturbances 

to the equilibrium concentration and a partial reduction in the density of dislocations 

and their arrangement in the energy-favorable state.  

Recrystallization is characterized by the formation of new grains in the original 

deformed structure with a significant reduction in dislocation density 

and a significant change in mechanical properties.  

Depending on the deformation temperature, the hardening and softening 

processes are further divided into static and dynamic. Static processes take place 

during the heating of the cold-formed metal. Dynamic processes take place during 

hot forming and at the same time hardening and softening processes. In addition 

to dynamic recrystallization and recovery that take place directly during deformation, 

the structure is also affected by post dynamic recovery and recrystallization 

that occurs immediately after deformation and static recrystallization and recovery, 

which begins to appear a few seconds after the deformation. [8] [10] [11] 

 



Fig. 7 shows the course of the structural changes during recovery 

and recrystallization and the change of properties during a softening. [12] 

 

Figure 7 - Change of selected mechanical properties depending on temperature [12] 

It can be seen from Fig. 7 that the physical properties and the slight mechanical 

properties change during the recovery. Recrystallization significantly influences 

mechanical properties. [8] [12] 

 



4.1 Recovery 

Recovery takes place in the temperature range of 0.25 to 0.30 TM. During 

the recovery, the deformation structure is maintained, and new undeformed grains 

are not formed. During the recovery, sub structural changes occur, decrease 

of concentration of point defects, dislocation density decreases and their 

arrangement changes. 

The first phase of recovery is the recovery of point defects. The second 

and most important phase is polygonization, which may not always occur. [2] [8] [11] 

4.1.1 Recovery of point defects  

Reducing the excess concentration of point defects during annealing back 

to equilibrium concentration is accomplished by thermally activated migration 

of defects to burrows and their disappearance. The rate of recovery of point failures 

during annealing can be described by relation 

 

where c is the point defects concentration, t is the annealing time of reaching 

the concentration c, 0 is the temperature and concentration independent constant, 

is the activation enthalpy,  is activation enthalpy, R is gas constant, 

[2] [8] [11]  

4.1.2 Polygonization 

During polygonization, part of the dislocations abolished and their arrangement 

changes. Part of the dislocations of the same sign are arranged 

in the dislocation walls and thus assume stable positions. By arrangement 

in the dislocation walls, sub-grains are formed separated by low-angle boundaries. 

Taking stable positions reduces the stored energy and eliminates the curvature 

of the lattice. Fig. 8 shows the process of polygonization. [2] [8] [10] [11] 



 

Figure 8 - Schematic representation of polygonization a) deformed stage, b) recovered 
substructure [8] 

The application of polygonization is influenced by the energy of the stacking 

fault. For aluminum, which has high stratification stacking fault energy, 

rearrangement of dislocations is easier, and therefore polygonization is more 

effective. The share of energy released in the recovery phase can be up to 40%. [2] 

[8]  

 



5 Recrystallization 

Recrystallization takes place in the temperature range of 0.35 to 0.45 TM. 

During recrystallization, new polyedric grains with a low concentration 

of imperfections are formed from the deformed grains. Recrystallization releases 

the rest of the stored energy. Recrystallization is a process in which high-angle grain 

boundaries move. Wide angle boundaries range from lower dislocation density sites 

to higher dislocation density sites. The movement of high-angle boundaries leads 

 

into moving boundaries. The dislocation density gradually decreases to the value 

that was in the metal before plastic deformation. These processes are accompanied 

by a significant decrease in strength and hardness, an increase in ductility 

and toughness. [2] [8] [10] [11] 

5.1 Mechanism and kinetics of recrystallization 

Recrystallization is usually divided into primary recrystallization, grain growth 

and subsequent processes, which are called secondary or tertiary recrystallization.  

5.1.1 Primary recrystallization 

Most often it occurs by the formation and growth of recrystallizing nucleuses 

of the same crystalline lattice. After very small plastic deformations, no new 

nucleuses are formed, and the recrystallization is affected by migration 

of the original high-angle grain boundaries or parts thereof. Both cases 

are discontinuous recrystallization. 

There is also a discontinuous primary recrystallization where the consolidation 

processes take place simultaneously throughout the sample volume. This occurs 

when the braking forces due to precipitation and segregation exceed the driving 

force of recrystallization. The stiffening process is controlled by the formation 

and distribution of the precipitate and no high-grain boundaries migrate. 

Classical discontinuous primary recrystallization is divided into two phases, 

nucleation and grain growth. It lasts until the deformed structure is replaced 

by growing grains, the grains touching each other. 

There are several classical models for the process of the  formation 

of new recrystallized grains. The most commonly used models include the model 

of sub-grain growth by migration of their boundaries, the model of merging 



of sub-grains and the model of deformation-conditioned migration of grain 

boundaries. 

The model of nucleation of new grains by sub grain growth by border migration 

assumes that the nuclei are based on small deformation-free polygonal sub grains. 

The low-angle boundary moves and gradually turns into a high-angle boundary. 

The resulting formation becomes the nucleuses. 

The model of coalescence of sub grains assumes that sub grains begin 

to combine by gradually breaking down the low-angle boundaries between them, 

while aligning the original mutual disorientation, by rotating the sub grains. 

This process is completed by the creation and growth of the external high-angle 

boundary. A recrystallization nucleus is formed. 

The model for the formation of nucleuses in low-deformed polycrystalline 

metals is based on the notion of migration of a part of the original boundary 

that deflects in the form of a spherical cap Fig. 9. The driving force of the spherical 

cap migration is the energy proportional to the difference of dislocation densities 

on both sides of the border. Multiple sub-grains may be involved in the process. [2] 

[8] [10] [11] 

Figure 9 - Scheme of deformation-indicated deflection of the original grain boundary [8] 

It is now believed that new grains during recrystallization grow from either small 

volume of recovered sub-grains or sub-structural grains with low dislocation density, 

which are always present in the deformed structure. These formations become 

nucleuses and begin to grow when they acquire the necessary disorientation 

and size. Nucleation is retarded by foreign atoms in solid solution and fine particles. 

The nuclei growth phase is followed by the grain growth phase. However, 

the separation of the two phases is very difficult. If the growth of all grains is uniform, 

the completion of the primary recrystallization is considered to have reached 

 



After the primary recrystallization phase, the grain coarse phase begins. 

The driving force of the process is the reduction of total grain boundary energy. 

There is also, the braking effect of foreign atoms, especially impurities, 

which are excreted at the grain boundaries, is apparent. 

For the evaluation of recrystallization, the total kinetics of the recrystallization, 

which can be expressed by the Avrami phenomenological equation 

 

where X is the fraction of transformation, t is function of time, k and n 

are time-independent constants for the particular reaction. The temperature 

dependence of the coefficient X can be expressed by the relation 

 

Where X0 is the temperature independent constant, HR is the activation 

enthalpy of recrystallization, R gas constant, T temperature. 

After double logging and adjustment, we obtain the dependence 

of the recrystallized fraction on time, expressed by lines with the slope of the 

exponent n. 

 

Which is in the called Avrami coordinates  versus log t the equation 

of the line whose slope is the kinetic exponent n. 

Fig. 10 shows the theoretical curves of the recrystallization curve. Real 

recrystallization curves cannot be described with just one straight line, but more 

breaks occur with decreasing n values. It was assumed that the grain boundary 

migration rate was constant during recrystallization and its mechanism 

did not change. In fact, however, the rate of migration is declining, 

and the mechanism is also unchanged. At the final stage of the process, nucleation 

ceases and the recrystallization is completed by the nucleation-free mechanisms, 

by the ingrowth of the recrystallized grains into the remnants of the extruded matrix. 

[2] [8] [10] [11] 



 

Figure 10 - Theoretical curves of recrystallization kinetics [8] 

5.1.2 Secondary recrystallization 

This process does not always occur and is characterized by the growth 

of some grains at the expense of neighbors. This results in local grain coarsening. 

The start of secondary recrystallization is very slow. Grains that grow at the expense 

of adjacent grains are larger than the surrounding grains, having a significantly 

different orientation from both the surrounding grains and the texture of the matrix. 

Significant growth of these grains occurs by inhibiting the growth of other grains 

by particles of another phase deposited at their boundaries, or by the presence 

of a distinctive primary recrystallization texture. The secondary recrystallization 

temperature is specific to each material. The driving force of secondary 

recrystallization is about two-digit places smaller than that of primary 

recrystallization and corresponds to the energy of grain boundary migration 

at primary grain growth. 

For very thin sheets, extraordinary grain growth can occur, the enlargement 

of which is associated with an increase in the free surface. This process is called 

tertiary recrystallization. [2] [8] [10] [11] 

5.2 Factors affecting recrystallization 

5.2.1 Material and its purity 

An important material factor is the stratification stacking fault energy. 

Aluminum has high stratification stacking fault energy and due to the easy 

movement of dislocations, polygonization is markedly applied. 

Foreign atoms in the crystalline lattice of the basic metal slow down 

recrystallization. At the same temperature, the presence of impurities causes 

an increase in the recrystallization time and an increase in the recrystallization start 

temperature. Trace number of foreign elements have the highest braking effect. 



As the amount of element increases, the effect on recrystallization is less or none. 

This means that up to a certain concentration of the element the element has 

a braking effect and at a higher concentration the element does not appear.  

The influence of individual elements in the crystal lattice is different. 

In aluminum, the iron atoms retard the recrystallization more than in the same 

amount of copper or silicon. The elements with the lowest solubility in the solid 

solution most increase the recrystallization temperature. [2] [8] [10] [11] 

5.2.2 Influence of precipitation and grain size 

In hardened alloys, recrystallization is affected by the precipitates. It depends 

on the size, amount and whether precipitation occurs before, during or after 

recrystallization. The precipitated particles can either retard or accelerate 

the recrystallization. Small particles retard recrystallization (prevent grain boundary 

migration), coarse particles accelerate it (local increase in the intensity of a stress).  

The course of recrystallization depends on the precipitation temperature. 

It is necessary to know the temperature dependence of the beginning 

of the recrystallization and precipitation. Fig. 11 is a graphical representation 

of the time of onset of recrystallization tR and the start of precipitation tP at c0 

concentration. 

 

Figure 11 - Progression of recrystallization start tR and start of precipitation tP for alloy with 
concentration c0 [9] 

The temperature TR indicates a case in which both processes start 

simultaneously and interact with the entire material volume. If the temperature 

is lower (T<TR), recrystallization is affected by the secondary phase particles. 



If the temperature is higher (T>TR), precipitation occurs in a partially or fully 

recrystallized structure. 

Grain boundaries are the preferred site of nucleation of the recrystallization 

nuclei. With the same deformation of the finer grain structure, more strain energy 

is stored, thereby increasing the driving force of the recrystallization. [2] [8] [10] [11] 

5.2.3 Extent of deformation 

During the recrystallization under small deformation (10-15%) the grains 

are growing usually rapidly, which is accompanied by a deterioration 

of the mechanical properties. Small deformations are characterized by high 

inhomogeneity of deformation, low driving force of recrystallization and grain 

coarsening after recrystallization. At deformations up to 90% the kinetic values 

increase with increasing degree of deformation due to stored energy. 

Recrystallization thus accelerates with increasing deformation. [2] [8]  

5.2.4 Temperature of deformation 

Depending on the deformation temperature, the hardening processes 

are further divided into static and dynamic. Static processes take place during 

the heating of the cold-formed metal. The dynamic processes take place during hot 

forming and the hardening and unhardening processes take place simultaneously. 

These processes are divided into dynamic recovery and dynamic recrystallization. 

[2] [8] 

5.2.5 Dynamic recrystallization and recovery 

As the deformation temperature increases, the mutual proportion 

of the deformation mechanisms changes and from a certain temperature 

also the restoration processes, whose intensity increases with temperature, start 

to apply. The restoration process can only take place partially or completely 

dynamically, during deformation. Dynamic restoration can be divided into dynamic 

recovery and dynamic recrystallization. 

Dynamic recovery is the result of simultaneous strengthening and restoration 

processes. It cannot be conceived of as a combination of previous deformation 

and subsequent static recovery. The driving force is the internal stress 

supplemented by the external stress. The main mechanism is transverse slip. 

For this reason, dynamic recovery is preferentially applied to high-energy metal 

stacking fault. 



Dynamic recovery produces sub-grains whose size and mutual disorientation 

depend on the material, temperature and strain rate. The size of the sub grains can 

be described by relation 

 

a,b are constants, Z  is a Zener-Hollomon parameter to evaluate the effect 

of temperature and strain rate. 

 

where  is strain rate,  is activation enthalpy, R is gas constant, 

T is temperature.  

This parameter includes the effect of temperature and strain rate 

and the boundary between dynamics recrystallization and recovery. Dynamically 

recovered grains are larger than those after static recovery. 

The dynamically recrystallized structure is the result of parallel strengthening 

and restoration processes. Stacking fault are preferred for low energy metals, 

in other words materials where dynamic recovery is not significantly applied. 

The difference from static recrystallization is in the kinetics of nucleation 

and subsequent growth of the recrystallization grain. The size of the dynamically 

recrystallized grains is not limited by the contact of adjacent grains. 

Due to the simultaneous deformation, the density of dislocations increases, thereby 

reducing the driving force of recrystallization. The size of the original grain does 

not affect the size of dynamically recrystallized grains, it only affects its ratio. 

The temperature and degree of deformation required for dynamic recrystallization 

are higher than for static recrystallization. Dynamically recrystallized grains 

are slightly elongated in the direction of deformation compared to static grains 

and show increased dislocations density. [2] [8] [10] [11] 

 



6 Plastic deformation 

Due to external forces the loaded specimen changes their shape. A change 

in specimen shape is called deformation. Specimen deformation can be divided 

into elastic and plastic. The elastic deformation is reversible, that is, after relieving 

the body, it returns to its original shape. Elastic deformation is expressed by Hook's 

law, where the deformation is directly proportional to the stress, up to the yield point.  

If the load is higher than the yield strength, Hook's law ceases to apply 

and the relationship between stress and strain ceases to be linear. After relieving 

deformation does not disappear and causes a permanent change in the shape 

of the specimen. This change of specimen shape is called plastic deformation. [2] 

[8] 

6.1 Plastic deformation and its mechanisms 

Plastic deformation always occurs by movement of dislocations. The basic 

mechanism of plastic deformation is slip, the complementary mechanism 

is twinning. Twinning is applied at high strain rates and low temperatures. 

At elevated temperatures other mechanisms such as grain boundary slips, diffusion 

and dislocation creep apply. Fig. 12 shows the difference between slip and twinning 

mechanism [8] 

 

Figure 12 - Slip deformation on the left, twin deformation on the right [8] 

6.2 Slip mechanism 

The slip runs in the slip planes and slip directions, which together form the slip 

system. The slip preferably takes place in the planes and directions most densely 

occupied by the atoms. For body-centered cubic lattices, are planes {110}, {112} 

and directions <111>, for face-centered cubic lattices, are planes {111} <110>, 

for hexagonal lattices, is the base plane {0001} with the direction <1120>.  



The slip is realized by moving dislocations in the slip plane of the dislocations 

in which the shear stress is greater than the critical slip stress. The dimension 

of the critical slip stress depends on the type of metal, cleanliness and condition, 

as well as the stress conditions. More slip systems, with a cubic grating of at least 

five, increment on larger deformations of the polycrystalline material, depending 

on the orientation, dimension of the force and deformation conditions. Deformation 

conditions include temperature, dimension and rate of deformation. Aluminum, like 

silver, gold or nickel, has a face-centered cubic lattice that has 12 slide systems. [2] 

[8] [13] 

6.3 Twinning mechanism 

Twinning is a deformation mechanism effected by the passage of partial 

dislocations through the crystal. Partial dislocation is characterized by a Burgers 

vector that is smaller than the translational lattice vector. In twinning, a segment 

of the crystal lattice is shifted to make a mirror image of the non-moved segment 

of the lattice. Atoms are displaced only by fractions of interatomic distance. Twinning 

usually occurs in a series of parallel slip planes. Since the critical twin stress value 

is higher than the critical slip stress value, slip deformation is preferable, twinning 

is used as a complementary deformation mechanism where there are not enough 

slip systems. For metals that have high stacking fault energy, twins are usually 

not formed. Twinning is proceed by low deformation temperature and high strain 

rate. [2] [8] [13] 

6.4 Deformation energy  

During plastic deformation a part of the deformation energy is absorbed 

in the metal and thus the internal energy increases. This change in internal energy 

is called stored energy. The stored energy is released during the annealing 

and serves as a driving force of the disengagement mechanisms. The change 

in internal energy by plastic deformation is influenced by the formation of crystal 

lattice defects, mainly by dislocation. The stored energy is released whole or in part 

during the recrystallization and recovery processes. The factor that affects 

the stored energy of the deformed metal is the stacking fault energy. [2] [8] [13] 

 



6.5 Deformation structure 

During plastic deformation, some of the grains rotate in the direction 

of deformation. As the deformation increases, the grain orientation is parallel 

to the forming direction, and the grain lengthens in this direction, 

even with deformable particles and phases in the material. Since the individual 

grains are differently oriented, there is a different plastic deformation in the individual 

grains and thus different reinforcement. Fig. 13 shows how the structure is deformed 

from an equiaxial grain arrangement.  

 

Figure 13 - Representation of deformation structure formation [13] 

We can divide the methods of aluminum forging into two categories, hammer 

forging and die forging. In the hammer forging, repeated blows are applied only 

to a portion of the surface of the material, while the die forging causes one or more 

blows to apply to all or almost the entire outer surface of the workpiece. [2] [8] [13] 

6.6 Homogeneity of deformation 

The final properties of forgings are influenced by all technological operations 

during production. Especially in the case of hardened alloys, a significant 

inhomogeneity and anisotropy of the structure and properties must be taken 

into account, as in the case of compacts. In forgings the material flow varies 

in different parts of the cross-section, which complicates the evaluation 

of properties. Therefore, it is usually necessary to precisely define the sampling 

points, considering how the forging will be stressed and where its critical point is. 

In semi-finished products made of cast material, the most important 

for its resulting properties is the removal of the casting structure by sufficient 

deformation. If the forging is followed by die forging, there is no risk of insufficient 

deformation. 



In the case of free forging, it is necessary to include inter-operative annealing 

to restore the deformation ability. In these cases, it is necessary to select the forming 

process that prevent grown of zones with a critical amount of deformation, 

which leads to local coarsening of the structure. 

Coarse-grained recrystallized layers are a common problem in die forgings. 

These layers are usually on the forging surface and are formed by long elongated 

grains in the direction of the material flow. These areas have lower mechanical 

properties, fatigue properties and corrosion resistance. [1] [2] 

6.7 Influence of temperature on plastic deformation 

Plasticity is the ability of a material to plastically deform to the extent 

of exceeding the yield point until failure of the material. On the other hand, formability 

is much more useful. Formability is the ability of a body to deform plastically 

under certain forming conditions. The formability depends on the plasticity 

of the material, the geometry of the molded body and the forming conditions. [2] 

6.8 Deformation resistance 

The term deformation resistance is used instead of the critical contractual 

stress in describing the forming. The deformation resistance is an internal stress 

that arises as a reaction against external forming forces. The internal stress shall 

be such as to cause plastic deformation. The deformation resistance depends 

on the temperature, strain rate, dimension of deformation and influence 

of deformation strengthening. [2] 

 



7 Heat treatment of aluminum alloys 

There is no fundamental difference between the heat treatment of the alloys 

for forming and casting; According to SN 42 0056, heat treatment of aluminum 

and its alloys can be defined as: "Process in which a product or part thereof 

is subjected to one or more annealing cycles in order to achieve the desired 

structure/substructure and properties" [14] 

Heat treatment of aluminum can be divided into two groups: 

 

 Solution heat treatment 

7.1 Annealing 

Annealing is a kind of heat treatment aimed at obtaining a state of material 

that is close to equilibrium. The annealing process is shown in Fig. 14. It shows 

the dependence of the product temperature on time. 

The annealing process consists of three parts - heating, soaking and cooling. 

The course of annealing depends mainly on the chemical composition of the alloy 

and the type of annealing.  

Heating is a process in which the temperature of the product is raised 

to the annealing temperature. The heating rate is characterized by a rise 

in temperature versus time. 

Soaking is a process that takes place at the desired annealing temperature 

for the time required to make the desired changes to the product material. 

Cooling is a process in which the temperature of the product is reduced 

from the annealing temperature. The cooling rate is characterized by a decrease 

in temperature versus time. [1] [2] 

 

Figure 14  The annealing process [1] 



7.2 Solution heat treatment 

Solution heat treatment is a heat treatment that is used to obtain high strength 

properties of aluminum alloys. The aim of this heat treatment is to eliminate fine 

precipitates in the base metal matrix. The basic preconditions for an alloy 

to be curable are: 

The alloy must contain sufficient alloying element (s). 

The alloying element (s) must have sufficient solubility in alpha solid solution. 

The solubility of the alloying element (s) must increase in alpha solid solution 

with increasing temperature. 

The mechanical, physical and technological properties of alloys can 

be changed to a considerable extent by solution heat treatment. The condition 

is that these alloys have a significant change in the solubility of the alloying element 

at temperature in terms of the respective equilibrium diagram. This process consists 

of two parts - solution annealing and aging. [1] [2] 

7.2.1 Solution annealing 

Solution annealing is heating to a dissolving temperature, soaking 

at that temperature for a time that is required to convert one or more 

of the intermetallic phases into a solid solution, and then cooling at a supercritical 

rate necessary to obtain a supersaturated solid solution. The critical rate 

is the lowest possible cooling rate at which the supersaturated solid solution does 

not decompose. [1] [2] 

7.2.2 Aging 

It can be done at room temperature - natural aging, or at elevated temperature 

- artificial aging. For technological reasons, may be used gradual aging. During 

aging, the subculture changes and with it the physical technological and mechanical 

properties change. [1] [2] 

7.2.2.1. Artificial aging 

In Al-Mg-Si alloys, the release of the supersaturated solid solution is achieved 

only by artificial aging. These alloys are sensitive to the delay between cooling 

from solution annealing temperature and the start of artificial aging to achieve 

maximum strength properties. One possibility is to perform artificial aging 



immediately after cooling from the solution annealing temperature, and the other 

is to perform them after a longer period. [1] 

In Al-Mg-Si alloys, the supersaturated solid solution release as follows. 

     

where  is a supersaturated solid solution, GPZ I is disorganized 

needle-shaped zones, GPZ II is ordered needle-shaped zones,  'is an intermediate 

semi-coherent phase,  is an equilibrium non-coherent Mg2Si phase. 

 

 



EXPERIMENTAL PART 

Forging production is a technologically demanding process whose aim 

is to achieve the best possible structural characteristics and thus the final properties 

of the manufactured part. The main parameters are the deformation temperature, 

the magnitude of the deformation, the number of deformation cycles, the rate 

of deformation and also the method of cooling. Very important in this case 

is the semi-finished product, whose structure is influenced and significantly changed 

by forming. The aim of this work is to evaluate the influence of deformation 

parameters on the resulting structure and mechanical properties. The semi-finished 

products are round bars manufactured by horizontal continuous casting 

or by extrusion. A 48 metallographic samples were produced from 24 semi-finished 

products. Due to its extent, the experimental part was divided among more students. 

My colleagues, who cooperated on the experiment, were Ing. 

(already graduated  

 



8 Samples preparation 

8.1 Input parameters of semi-finished products 

Input parameters of semi-finished products for the processing of test samples 

are given in Tab. 9. 

Table 9  Input parameters of the semi-finished products 

Diameter 50 mm 

Length 100 mm 

Material EN AW 6082 
Production 
technology HCM/EXT 

Heat treatment  From production 

8.1.1 HCM 

This technology is used only for large-scale production. The producing smaller, 

thin-walled and structurally complex castings with exact dimensions and excellent 

surface quality are produced. It is mainly used for non-ferrous metal alloys 

with medium casting temperatures (aluminum, zinc, magnesium). It is mainly used 

in the automotive and aerospace industries. 

Characteristic of this manufacturing process is the filling of the mold cavity, 

with a melt at a temperature lower than the liquidus temperature, through an inflow 

system with very small cross sections at high speed. For aluminum alloy castings, 

cold chamber pressing machines are used. 

8.1.2 Extrusion 

Together with rolling it is the most used method of forming aluminum alloys. 

Advantages of extrusion include the production of different types of extrusions 

in a small number of operations with a simple or complex cross-section. 

Furthermore, high accuracy, high-quality surface is achieved and a quick change 

of product range is possible. The disadvantages of this technology are the inability 

to mold the entire material volume and the short tool life of the dies. Aluminum alloys 

are very different in hot deformation behavior and therefore one universal method 

cannot be used. 

Pressing takes place on semi-continuously cast round ingots, which have been 

heated to the required temperature at which no cracks are formed yet. 

Then the ingot is inserted into the press, which was also heated to a predetermined 

temperature. Subsequently, the punch pushes the ingot through the die. [3] [11] 



8.2 Free forging of the samples 

The experimental process was designed and built with respect 

to the similarities with the actual course of the forming operations and the heat 

treatment of the alloys. The aim was to achieve partial states 

into which the semi-finished product reaches during its processing. At the same time 

to map the processes leading to the final properties of the finished product. 

8.3 The variants of the free forging 

Free forging was running by compressing a cylinder laid between horizontal 

anvils. A deformation of 50 mm diameter is defined according to the desired upset 

height as the ratio of upset height to the original dimension. The relation 

for the calculation is expressed as 

 

where 0 is the original diameter and 1 is the height after the first deformation. 

For a modified relationship then applies to repeated deformation 

 

where 0 is the original diameter, 1 is the height after the first deformation 

and 2 is the height after the second deformation. 

Samples for the experiment were made from semi-finished products deformed 

according to the following parameters that are shown in Tab. 10. 

Table 10  Parameters of deformation 

1st deformation 
[%] 

Height after 1st 
deformation 

2nd 
deformation 

[%] 

Height after 
2nd 

deformation 
Total 

deformation Designation 
0 50 0 50 0 0 

20 40 0 40 20 2 
40 30 0 30 40 4 
70 15 0 15 70 7 
20 40 40 20 60 24 
40 30 20 20 60 42 

 

 



8.4 The parameters of free forging 

The blanks were placed in an oven and heated to a forging temperature 

horizontal anvil was clamped. The tool was 

heated to working temperature  

-finished products were 

put between straight anvils. Hardened steel plates were inserted between the anvils 

to achieve the desired upset height.  

The repeat deformed specimens were cooled in air after its first deformation, 

then reheated and forged to the desired height. After the forging process, 

the samples were cooled in air. After the cooled down, half of the samples were heat 

treated. 

8.5 The parameters of heat treatment 

Solution annealing: t  

Solution annealing time = 60 minutes 

Delay between solution annealing and artificial aging: 24 hours 

7 hours 

 



9 The evaluation of the macrostructure 

The problem of die forgings made of aluminum alloys is the formation 

of a coarse-grained layer in the area of critical deformations, in the surface layer. 

Al-Mg-Si alloys, such as EN AW-6082 are susceptible to the formation 

of coarse-grained surface layers. These layers cannot be removed by heat 

treatment, on the contrary, the coarse-grained areas can become larger. Areas 

of the coarse-grained surface layer have lower mechanical, fatigue properties, have 

lower corrosion resistance and deteriorate the forging surface quality. 

The cutting and milling process is followed by an acid pickling process. 

The acid pickling procedure is as follows: the scratch pattern is first immersed 

in sodium hydroxide (NaOH), followed by rinsing with water, immersed in nitric acid 

(HNO3) and finally rinsing with water. 

Observing of the acid pickled semi-finished products was found, that only 

the semi-finished products produced by the extrusion method exhibit 

the susceptibility to recrystallized coarse-grained layers, not the semi-finished 

products produced by the HCM, as it shown in Fig. 15. The recrystallized 

coarse-grained layer in extruded samples increases with both deformation and heat 

treatment application. 

 

Figure 15  EXT sample is shown on the left, HCM sample is shown on the right 

A more detailed evaluation of macrostructure is included in the thesis 

. 

 



10 Metallography 

The microstructure was evaluated in the cross-section and transection 

directions in the core area and at the surface of each variant of forged samples. 

In order to observe the structure on an optical microscope, it was necessary 

to prepare a scratch pattern. The scratch pattern preparation process consists 

of sample separation, pressing, grinding, polishing and etching. 

10.1 The cutting of the material 

The circular saw LECO MSX255 was used for cutting a samples. The disc 

811-077-110 which is designed for cutting non-ferrous metals was used for all 

the samples. Also, a cutting fluid was used for all samples. 

Fig. 16 and 17 show how the preparation of the samples to be pressed was 

performed. Area A indicates the observation point in the transection, 

area B indicates the cross section. 

 

Figure 16 - Scheme of sample preparation procedure 

 

Figure 17 - Area A indicates a transection, Area B indicates a cross section 



10.2 The pressing 

The samples were pressed into a Bakelite mass using a LECO PR 4X 

machine. 

Pressing parameters: Powder - Black Bakelite Powder, pressing temperature 

- 3,5 minutes. 

 

Subsequently, each sample was described to avoid confusion. 

Samples were labeled using a combination of numbers and letters as shown 

in Fig. 18. 

 

Figure 18 - Example of the sample naming 

The first position denotes the production method of the semi-finished product 

1 for extrusion, 2 for HCM. 

The second position indicates the deformation of the sample, see Tab. 10. 

The third position indicates whether it is a cross section (PR) or transection 

(PO). 

The fourth position denote is used in the case of the heat treatment "X". 

10.3 The grinding and polishing 

The grinding and polishing of the samples were performed on the LECO GPX 

300 machine. The grinding was achieved using abrasive papers from roughness 

P60 to P4000. Grinding was done manually, the speed of the sanding paper was 

200 rpm, the cooling medium was water. 

The polishing was carried out in an automatic mode, at a speed of 150 rpm 

and a pressing force of 24 N. OP-S NonDry was used as the polishing emulsion. 

Subsequently, the samples were rinsed and dried with hot air.  

 



10.4 The etching 

Etching is a very complicated process. To obtain the desired results, multiple 

etchers with variable etch time had to be used. 

Weck's reagent works best for etching to grain boundaries. The composition 

of the Weck reagent according to [1] is as follows: 100 ml of distilled water, 

4 g of potassium permanganate and 1 g of sodium hydroxide. The Weck reagent 

was in some cases combined with the Dix-Keller reagent. The composition 

of the Dix - Keller reagent according to [15] is as follows: 190 ml of distilled water 

and 5 ml of 70% nitric acid. 

The etching of the extruded samples was performed with Weck's reagent. 

The etching time was between 10-30 seconds. 

Etching of HCM samples was performed with a combination of Dix  Keller 

and Weck reagents. The etching procedure was as follows: 10 seconds 

with Dix-Keller reagent followed by 10-30 seconds with Weck reagent. 



11 The tensile test 

Among the basic and most widespread mechanical tests is the tensile test. 

The tensile test is characterized by the predominant uniaxial tensile stress causing 

elongation of the specimen. The result of this test is usually a tensile diagram 

Fig. 19 from which basic mechanical characteristics describing material behavior, 

ultimate tensile strength, yield stress, ductility, area reduction are obtained. 

 

Figure 19 - Stress strain curve for the 6082-T6 aluminium alloy [16] 

The tensile test was performed at ambient temperature according to the valid 

-1 the test was performed on a Zwick testing machine. 

[17] 

Two test specimens were prepared for each variant. Round test specimens 

with an active part with a diameter of 8 mm and a length of 40 mm were tested, 

at the ends of which there was an M10 thread for clamping into a testing machine. 

Samples were made from semi-finished products as shown in Fig. 20. 



 

Figure 20 - Place of sampling for the tensile test 

Only the results of the tensile test are given in this work

with whom we cooperated during the testing, is devoted to detailed processing 

of these results in her bachelor thesis. The results are shown in Tab. 11.  

Table 11  Results of the tensile test 

  Rp0.2 

[MPa] 
Rm 

[MPa] A [%] Z [%] 

  EXT HCM EXT HCM EXT HCM EXT HCM 

0 261 146 371 261 18 23 35 44 

2 - 115 - 194 - 18 - 49 

4 109 113 206 190 16 18 34 49 

24 109 113 187 190 18 22 37 47 

42 117 119 199 196 18 20 36 52 

7 113 144 199 199 18 19 40 53 

0X 374 358 408 358 11 16 36 34 

2X 348 363 407 363 13 12 36 34 

4X 365 366 401 366 13 13 34 38 

24X 360 371 396 371 13 13 38 44 

42X 327 365 392 365 12 14 37 40 

7x 341 361 364 361 12 16 40 49 

The results of the tensile stress tests are shown in Fig. 21 to 23. 



 

Figure 21 - Values of yield and ultimate strength for samples without heat treatment 

 

Figure 22 - Values of yield and ultimate strength for samples with heat treatment 



 

Figure 23 - Values of ductility and area restriction for all the samples 

It can be seen from Fig. 21 that the highest values of yield strength and ultimate 

strength, of the samples without heat treatment, were measured 

on the semi-finished products without any deformation - on the supplied 

semi-finished products from a production. Subsequent heating to the forging 

temperature and deformation reduces the yield strength and ultimate strength. 

The Rm and Rp0,2 values are then almost unchanged for all deformation 

and semi-finished product variants. The only visible growth was measured 

for the HCM sample with a deformation 70%, where the yield strength 

was increased. 

It can be observed from Fig. 22 that in the heat-treated samples, the yield 

strength and the ultimate strength of both semi-finished products are equalized 

with increasing degree of deformation. With a 70% deformation, these values 

are almost at the same level. 

It can be seen from Fig. 23 that in non-heat-treated samples, HCM 

semi-finished products achieve significantly higher area reduction and ductility 

values than extruded semi-finished products. For heat treated samples, the ductility 

of extruded samples slightly decreases with deformation, while for HCM samples 

it increases. The area reduction of HCM samples increases significantly 

with the deformation.   



12 The evaluation of the microstructure 

The aim of the microstructure evaluation was to get an idea of the course 

of the hardening processes in forged samples and to evaluate the structures 

in dependence on deformation. The microstructure was evaluated in the surface 

and core area of the samples. 

12.1 The light microscopy 

In light microscopy, visible light is used to create contrast. 

Due to the wavelength of visible light, the resolution of light microscopes 

 

The aim of the microstructure evaluation on a light microscope was to get 

an idea of how the structure changes according to deformation and heat treatment. 

And compare it with the second semi-finished production technique. 

The microstructure was studied in the surface and core area of forged samples. 

Fig. 24 to 29 show how the surface layer has developed for both heat-treated 

semi-finished products in dependence on deformation. 

Fig. 30 to 35 show how the core of the both semi-finished products evolved 

in dependence on the deformation. 

 



 

Figure 24  Surface of the sample 12X(EXT) 

 

Figure 25 - Surface of the sample 22X(HCM) 



 

Figure 26 - Surface of the sample 14X(EXT) 

 

Figure 27 - Surface of the sample 24X(HCM) 

 



 

Figure 28 - Surface of the sample 17X(EXT) 

 

Figure 29 - Surface of the sample 27X(HCM) 



 

Figure 30 - Core of the sample 12X(EXT) 

Figure 31 - Core of the sample 22X(HCM) 



Figure 32 - Core of the sample 14X(EXT) 

Figure 33 - Core of the sample 24X(HCM) 



Figure 34 - Core of the sample 17X(EXT) 

Figure 35 - Core of the sample 27X(HCM) 

 



The microstructures of the samples show the following trends: 

By default, the two semi-finished products differ in their structure. The extruded 

one has a deforming fibrous structure with grain elongation in the pressing direction. 

In contrast, the semi-finished product produced by the HCM method has a dendritic 

structure with undeformed grains. 

The extruded one has been found to have a coarse-grained surface layer 

 

in the HCM semi-finished product that, even after deformation and deformation 

with heat treatment, the grain does not coarse in the surface layer and does not 

significantly change its shape. 

In the core area, a significantly finer structure was observed in the extruded 

semi-finished products irrespective the deformation and heat treatment 

than in the HCM semi-finished products. Due to the light microscopy limits 

to determine whether it is a grain boundary or only a sub-grain boundary, the EBSD 

analysis was proceeded. 

A more detailed evaluation of the structural parameters, such as grain size 

or size of the surface recrystallized layer, is contained in the final works 

of my colleagues. 

 



12.2 Electron backscatter diffraction 

EBSD utilizes BSE diffraction on a crystal lattice. This method allows to study 

UFG materials produced by SPD methods. It is possible to determine 

the crystallographic grain orientation, grain size and grain orientation. 

After the interaction with the crystalline material, the electron scatters, the diffraction 

occurs on the crystal planes in the directions given by Bragg's law 

 

angle 

of incidence and reflection of the electrons, the so-called Bragg angle. 

The diffraction pattern is then captured by means of a phosphor screen 

on which Kossel circles are projected. 

This method is very sensitive to surface quality, so ion polishing is highly 

recommended for sample preparation. [18] 

The HKL system was used to analyze the relative angles of misorientation 

of adjacent grains. EBSD maps were collected at SEM JEOL JSM-7600F  

an accelerating voltage of 30 kV, the size of the scanned fields and the size 

of the steps were varied due to the grain size.  

LAGB Low-angle and boundaries with misorientation higher t

 

from the evaluation because of high orientation noise for highly deformed materials. 

This noise in orientation maps is due to tracks that are indexed incorrectly. 

This noise can be filtered out, especially for annealed and slightly deformed 

materials. 

Using the EBSD, it was compared which semi-finished products has a greater 

tendency to form recrystallized grains and which has a greater tendency to regulate 

the grain orientation of the structure. 

Fig. 36 and 37 show to what extent the core structure of both semi-finished 

products was recrystallized after 20% deformation and heat treatment. The red lines 

are the grain boundaries, the green lines are sub-grains boundaries.  



 

Figure 36  HAGB and LAGB in the sample 12X(EXT)  

 

Figure 37 - HAGB and LAGB in the sample 22X(HCM) 

It can be seen from Fig. 36 and 37 that the extruded semi-finished products 

exhibits a significantly greater number of low-angle grain boundaries 

and thus recrystallized grains than the HCM semi-finished products. 

Fig. 38 and 39 show to what extent the core structure of both samples was 

recrystallized after 40% deformation and heat treatment. 



 

Figure 38 - HAGB and LAGB in the sample 14X(EXT) 

 

Figure 39 - HAGB and LAGB in the sample 24X(HCM) 

It can be seen from Fig. 38 and 39 that the extruded semi-finished products 

exhibits a significantly greater number of low-angle grain boundaries 

and thus recrystallized grains than the HCM semi-finished products. 

Fig. 40 and 41 show how the core structure, of both semi-finished products 

after 20% deformation and heat treatment, is oriented. 



 

Figure 40 - The orientation of the grains in the sample 12X(EXT) 

 

Figure 41 - The orientation of the grains in the sample 22X(HCM) 

It can be seen from Fig. 40 and 41 that the extruded semi-finished product has 

a orientated structure from which it is possible to determine the direction 

of forming. In contrast, the HCM semi-finished products exhibits by chance a grain 

orientation that is not deformed. 



Fig. 42 and 43 show how the core structure of both semi-finished products 

is oriented after 40% deformation and heat treatment. 

 

Figure 42  The orientation of the grains in the sample 14X(EXT) 

 

Figure 43 - The orientation of the grains in the sample 24X(HCM) 

 



It can be seen from Fig. 42 and 43 that the extruded semi-finished product has 

a orientated structure from which it is possible to determine the direction 

of forming. On the other hand, the HCM semi-finished product has a random grain 

orientation, but there is already a grain orientation occurring during the deformation. 

The results of the EBSD show, that the grain size of extruded 

semi-finished products cannot be unambiguously determined by light microscopy 

due to the impossibility of distinguishing grain boundaries from sub grain 

boundaries, the number of which increases with both deformation and heat 

treatment. 

 



13 The hardness of the samples 

Hardness is defined as the resistance of a material to an indentation 

of the foreign object. There are several methods that differ in the manner 

of measuring or geometry of the indenter. One option is the Vickers measurement 

method. In this method, the indenter has the shape of a quadrilateral pyramid 

the load time is 10 to 15 seconds. For the evaluation of the test, the lengths 

of the two diagonals of the indentation formed are measured and their arithmetic 

diameter d is calculated. The resulting hardness value is dimensionless 

and calculated from 

 

where F is a force and d is an arithmetic mean of the diagonals. 

The hardness measurement was performed according to the Vickers method 

according to the valid standard -1. The measurement was 

performed on a Zwick hardness tester with load HV 1, nominal load 9.807 N. 

The resulting value is the arithmetic mean of these values. Metallographic samples 

were measured in the core and surface area. [19]  



13.1 Extruded semi-finished products 

Tab. 12, 13 and 14 shown results of the hardness tests of extruded 

semi-finished products. The results are compared in Fig. 44 and 45. 

Table 12 - The hardness of the extruded samples in transection 

Sample   Location  HV1  1 Sample   Location  HV1  1 

1PO 

Core 
92 

91 

1POX 

Core 
115 

116 
90 116 

Surface 
93 

93 Surface 
110 

111 
93 111 

12PO 

Core 
43 

42 

12POX 

Core 
97 

97 
41 97 

Surface 
42 

42 Surface 
95 

94 
41 93 

14PO 

Core 
39 

40 

14POX 

Core 
96 

95 
41 93 

Surface 
39 

39 Surface 
95 

94 
38 93 

124PO 

Core 
45 

44 

124POX 

Core 
112 

109 
43 105 

Surface 
50 

51 Surface 
102 

103 
52 103 

142PO 

Core 
42 

43 

142POX 

Core 
112 

113 
44 113 

Surface 
48 

48 Surface 
109 

109 
48 108 

17PO 

Core 
45 

45 

17POX 

Core 
112 

113 
45 113 

Surface 
43 

46 Surface 
106 

106 



Figure 44 - The hardness values for extruded samples in transection 

Table 13 - The hardness of the extruded samples in cross section 

 Sample  Location  HV1  1  Sample Location   HV1  1 

1PR 

Core 
88 

91 

1PRX 

Core 
110 

109 
93 107 

Surface 
83 

83 Surface 
108 

105 
83 101 

12PR 

Core 
40 

41 

12PRX 

Core 
95 

97 
42 99 

Surface 
38 

38 Surface 
97 

96 
38 95 

14PR 

Core 
41 

41 

14PRX 

Core 
98 

99 
40 99 

Surface 
40 

39 Surface 
94 

96 
38 97 

124PR 

Core 
49 

47 

124PRX 

Core 
112 

112 
45 111 

Surface 
42 

43 Surface 
100 

105 
43 109 

142PR 

Core 
49 

49 

142PRX 

Core 
106 

105 
48 103 

Surface 
47 

47 Surface 
104 

101 
46 97 

17PR 

Core 
42 

42 

17PRX 

Core 
111 

115 
42 119 

Surface 
44 

46 Surface 
101 

109 



Figure 45 - The hardness values for extruded samples in cross section 

Table 14  Increase of hardness in extruded samples 

Sample  

0 21 

2 55 

4 56 

24 61 

42 60 

7 66 

The following trends are evident from the hardness tests of extruded samples. 

The resulting hardness values do not differ significantly depending 

on the sampling direction. 

The supplied extruded semi-finished products that have not been heat treated 

show increased hardness values of approximately 50 Vickers compared 

to non-thermally processed samples with little deformation. 

The surface of the sample usually shows lower hardness within the units 

of Vickers than the core. 

Heat treatment of the non-deformed extruded semi-finished products 

can increase its hardness by approximately 20 Vickers. 

The hardness of the deformed extruded samples increased by approximately 

55 to 65 Vickers with heat treatment. The highest increase in hardness values was 

measured for sample 7.  



13.2 HCM semi-finished products 

Tab. 15, 16 and 17 shown results of the hardness tests of HCM semi-finished 

products. The results are compared in Fig. 46 and 47. 

Table 15 - The hardness of the HCM semi-finished products in transection 

 Sample  Location  HV1  1  Sample Location   HV1  1 

2PO 

Core 
70 

72 

2POX 

Core 
107 

107 
73 106 

Surface 
62 

61 Surface 
106 

107 
59 108 

22PO 

Core 
44 

45 

22POX 

Core 
93 

94 
46 94 

Surface 
44 

43 Surface 
91 

95 
42 99 

24PO 

Core 
43 

43 

24POX 

Core 
97 

98 
42 99 

Surface 
42 

43 Surface 
96 

98 
43 100 

224PO 

Core 
49 

49 

224POX 

Core 
110 

112 
49 114 

Surface 
47 

47 Surface 
106 

108 
46 109 

242PO 

Core 
51 

51 

242POX 

Core 
114 

115 
50 115 

Surface 
45 

47 Surface 
108 

111 
48 113 

27PO 

Core 
51 

53 

27POX 

Core 
114 

116 
55 118 

Surface 
54 

54 Surface 
109 

111 
48 106 



Figure 46 - The hardness values for HCM samples in transection 

Table 16 - The hardness of the HCM semi-finished products in cross section 

 Sample  Location  HV1  1  Sample Location   HV1  1 

2PR 

Core 
73 

75 

2PRX 

Core 
114 

114 
77 114 

Surface 
60 

61 Surface 
106 

107 
61 107 

22PR 

Core 
41 

42 

22PRX 

Core 
96 

95 
42 95 

Surface 
42 

43 Surface 
95 

94 
43 93 

24PR 

Core 
43 

43 

24PRX 

Core 
101 

99 
43 98 

Surface 
42 

43 Surface 
95 

97 
43 98 

224PR 

Core 
50 

51 

224PRX 

Core 
110 

111 
51 112 

Surface 
48 

49 Surface 
106 

108 
50 109 

242PR 

Core 
50 

51 

242PRX 

Core 
113 

115 
52 116 

Surface 
46 

47 Surface 
103 

105 
48 106 

27PR 

Core 
54 

56 

27PRX 

Core 
118 

115 
57 112 

Surface 
51 

53 Surface 
111 

111 
48 106 



Figure 47 - The hardness values for HCM samples in cross section 

Table 17 - Increase of hardness in HCM samples 

Sample  

0 42 

2 51 

4 55 

24 61 

42 62 

7 60 

The following trends are evident from the hardness tests of HCM samples. 

The resulting hardness values do not differ significantly depending 

on the sampling direction. 

The supplied HCM semi-finished products that have not been heat treated 

show increased hardness values of approximately 30 Vickers compared 

to non-thermally processed samples with little deformation. 

The surface of the sample usually shows lower hardness within the units 

of Vickers than the core. 

Heat treatment of the non-deformed HCM semi-finished products can increase 

its hardness by approximately 40 Vickers. 

The hardness of the deformed HCM samples increased by approximately 

50 to 60 Vickers with heat treatment. The highest increase in hardness values was 

measured for samples 24, 42 and 7.  



13.3 Comparison of the hardness test results 

It can be seen from Fig. 48 that, of the unheat-treated samples, the highest 

hardness values are those produced from the supplied semi-finished products. 

By heating to the forging temperature and subsequent deformation, these values 

are significantly reduced. Then the hardness values show an upward trend along 

with the degree of deformation. 

It can be observed from Fig. 49 that the heat-treated samples have a slightly 

harder core than the surface and the hardness value increases with the degree 

of deformation. There is no significant difference between HCM and extruded 

semi-finished products. 

Figure 48- The hardness values for all the samples without a heat treatment 

Figure 49 - The hardness values for all the samples with a heat treatment 



Table 18 - Increase of hardness in both semi-finished products

It can be observed from Tab. 18 that the largest difference in hardness 

increase occurred in the undeformed sample. No significant differences were 

observed in the deformed samples. 

Fig. 50 shows the hardness values for the 12PRX sample. The hardness was 

measured at different loads to verify that the inaccuracy typical of very low loads 

was already eliminated for load 1 kgf. 

Figure 50 - Progression of hardness values depending on load for sample 12PRX 

 

Sample in EXT  in HCM 

0 21 42 

2 55 51 

4 56 55 

24 61 61 

42 60 62 

7 66 60 



Conclusion 

The effect of deformation on recrystallization of aluminum alloy EN AW 6082 

was studied on two differently manufactured semi-finished products  extruded 

and HCM. 

The macrostructure evaluation revealed that the specimens prepared 

from the extruded semi-finished products produce a visible coarse-grained surface 

layer after deformation, which increases with heat treatment, with a layer thickness 

of up to 6 mm. This phenomenon was not observed in samples from the HCM 

semi-finished products. 

Mechanical properties (Rp0.2, Rm, A, Z) were evaluated by tensile test. 

From the tensile test results, it was found that the supplied HCM samples had lower 

strength properties than extruded. By deformation and subsequent heat treatment, 

the strength properties are almost equal to the extruded semi-finished product. 

Slightly higher ductility values were found in the HCM sample in accordance 

with a more homogeneous microstructure. 

Significant differences in the structure of the semi-finished products were 

observed by microstructure evaluation using light microscopy. While the supplied 

extruded semi-finished products have a deformation fiber structure with grain 

orientation in the extruding direction, the HCM semi-finished products have 

a dendritic structure with equiaxed grains. 

It has been observed with the extruded samples that the grains 

in the coarse-grained surface layer are elongated. The width of the coarse-grained 

layer of heat-treated samples increased with increasing degree of deformation. 

Th

mm. It has been found in the HCM semi-finished product that, even 

after deformation and deformation with heat treatment, the grain does not coarse 

in the surface layer and does not significantly change its shape. 

On the extruded samples, a fine grain structure was observed in the core, even 

at small deformations. The HCM samples, at the same degree of deformation, 

showed a coarser structure. The core structure of these two semi-finished products 

was aligned after a high degree of deformation (70%) and subsequent heat 

treatment. 



One of the limits of light microscopy is the inability to distinguish between grain 

boundaries and sub-grains furthermore, the grain orientations cannot 

be determined. Electron backscatter diffraction is used to evaluate 

these parameters. 

It is evident from the EBSD that the extruded samples have a strongly oriented 

structure from the production. The structure of HCM samples begins to become 

oriented with increasing degree of deformation. Even from small deformations, 

a large number of sub-grain boundaries can be observed on extruded specimens 

and thus a much more recrystallizable structure than HCM specimens of the same 

deformation. 

The results of the hardness measurements show no significant differences 

in hardness depending on the sampling direction. The core hardness is usually 

slightly higher than the surface hardness. A marked increase in hardness is evident 

in all cases of samples after heat treatment. There are no significant differences 

in hardness values between HCM and extruded samples. 

Comparison of the results of structure evaluation and mechanical properties 

shows that the HCM semi-finished product, after deformation and heat treatment, 

are at least as good as the extruded semi-finished product. The HCM semi-finished 

products have slightly better ductility. And a significant advantage of the HCM 

semi-finished products is resistance to grain coarsening in the surface layer.  
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