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Abstract 

A study of the effect of various amounts of manganese in solid solution on the recovery and 

recrystallization behavior of an AlMn-alloy, for different annealing conditions after different 

degrees of deformation (cold rolling) has been carried out. The alloy studied was a 3xxx-type 

model alloy with 0.5 wt% Fe, 0.15 wt% Si and 1.0 wt% Mn. The studies were a contribution 

to the MOREAL-project, where the main objective is to quantify and characterize the 

softening behavior of recyclable aluminium alloys, with small amounts of manganese, iron 

and silicon, as a basis to validate and further develop the ALSOFT-model. 5 variants of the 

AlMn-alloy, with respect to strain and homogenization, were prepared and further 

investigated. 

 

Based on electrical conductivity measurements the different amounts of Mn in solid solution, 

after the different homogenization (hom.) treatments, were estimated to be approximately 

0.85 wt% (as cast), 0.55 wt% (hom. nr. 2) and 0.49 wt% (hom. nr. 3). The reductions of Mn in 

solid solution by hom. nr. 2 and hom. nr. 3 resulted in less concurrent precipitation and 

consequently a larger effective driving force for recovery and recrystallization. The high 

amount of Mn in solid solution for the as cast variants resulted in much concurrent 

precipitation.  

 

Concurrent precipitation was found to delay and suppress the recovery and recrystallization 

processes. At high annealing temperatures, with no (or little) concurrent precipitation 

occurring, the recrystallised grain structures were found to be homogeneous, fine grained and 

consisting of equiaxed grains. In these cases the recrystallised textures were found to be 

approximately random after a strain of 0.7, while they showed cube textures of weak and 

medium strength after a strain of 3.0. At low annealing temperatures, with concurrent 

precipitation occurring, the recrystallised grain structures were found to be inhomogeneous 

and coarse grained, with grains elongated in the rolling direction. In these cases the 

recrystallised textures were found to consist of P-textures and ND-rotated cube textures of 

medium and high strength. 



viii 
 

A high degree of deformation was found to increase the rate and degree of the recovery and 

recrystallization processes during the isothermal annealing procedures, and to result in fine 

recrystallised grain structures, consistent with the increased effective driving force for 

recovery and recrystallization. A high degree of deformation was also found to increase the 

rate and magnitude of precipitation during the isothermal annealing procedures. 

 

Non-isothermal annealing experiments were carried out to investigate if they could result in 

significantly different grain structures and textures compared to the isothermal annealing 

experiments. No significantly different results were achieved, only results directly comparable 

to the results from the isothermal annealing experiments. 
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1. Introduction 

The energy needed to re-melt aluminium is only 5 % of the total energy needed to produce an 

equal amount of primary aluminium. This is because of the low melting point of aluminium. 

Therefore, it is highly profitable and environmentally friendly to produce as much aluminium 

as possible through recycling and re-melting of scrap aluminium.  

 

During recycling, alloying elements will accumulate and as a consequence new demands to 

alloy design arise. This is why the aluminium producers Hydro and Sapa together with NTNU 

and SINTEF have formed a Norwegian Research Council-supported competence project, 

MOREAL (Modelling towards Value-added Recycling Friendly Aluminium Alloys), where 

the effect of varying amounts of alloying elements in aluminium is studied. The objective of 

the project is to develop and improve physically based numerical through process models to 

predict the microstructure evolution during homogenization, deformation, and softening 

(recovery and recrystallization) as well as the mechanical properties of the semi products of 

primary and recycle-based aluminium alloys. One of these models is the ALSOFT-model 

which calculates evolution in the microstructure and changes in the mechanical properties 

during recovery and recrystallization after deformation. 

 

The present work is an extension of my TMT4500 work [1], and some of the results presented 

in this thesis were obtained during the TMT4500 work. These results are included since they 

are critical for the understanding of the present work, which has been carried out as a part of 

the total activity within the MOREAL-project and was intended as a contribution to the 

overall objective of the project. The work was limited to a 3xxx-type model alloy with 0.5 

wt% Fe, 0.15 wt% Si and 1.0 wt% Mn, named C2. The main objective of the work was to 

study the effect of the small amounts of manganese, iron and silicon on the recovery and 

recrystallization behavior of the alloy, during annealing after different degrees of deformation.  

 

More specifically, five different variants of the C2-alloy were achieved by different 

homogenization treatments and by deforming the alloy to different degrees of strain. The five 
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variants were subsequently annealed isothermally and non-isothermally at different 

temperatures and times, mechanically tested, and the microstructures and textures were 

studied. This was done to achieve better understanding and quantitative description of the 

softening behavior (i.e. amount and kinetics of recovery, nucleation and kinetics of 

recrystallization, and fully annealed grain structure and texture) in the alloy that was studied 

and to use this to validate and further develop the ALSOFT-model. 

 

In addition, due to challenges characterizing the texture of the C2-alloy variants using the 

electron back-scatter diffraction (EBSD) method, a lot of work was done to optimize the 

sample preparation, the EBSD-scanning parameters and the post-processing of the EBSD-

data. This is reflected in the detailed description of the EBSD procedure used in this work 

presented in the experimental chapter.  
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2. Theoretical Background 

The following chapter covers the theoretical background for this work and is divided into 7 

parts, where the first part gives a general introduction to non-heat treatable aluminium alloys. 

The second part gives a more detailed description of the 3xxx-alloys. The third part of this 

chapter provides a short presentation of the homogenization process. Cold deformation and 

typical microstructural phenomena during deformation are the topics in the fourth part of this 

chapter. The fifth part describes annealing (precipitation, recovery and recrystallization), 

while the sixth part covers texture and texture development during deformation and annealing. 

The final part of this chapter presents the different characterization methods used during this 

work. 

 

2.1 Non-Heat Treatable Aluminium Alloys 

Non-heat treatable aluminium alloys owe their strength mainly to elements in solid solution 

and deformation hardening. These alloys can also to some extent get strength contributions 

from particles and special texture components. In general, heat treatment of this type of alloys 

will not produce any kind of strengthening precipitates like heat treatment will for the heat 

treatable aluminium alloys. An exception is dispersoids formed in the AlMn-alloys. AA1xxx 

(commercial pure aluminium with small additions of mainly Fe and Si), AA3xxx (AA1xxx-

alloys with primarily Mn additions), AA5xxx (AA1xxx-alloys with Mg additions) and 

AA8xxx (AA1xxx-alloys with larger alloy additions) are all alloy-systems belonging to this 

class [2]. 

 

2.2 3xxx-Alloys 

The 3xxx-alloys belong to the AlMn-class of alloys and are non-heat treatable. Mn is the main 

alloying element and contributes to the strength of the alloy through solid solution 

strengthening (where the interaction of Mn with the dislocations results in increased glide 

resistance, and consequently a stronger material). Elements like Fe, Si, Cu and Mg are also 

often added to the 3xxx-alloys. Cu and Mg are added mainly to improve the strength of the 

3xxx-alloys.  In the present work, however, the focus has been on a 3xxx-alloy with 1.0 wt% 
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Mn, 0.5 wt% Fe and 0.15 wt% Si. Fe and Si are added primarily to increase the precipitation 

rate of Mn to create large constituent particles acting as nuclei for recrystallization. Because 

these phases will have a very different electrochemical potential than the matrix (making the 

alloy prone to corrosion), as much as 1.0 wt% Mn is added to the alloy. The Mn diffuses into 

the particles, creating more of a balance between the electrochemical potential of the particles 

and the matrix, and the alloy is again very resistant to corrosion. Since the particles become 

larger because of the 1.0 wt% Mn, they also become better nucleation sites for 

recrystallization after deformation [2] [3]. 

 

Mn in solid solution may result in precipitation of dispersoids during thermomechanical 

processing of the 3xxx-alloys. These dispersoids are known to affect the softening processes 

(recovery and recrystallization) and may result in a coarse grain structure through pinning of 

subgrain boundaries during recovery and thus suppression of the nucleation of 

recrystallization, as well as slowing down the recrystallization process itself through a 

reduced effective driving force for growth of recrystallization grains, due to the Zener-drag 

the dispersoids induce. The combination of these dispersoids, which retard the softening 

processes, and the constituent particles that work as nucleation sites for recrystallization is an 

important aspect of the 3xxx-alloys. By adjusting the particle and dispersoids structures it is 

possible to control the microstructure development during thermomechanical treatment [2]. 

 

The 3xxx-alloys are frequently used for their good combination of strength, formability, 

corrosion performance and weldability. Typical applications for the 3xxx-alloys are beverage 

cans, heat exchangers and aluminium foil. 

 

2.3 Homogenization 

Most aluminium alloys are typically subjected to a homogenization heat treatment after 

casting. The primary goals of this treatment is to eliminate the consequences of 

microsegregation, reduce Mn in solid solution and obtain desirable particle size distributions, 

including fine dispersoids and coarser constituents. As mentioned in Chapter 2.2, these 
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particles and dispersoids have a strong influence on the alloy, and especially the 

recrystallization kinetics, texture development, grain size and mechanical properties of the 

alloy. This is why the homogenization procedure is important with regard to the control of the 

microstructure evolution [2] [4] [5] [6] [7].  

 

Knut Sjølstad [8] showed that homogenization at 610 °C for 14 hours (before water 

quenching) of an as cast LP 3103-alloy containing 0.57 wt% Fe, 0.12 wt% Si, 1.0 wt% Mn, 

0.015 wt% Mg and 0.012 wt% Cu (almost the same alloy as the C2-alloy investigated in this 

work) resulted in a decrease of Mn in solid solution from 0.80 wt% to 0.59 wt%. 

 

Li and Arnberg [9] have shown that the electrical conductivity increased with increasing 

homogenization temperature for AA3003-alloys and AA3103-alloys, which means that the 

supersaturated solution decomposed and that dispersoids were formed. They found that the 

conductivity reached a maximum at around 500-530 °C due to dissolution of dispersoids with 

the increased solubility for Mn in solid solution. But when the temperature was increased to 

600 °C the conductivity increased even more due to growth of constituent particles [2]. 

 

2.4 Cold Work – Deformation 

The final microstructure and texture of a deformed material after annealing is closely linked 

to the microstructure that developed during deformation. A thorough characterization of the 

deformed structure is therefore necessary. Characteristic features of the deformation 

microstructure are described in the following, along with a description of the cold work 

procedure applied in this work. 

 

2.4.1 Cold Rolling 

For aluminium, cold work is performed below temperatures of 150 °C since recovery and 

recrystallization will occur at higher temperatures. Cold rolling is a typical cold work 

procedure and is performed by passing the material through a pair of rolls (as shown in Fig. 
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2.1) until the desired material thickness is achieved. During cold rolling (or cold work), the 

lattice is distorted by introduction of defects and consequently changes in the microstructure 

occur. These changes include elongated grains (see Fig. 2.1), an increase in dislocation 

density, an increase in entanglement of dislocations and re-orientation of the grains in the 

direction of the applied stress (see Fig. 2.1). This increases the stored energy in the material 

and consequently also the driving force for reactions like recovery and recrystallization. 

 

Fig. 2.1: An indication of how the grain structure change during the cold rolling procedure 

 

2.4.2 Deformation Heterogeneities 

During cold deformation, several microstructural phenomena occur and certain microstructure 

features characteristic for the deformed state develop. The most common ones will be 

described briefly in the following. 

 

Slipbands/Microbands 

Slipbands/microbands represent an intrinsic slip mode, which dominates the sub-structure 

evolution at low to intermediate strains. Slipbands/microbands are crystallographic in nature 
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and form on {111} slip planes in FCC-metals. Microbanding is the typical slip mode in 

aluminium alloys with a high content of elements in solid solution due to the increased 

capability to store dislocations. Slipbands/microbands are associated with small 

misorientation to the surrounding matrix and are of no significance as nucleation sites for 

recrystallization [2] [8]. 

 

Transition Bands 

Transition bands are defined as bands separating different parts of a grain, which has split and 

rotated away from each other during deformation. Neighboring volumes of a grain deform on 

different slip systems and rotate towards different, but stable end orientations, and transition 

bands develop. A transition band is hence a region of sharp orientation gradients with 

cumulative misorientations across the band, indicating an ideal site for nucleation of 

recrystallization [2] [8]. 

 

Shear Banding 

A shear band is a narrow zone of intense shearing strain (see Fig. 2.2), and the formation of 

such a zone is highly dependent on the stacking fault energy of the material. Aluminium has 

high stacking fault energy and shear banding in aluminium requires large deformations. Shear 

banding occurs when the dislocation density saturates. The material becomes unstable with 

respect to shear and shear banding becomes the alternative slip mode which accommodates 

strain. In addition to large amounts of strain, the shear bands contain fine substructures of 

cells/subgrains that are extended in the band direction and large misorientations with respect 

to the surroundings. Shear bands are non-crystallographic and macroscopic [2] [8]. 

 

Deformation Zones 

In aluminium alloys, the formation of deformation zones occurs at hard non-deformable 

particles larger than approximately 2 μm. Applied strain, temperature and particle size are 

some of the factors determining the microstructure and the size of the deformation zones. 
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Dislocations accumulate at the particles because of incompatibility between the plastically 

deforming matrix and the non-deforming particles. These zones (see Fig. 2.3) can act as 

nucleation sites for recrystallization because they have a high dislocation density, small 

subgrains (i.e. locally a high stored energy) and high angle boundaries to the surroundings. 

This mechanism for creation of recrystallization nuclei is named particle stimulated 

nucleation (PSN) of recrystallization [2] [8] [10] [11]. 

  

Fig. 2.2: Shear banding [10] Fig. 2.3: Deformation zone around particle 

[10] 

 

Old Grain Boundaries 

Grain boundaries are heterogeneities already present in the microstructure before deformation 

takes place, and these heterogeneities are changed during the deformation. A large increase of 

the grain boundary area per unit volume is introduced during cold deformation since the 

originally equiaxed shape of the grains change towards flat elongated grains. The grain 

boundaries constitute obstacles for dislocation movement just like the hard non-deformable 

particles, resulting in a sharpening of the lattice rotation and a refinement of the 

microstructure close to the boundaries. The high angle grain boundaries work as ideal sites for 

nucleation of recrystallization by SIBM (strain induced boundary migration) due to large 

misorientation and small subgrain sizes (high local stored energy) in the grain boundary 

regions [2] [8]. 
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2.4.3 Sub-Structure Development 

In alloys of high stacking fault energy (γSFE) the dislocations are typically arranged in a cell 

structure after deformation, where the cell walls are complex dislocation tangles. The sizes of 

these cells are dependent on material and strain. High stacking fault energy, large strain and 

low solute content are parameters that further promote accumulation of dislocations in the cell 

boundaries. The boundaries become more defined with defined misorientations, and the cell 

structures develop into sub-grain structures [2] [11].  

 

The dislocation density within the sub-grains (ρi), the sub-grain size (δ) and the misorientation 

across sub-grain boundaries (φ) are the most commonly used parameters for describing the 

global deformed microstructure. Further, each grain rotates towards particular orientations 

during the deformation [2] [8].  

 

Interior Dislocation Density (ρi) 

After low reductions the principle of similitude ( i  = constant) is expected to be obeyed. 

It is also reasonable to assume that the ratio between the number of interior dislocation and 

those found in the sub-structure will decrease with strain [8].  

 

The dislocation density and sub-grain size of a variety of Al-alloys and deformation modes 

where measured by Nord-Varhaug et al. [12]. They observed that the dislocation density 

converged towards a saturation density after cold deformation to strains larger than 0.2.    

 

Cell/Sub-Grain Size (δ) 

Uniform equiaxed cells are formed at strains typically below 0.2. Deformation occurs by 

multiple slip for intermediate strains and the equiaxed cells will elongate in the deformation 

direction and the microstructure becomes more inhomogeneous. A more uniform 
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microstructure will appear at large strains, where all cells have collapsed into pancake shaped 

grains with well-defined sub-grain boundaries with a given misorientation [8].  

 

Misorientation (φ) 

The boundary misorientation between the sub-grains change during deformation and 

extensive work on this topic has been carried out during the last decades. Furu et al. [13] 

compiled the available data on aluminium deformed to a variety of strains and found that the 

misorientation increased rapidly with strain and saturated at approximately 3 ° after a strain of 

about one.  

 

Stored Energy (PD) 

As mentioned above, the stored energy in the material is increased during deformation and it 

is this stored energy that is providing the driving force for recovery and recrystallization 

during annealing of the material. Almost all of the stored energy introduced during 

deformation is derived from the accumulation of dislocations and therefore the stored energy 

(PD) can be described as a function of the dislocation density in the interior of the subgrains 

(ρi), the subgrain size (δ) and subgrain boundary energy (γsb), as seen in Equation 2.1 (G is the 

shear modulus, b is the Burgers vector and κ is a geometrical constant) [2] [8]: 

   



 sb

iD

Gb
P 

2

2

       (2.1) 

In Equation 2.1 the subgrain boundary energy can be calculated using the Read Shockley 

relation [2] [8]: 

   


















 c

sb

eGb
ln

)1(4
     (2.2) 

The boundary misorientation, φc (typically taken to be ≈ 15 °) is the critical misorientation 

separating between what is a high angle grain boundary and a low angle grain boundary, and 

υ is the Poisson ratio [2] [8]. 
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2.5 Annealing Behavior of a Deformed Material  

Ductility can partially be restored in a work-hardened metal by annealing. Recovery, 

recrystallization and precipitation are the most common phenomena that can occur during 

annealing, and are therefore more thoroughly presented in the following chapters. During 

precipitation, dispersoids are formed which may retard recovery and recrystallization. During 

recovery, dislocations are annihilated, dislocations rearrange and subgrain grows. During 

recrystallization new strain free grains nucleate in certain areas of the material and grow to 

consume the deformed or recovered microstructure [8] [10]. 

 

Annealing of a deformed AlMn-alloy leads to a hardness reduction due to recovery and 

recrystallization. A typical plot of hardness vs. annealing time is presented in Fig. 2.4. It is 

indicated in the figure where it is assumed that the different annealing phenomena (recovery 

and recrystallization) are occurring. Fig. 2.5 – Fig. 2.7 shows EBSD-OIM-images of how the 

microstructure is expected to develop during annealing; from a clearly deformed structure, to 

a recovered deformation structure with some growing grains, to a deformation free 

recrystallised structure. 

 

Fig. 2.4: A typical softening curve (HV vs. annealing time) 
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Fig. 2.5: As-Deformed Fig. 2.6: Recovery Fig. 2.7: Recrystallised 

Sæter [14] found that the hardness can increase slightly in the early stages of annealing for 

deformed AlMn-alloys at low temperatures. By investigations in the transmission electron 

microscope (TEM) indications of cluster formations of solute atoms were found for these 

alloys, which might explain the slight increase in hardness. The effect has also been found to 

be less significant with increasing temperatures due to an increased recovery rate [8] [14] 

[15]. 

 

2.5.1 Precipitation 

Nucleation and growth of a precipitate is associated with the decomposition of a 

supersaturated solid solution. Nucleation is in almost every case occurring heterogeneously at 

grain- or phase boundaries, dislocations, stacking faults or at clusters of vacancies. These 

places are natural places for nucleation because these sites are associated with a higher 

average free energy than in the metal matrix [8]. 

 

The Zener-drag  

The Zener-drag is a retarding force from a dispersion of small precipitates/dispersoids exerted 

upon a moving grain boundary. To move a boundary past a particle a force has to be exerted 

which is related to the particle size and the energy of the boundary. For a random distribution 
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of particles, the pinning force exerted on the boundary is given by Equation 2.3 where γ is the 

grain boundary energy, f is the particle volume fraction and r is the particle radius [8] [11].  

r

f
P r

z
2

3 
        (2.3) 

The precipitation will affect both the subgrain-growth and the growth of recrystallized grains. 

During recovery the dispersoids from precipitation prevents the sub-grains to grow large 

enough to nucleate new strain free grains (see Equation 2.5 below). Fewer strain free grains 

nucleated from overcritical sub-grains leads to larger grains after recrystallization since each 

grain can grow larger than if there were more nucleation from overcritical sub-grains. In the 

most extreme cases no nucleation from sub-grains will happen and the alloy will only soften 

due to slow sub-grain growth. During recrystallization the precipitated dispersoids will pin 

and slow down the movement of the grain boundaries, which mainly will affect the speed of 

the recrystallization (i.e. the time to reach a fully recrystallised condition). The pinning during 

recrystallization will not (or to a very small degree) affect the number of recrystallized grains 

and the size of these. 

 

Hornbogen and Köstner [16] studied the effect of precipitation on recrystallization for two 

different supersaturated and deformed Al-alloys and found that recrystallization will be 

affected by precipitation unless recrystallization has completed before precipitation begins. A 

schematic illustration (TTT-diagram) of the recrystallization behavior as a function of time 

and temperature is given in Fig. 2.8.  
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Fig. 2.8: The influence of concurrent precipitation on softening kinetics [16] 

Absence of precipitation would result in recrystallization occurring at times given by the line 

AC. Concurrent precipitation has slowed down the process in line BD. As seen above TTT-

diagrams are a helpful method of interpreting the precipitation and recrystallization reactions, 

and as shown in Fig. 2.8 these diagrams are divided into three regions. Range I is above the 

solvus temperature (T1), and no precipitation is possible in this region. In range II 

precipitation occurs after recrystallization is completed, and no retarding effects will be 

observed. In range III precipitation occurs before recrystallization, which results in a 

postponed start of recrystallization. The sharp transition between range II and range III is only 

an illustration and is not true for real situations. This is because a certain period of time is 

required to complete recrystallization. In the transient period both regions operated 

simultaneously at different sites in the material [2] [8].  

 

The Effect of Manganese 

Morris and Liu [17] have shown that when manganese is retained in solid solution prior to 

subsequent cold working and annealing it can cause a significant retardation in the start and 
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end of recrystallization (up to a factor of 500X) due to (concurrent) precipitation of a fine 

dispersion of MnAl6 during annealing. 

 

Haan et al. [18] have shown that after casting as much as 1 wt% of manganese can retain in 

solid solution due to the low diffusivity of the Mn-atoms even at 600 °C. The Al6Mn 

equilibrium phase is formed during solidification and following processing. Al6(Mn,Fe)-

particles are formed if the alloy contains iron. Al12(Mn,Fe)Si-particles are formed if the 

silicon-content is larger than 0.07 wt%. Haan et.al [18] found that the precipitation rate for a 

binary AlMn-alloy reached its maximum at 490 °C. Growth was found to be the limiting 

factor below this temperature, while nucleation of new precipitates was found to limit the 

decrease of Mn in supersaturated solid solution at higher temperatures. 

 

In both the works of Alexander & Greer [19] and Watanabe et al. [20] the Fe/Mn 

concentration ratio was observed to decrease with increasing holding time during 

homogenization. This indicates that the supersaturation of Mn in solid solution diffuses into 

the α-particles during the entire homogenization treatment.     

 

Li and Arnberg [21] demonstrated that a commercial AA3003-alloy reached a maximum 

precipitation rate (for manganese containing dispersoids) during homogenization at about 490 

°C.  

 

The Effect of Iron 

Furu et al. [13] found that an increase of 0.01 wt% Fe in solid solution shifted the softening of 

a commercially pure aluminium alloy towards significantly longer annealing times (especially 

for lower annealing temperatures). Further, Ito et al. [22] found the recrystallization texture of 

two different AlFe-alloys to be dominated by the cube texture if a low supersaturation of iron 

was present prior to recrystallization. R-oriented grains dominated the recrystallization texture 

in the opposite condition. 



Chapter 2: Theoretical Background 

16 
 

The rate of recrystallization is known to be increased by iron bearing constituent particles due 

to the formation of recrystallization nuclei within the deformation zones (see Chapter 2.4.2) 

[8].  

 

The Effect of Silicon 

Since silicon increases the rate of particle formation during heat-treatment, the particles 

become larger and the number of available nucleation sites for recrystallization by PSN (see 

Chapter 2.4.2) increases [8].  

 

According to Hausch et al. [23] increasing amounts of Si in a binary AlMn-alloy increases the 

precipitation rate and retards the recrystallization rate. 

 

2.5.2 Recovery 

After plastic deformation there are large amounts of stored internal energy in the metal, which 

can be released by heating the metal to an elevated temperature. At elevated temperatures 

edge dislocations may move in a direction perpendicular to their Burgers vector and line by 

climb. Climb involves the addition or removal of atoms at the extra half plane associated with 

the edge dislocation. Climb occurs by atomic diffusion and vacancy migration, and is the rate 

controlling mechanism of recovery. For metals, like aluminium, with high stacking fault 

energy (γSFE) climb is much easier, which means that a substantial proportion of the stored 

energy in aluminium (after deformation) can be consumed by recovery [8] [10] [11]. 

 

Recovery is the earliest onset of re-arrangement of crystal defects within the deformed 

microstructure of the heated metal, and during recovery, some restoration of the original 

structure and properties may occur through annihilation of point defects and dislocations, and 

through spatial re-arrangement of dislocations, as a consequence the stored energy of the 

metal is lowered. Since dislocations re-arrange faster at higher temperatures, an increased 

annealing temperature can increase the extent of the recovery at the same holding time. Solute 
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atoms can also affect the recovery causing retardation by interactions with the dislocations in 

the alloy [10] [11]. 

  

Fig. 2.9: Deformed Microstructure Fig. 2.10: Recovered Microstructure 

In a simplified explanation of recovery, the re-arrangement of dislocations (that was 

mentioned above) begins with the dislocations arranging themselves from the deformed 

condition (Fig. 2.9) into cell networks (where the cell walls consist of complex dislocation 

structures) within the existing grains. The recovery process continues with the dislocations 

inside the cell walls re-arranging into more regular dislocation networks (low angle grain 

boundaries), and the cell structure becomes a sub-grain structure (Fig. 2.10). But this is (as 

mentioned) a highly simplified explanation of recovery in aluminium. In metals with high 

stacking fault energy the dislocations are typically already arranged in a cell formation after 

deformation. A well developed sub-grain formation might even be in place after deformation 

of aluminium, which makes the processes during recovery somewhat more complex than 

described above. However, recovery will continue with growth of the sub-grains either way, 

and as a consequence the stored energy in the material is further lowered [8] [10] [11].  

 

The sub-grain growth may occur by two mechanisms; by growth of larger sub-grains at the 

expense of smaller ones, or by sub-grain coalescence where neighboring sub-grains rotate into 

one sub-grain by a boundary diffusion process. The later mechanism is only relevant after 

small deformations and low annealing temperatures. The driving force for both growth 
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mechanisms is the reduction of the total grain boundary area and the reduction of grain 

boundary energy [8] [10] [11]. 

 

The sub-grain growth plays an important role for nucleation of recrystallization, since large 

sub-grains works as nucleation sites for recrystallization (see Equation 2.5). It is therefore 

often difficult to make a division between recovery and the early stages of recrystallization 

[8].  

 

2.5.3 Recrystallization 

Recrystallization involves the nucleation and growth of new and dislocation free grains in 

certain areas of the material, which grow to consume the deformed or recovered 

microstructure. Even after considerable recovery, the microstructure still contains large 

amounts of stored energy, and further reduction is obtained by recrystallization. The normal 

process for recrystallization is the formation of a small region of nearly perfect nuclei and the 

growth of these into the surrounding deformed material.  

 

Processing factors that influence recrystallization are temperature, heating rate, strain and 

strain rate. Increased temperature increases the rate of recrystallization, so does increased 

heating rate. If the material is rapidly heated, there is less time for recovery and greater 

driving force for recrystallization. Increased strain and increased strain rate will also generally 

result in increased rate of recrystallization [2] [8] [11] [24]. 

 

Microstructural factors that influence recrystallization are initial grain size, second phase 

particles (size, distribution and coherency), solute content and texture. Fine initial grain size 

increases recrystallization rate. Second phase particles can promote recrystallization through 

increasing the stored energy in the material and through PSN. Second phase particles (if 

small) can also retard recrystallization by pinning grain boundaries. Solute additions can 

retard grain boundary movement and inhibit recrystallization. Both starting texture and 
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deformation texture influence the overall recrystallization rate. Different texture components 

can lead to inhomogeneous recrystallization [2] [8] [11] [24]. 

 

The fraction recrystallized (X) can be calculated using the Johnson-Mehl-Avrami Equation: 

  )exp(1)( nkttX          (2.4) 

Where k is a constant and n is the growth exponent. This is based on a constant growth rate, 

isotropically growth in three dimensions and a random distribution of nucleation sites [2] [8] 

[10]. In the case of site saturation nucleation kinetics (the nucleation rate decreases so rapidly 

that all nucleation events effectively occur simultaneously at the start of recrystallization) n is 

equal to 3, n is equal to 4 if a constant nucleation rate is applied [A]. However, for Al-alloys 

n-values are typically measured to be approximately 2 [25].  

 

For recrystallization of aluminium alloys it is generally assumed that all the nuclei are present 

in the deformed state and that they are growing at a constant growth rate. The nuclei must be 

both thermodynamically stable and of a certain size in order to grow. The critical radius in 

order for a nucleus to form a strain free grain is given by the Gibbs-Thomson relationship [2] 

[8]: 
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Where γGB is the specific grain boundary energy and P = PD – PZ is the effective stored energy 

(see Equation 2.1, 2.2 and 2.3) [8]. Here Pz is the so-called Zener drag, a retarding force due 

to finely dispersed dispersoids (see Chapter 2.5.1).  A grain fulfilling the requirement of 

Equation 2.5 will grow with a growth rate (v) given by [2] [8]: 
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Where M is the mobility of the grain defined by [2] [8]: 
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And where M0 is a material constant, UGB is the activation energy for grain boundary mobility 

and R is the universal gas constant [2] [8].  

 

The fraction recrystallized assuming site saturation is calculated by the following Equation 

[8]: 
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Further the final recrystallized grain size can be calculated by [8]: 
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Typical nucleation sites in deformed aluminium include; prior high angle grain boundaries, 

deformation zones around large particles, transition bands, shear bands and special texture 

components with a low energy configuration. All of these are more thoroughly presented 

below.  

 

Strain Induced Boundary Migration (SIBM) 

This phenomena occurs when an original grain boundary bulge out, leaving behind a 

dislocation free area. The driving pressure for the process is the difference in stored energy 

between the two sides of the high angle grain boundary, arising due to the difference in sub-

grain size. The side with a large sub-grain size and lower stored energy will grow at the 

expense of the side with smaller sub-grain size and higher stored energy [2]. Somerday & 

Humphreys [26] have shown that SIBM is an important nucleation mechanism in an 

AlMn1,3-alloy cold rolled to 90% deformation. They also reported that this nucleation 

mechanism seems to be especially important in temperature ranges where recrystallization 

occurs simultaneously with precipitation of Al6Mn-dispersoids. Fig. 2.11 shows an illustration 

of nucleation by SIBM. 



Chapter 2: Theoretical Background 

21 
 

 

Fig. 2.11: Nucleation by SIBM at a prior high angle grain boundary in high purity aluminium 

compressed 40% [27] 

  

Ordinary Grain Boundary Nucleation 

Nucleation at grain boundaries where the new grains are separated from both its parent grains 

by sharp boundaries is what is meant by ordinary nucleation. An example of this is shown in 

Fig. 2.12 below. Hutchinson [28] obtained evidence of the operation of this mechanism in 

iron bicrystals. New grains where observed to differ in orientation from the original deformed 

grains by a rotation of approximately 30 degrees around the <111>-normal direction [2]. 

 

The nucleation of random oriented grains at grain boundaries compared to PSN in cold 

deformed aluminium where studied by Vatne et al. [29]. Their observations indicated that 

nucleation at prior grain boundaries results in a random recrystallization texture [2]. 
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Fig. 2.12: Grain boundary nucleation in aluminium [11] 

 

Nucleation from Cube-Oriented Bands 

Nucleation from cube-oriented bands is often treated as a separate nucleation effect due to its 

importance for several commercial aluminium alloys. As Stian Tangen mentions in his work 

[2] several investigations of hot deformed aluminium alloys have demonstrated that 

nucleation of the cube orientation may be associated with cube grains that are metastable 

during deformation at high temperatures. In the investigations Stian Tangen [2] refers to, the 

original cube grains changed shape into long elongated bands of the cube orientation. The 

sub-grains inside the bands were observed to have a size advantage compared to the sub-

grains of other orientations, which were believed to be due to a higher recovery rate for the 

cube orientation. This means that the cube grains reach an over-critical sub-grain size prior to 

other sub-grains and the cube bands are therefore very efficient as nucleation sites for 

recrystallization [2].  

 

Transition Bands 

A transition band is a region of sharp orientation gradients, and a sub-grain in the transition 

band can easily gain a boundary of high misorientation by growing into the surrounding areas. 

The recrystallized grains tend to have preferred orientations due to the fact that the 
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orientations of the sub-grains in the transition bands are a direct result of the slip process and 

the strain path. Hjelen and Nes [30] and Ørsund and Nes [31] showed that the nuclei of the 

cube orientation preferentially formed in transition bands located in bands of the copper 

orientation in aluminium. Hjelen [32] observed nucleation of both cube- and Goss oriented 

grains in transition bands in aluminium [2]. 

 

Shear Bands 

A low local stored energy and a large sub-grain size in the shear band, in addition to a large 

misorientation gradient to the surroundings imply that nucleation in shear bands may easily 

take place [2]. The orientations of the nucleated grains seem to be very case dependent as 

reported by Nes and Hutchinson [33]. 

 

Particle Stimulated Nucleation (PSN) 

Nucleation at deformation zones developed around coarse second phase particles is an 

important nucleation mechanism in commercial particle containing alloys, particularly after 

cold deformation. High stored energy and a large misorientation gradient are built up in the 

deformation zones around large non-deformable particles during deformation. The 

deformation zones are well defined as nucleation sites and the number of sites is controlled by 

alloy composition and processing, which makes it possible to control the recrystallized grain 

size [2].  

 

Humphreys [34] showed that the orientation of the nucleus in deformation zones will be that 

of the area from which it grows. A random recrystallization texture is expected after 

nucleation at secondary particles in a polycrystalline material. But as showed by Engler et al. 

[35] [36] [37], Engler [38] and Knut Sjølstad [8] PSN might also in some special cases result 

in both strong P- and ND-rotated cube components. 
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2.6 Texture 

Most common metals (like aluminium) have a polycrystalline structure, i.e. they are 

composed of a large number of grains of different orientations. The texture of a 

polycrystalline material denotes the statistical tendency of the crystals to be oriented in a 

particular way, and it is an important parameter that makes up the characterization of a 

material together with the measurements of grain and sub-grain sizes and misorientations. 

Control of the texture development in a material can be very important since texture gives rise 

to anisotropic material properties including strength, ductility, etc. Texture is usually 

represented graphically by pole figures and orientation distribution functions (ODFs). Both 

pole figures and ODFs will be thoroughly described below.  

 

Pole Figures 

The orientation of an individual crystallite is defined by the position of its unit cell in space 

with reference to a coordinate system (A, B, C). The unit cell of the face-centered-cubic 

aluminium is represented by a cube. It is common and convenient to represent an orientation 

in the stereographic projection. The stereographic projection is obtained by the following 

procedure [10]: 

1. The unit cube is located in the origin of the coordinate systems and surrounded by the 

unit sphere. 

2. To represent the cube faces in the stereographic projection, the point of intersection of 

the normal vector of each cube face with the surface of the unit sphere is determined. 

3. Only the intersections (1, 2, and 3) on the northern hemisphere are taken into account. 

4. Connecting the points of intersection with the south pole yields the intersecting points 

(1', 2', and 3’) in the equatorial plane. 

5. They are called poles of the respective cube faces. 
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Fig. 2.13 and Fig. 2.14 below shows the relationship between the orientation of the unit cell 

and the <100> poles and the <111> poles on the stereographic projection. 

 

Fig. 2.13: The relationship between the orientation of the unit cell and the <100> poles [10] 

 

Fig. 2.14: The relationship between the orientation of the unit cell and the <111> poles [10] 

The figures above represent the orientation of single crystallites. A set of this kind of poles 

can be plotted for each individual grain in a polycrystalline material to produce a pole figure. 
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If the grains are randomly oriented, then we should expect to see the poles distributed evenly 

over the pole figure. More often the grains are not randomly oriented, but tend towards 

particular orientations depending on the alloy composition and process history. This is called 

the "preferred" orientation, or crystallographic texture of the alloy. In this case the poles will 

be concentrated within certain areas of the pole figure. Unfortunately the pole figures have the 

limitation that the representation of orientations becomes ambiguous if there is more than one 

orientation because each orientation is determined by several poles which cannot be 

associated to a specific orientation in a unique way [10]. 

 

Orientation Distribution Functions (ODFs) 

For an unambiguous representation of orientations one can take advantage of the fact that 

orientations can be described uniquely by a rotation; namely the rotation into the reference 

coordinate system. A set of Euler angles (which commonly are used to describe rotations) φ1, 

Φ and φ2 can therefore uniquely define an orientation. The three Euler angles can be 

represented by a single point on a 3D-graph – Euler space. Fig. 2.15 shows an illustration of 

Euler space [10].  

 

Fig. 2.15: Euler space [10] 

In general the angles range over 0°≤φ1≤360°; 0°≤Φ≤180°; 0°≤φ2≤360°. However, because of 

the cubic crystal symmetry of aluminium alloys, and because of the specimen symmetry at 
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rolling, one can reduce the angular range to 0°≤φ1≤90°; 0°≤Φ≤90°; 0°≤φ2≤90° in which each 

orientation occurs at least once. Since 3D-graphs can be difficult to interpret it is usual to 

construct 2D-representations of Euler space. The Euler space are divided into slices of φ2 = 5° 

intervals as showed in Fig. 2.16 below. These slices are arranged into a grid called ODF, as 

shown in Fig. 2.17 [10]. 

 

Fig. 2.16: Euler space divided into slices of φ2 = 5° 

 

Fig. 2.17: Euler space slices arranged into an ODF 
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Miller indices and Euler angles of typical orientations of Al and Al-alloys after rolling and 

after recrystallization are presented in Table 2.1 below.   

Table 2.1: Miller indices and Euler angles of typical orientations of Al and Al-alloys after rolling 

and after recrystallization [8] 

Texture component Miller indices 

{hkl}<uvw> 

Euler angles (φ1, Φ, φ2) 

Cu {112}<111> 90°, 35°, 45° 

S {123}<634> 59°, 37°, 63° 

Bs {011}<211> 35°, 45°, 0/90° 

G {011}<100> 0°, 45°, 0/90° 

Cube {001}<100> 0°, 0°, 0/90° 

CubeRD {013}<100> 22°, 0°, 0/90° 

CubeND {001}<310> 0°, 22°, 0/90° 

P {011}<122> 65°, 45°, 0° 

Q {013}<231> 45°, 15°, 10° 

R {124}<211> 53°, 36°, 60° 

 

2.6.1 Deformation Textures 

During plastic deformation the grains of a polycrystal change their shapes and orientations 

due to stress and strain. The mechanism of plastic deformation of aluminium and its alloys is 

dislocation-induced slip. This does not produce lattice rotation by itself; it is rather the 

accommodation of the new grain to its surroundings, which causes the change in orientation. 

When the deformation of FCC-metals are performed at relatively low temperatures slip occurs 

on the {111}<110>-slip systems. A short description of the typical deformation textures that 

appears in rolled aluminium are given below. 

 

Cold rolling of aluminium alloys usually leads to an assembly of orientations along two 

fibers; the β-fiber, running from the Brass orientation (Bs), through S, ending up at the 
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Copper orientation (Cu), and the α-fiber, running from the Goss orientation (G), to the Brass 

orientation. A schematic representation of the FCC-rolling texture in Euler space is presented 

in Fig. 2.18 [8]. 

 

Fig. 2.18: FCC-rolling texture in Euler space [39] 

Both the α- and the β-fiber are described by rotations about two different <110>-axis. The 

normal direction (ND) is parallel to a rotation axis of the α-fiber, and the β-fiber rotation axis 

has a 60° tilt from ND towards the rolling direction (RD) [39]. At higher strains the α-fiber 

deteriorates to a single peak at the Bs-orientation, while the β-fiber strengthens at increased 

strains. However, the β-fiber will deteriorate at reductions beyond 95%, and peaks at certain 

orientations are developed [8]. Fig. 2.19 below presents a typical rolling texture of an FCC-

material where the typical rolling texture components are highlighted. 
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Fig. 2.19: A typical rolling texture of an FCC-material [40] 

 

2.6.2 Recrystallization Textures 

The most important recrystallization textures found in Al-alloys are described in the 

following. A φ2 = 0° section of an ODF is illustrated in Fig. 2.20 below since all the 

dominating recrystallization components, except the R-texture, are found in this ODF-section. 

Three ODFs showing typical recrystallization textures are further presented in Fig. 2.21 – Fig. 

2.23. The typical recrystallization components in each ODF are highlighted. 
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Fig. 2.20: The positions of different texture components in the φ2-section of an ODF [2] 

 

  

Fig. 2.21: Recrystallization texture example 1 

[41] 

Fig. 2.22: Recrystallization texture example 2 

[41] 
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Fig. 2.23: Recrystallization texture example 3 [41] 

 

Cube-Texture 

The origin of the cube-texture has been a topic of debate for years. Dillamore and Katoh [42] 

suggests that crystallites of cube ought to exist in the deformed state as transition bands 

separating volumes of major rolling texture components. Cube bands have been observed to 

retain after deformation, especially at high deformation temperatures. The cube intensity is 

found to decrease with deformation since the metastable cube orientation is assumed to rotate 

around the RD-direction towards the Goss orientation. Another reason for the cube intensity 

to decrease with deformation is that more deformation leads to an increased stored energy, 

and an increased driving force for recrystallization, resulting in a larger number of nucleating 

sites competing, especially PSN- and grain boundary sites [2] [8]. 

 

The cube texture has an approximate 40°<111>-orientation relationship to the S-component 

(low energy ∑7-boundary) and from each S-variant there is one 40°<111>-rotation that yields 
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the cube texture. The S-component is often observed to be lower in intensity than the other 

common rolling components in an ODF. However, the actual volume fraction of S-oriented 

grains is usually higher than for the Bs- and Cu-orientations due to its low symmetry 

compared to Bs and Cu. This might be the reason why the cube texture is common in 

recrystallised Al-alloys. The compromise character of the highly symmetric cube orientation, 

which can grow into all the four S-variants, further enhances this [2] [8]. 

 

The ND-Rotated Cube Component 

The ND-rotated cube component has an approximate 40°<111>-rotation relationship to the 

Cu-orientation. According to Daaland et al. [43] the ND-rotated cube has a growth rate 

advantage in case of concurrent precipitation compared to other orientations, due to the fact 

that these grains have a shorter incubation time than other orientations, resulting in less 

precipitation upon these nuclei [2] [8]. Stian Tangen [2] observed strong ND-rotated cube 

components when concurrent precipitation occurred during annealing. The strength of the 

ND-rotated cube texture was gradually reduced with higher annealing temperature (less 

precipitation). 

 

P-Texture 

The P-texture (also called the ND-rotated Goss texture) has been observed in cold rolled and 

subsequently annealed AlCu-, 3xxx- and 5xxx-alloys with a high supersaturation of alloying 

elements by Næss [44], Daaland & Nes [45], Vatne et al. [46], Engler et al. [37] and Sjølstad 

[8]. Similar to the ND-rotated cube, the P-orientation has an approximately 40°<111>-rotation 

relationship to the Cu-orientation. Both Engler et al. [35] [37] and Sjølstad [8] reported a 

preferred nucleation of the P- and ND-rotated components in the deformation zones around 

large particles by PSN. Due to the 40°<111>-orientation relationship with the Cu-component 

they both further suggested a preferred growth of these grains in the early stages of the 

annealing. This suggestion was further supported by Ryu & Lee [47] when they showed by 

TEM-work that nucleation of the P-orientation take place in the deformation zone 

surrounding large FeAl3-particles [2] [8]. Stian Tangen [2] observed strong P-components 
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when concurrent precipitation occurred during annealing. The strength of the P-texture was 

gradually reduced with higher annealing temperature (less precipitation). 

 

Goss-Texture 

Usually the Goss orientation is present as a minor component in the deformation texture. 

However, poor formability is the result of a pronounced Goss orientation in the 

recrystallization texture. The Goss orientation has a 40°<111>-orientation relationship to the 

β-fiber orientation between S and Bs. According to Hutchinson et al. [28] the factors that 

favor the cube texture also favor the formation of Goss texture [2] [8].  

 

R-Texture 

After annealing of cold rolled commercial purity Al and certain alloys the R-texture is 

frequently observed. The R-texture is referred to as retained rolling texture due to its 

similarity to the S-deformation texture. This appellation is correct only if the recrystallization 

has occurred by extended recovery [2]. 

 

Q-Texture 

The presence of particles can lead to inhomogeneous deformation, and both the P-texture and 

Q-texture seems to show up in cases where inhomogeneous deformation occurs. The Q-

texture is also most often found in connection with the presence of P-texture [2]. 

 

2.7 Characterization Methods 

2.7.1 Hardness Measurements 

A cheap, quick and very effective way to follow softening reactions is hardness 

measurements. A constant compression load is applied on the sample through an indenter, and 
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the samples ability to withstand permanent plastic deformation can be characterized by 

studying the dimensions of the indentation caused by the compression load.  

 

Recovered grains are softer than the deformed grains and hence hardness is a strong function 

of the degree of recrystallization. Hardness will decrease with the degree of recrystallization 

as seen in Fig. 2.4. 

 

2.7.2 Electrical Conductivity Measurements 

Measurements of the electrical conductivity are a suitable method to acquire knowledge about 

the elements in solid solution and the occurrence of precipitation reactions during annealing. 

Alloying elements in solid solution will through distortion of the atomic lattice reduce the 

conductivity of the metal. Semicoherent or incoherent precipitates will on the other hand have 

a much weaker effect on the conductivity. Various elements in solid solution will influence 

the conductivity to different degrees. The relationship between the electrical conductivity and 

the solid solution content in wt% for the alloy investigated can be found by neglecting the 

temperature dependent term in the Matthiessens rule [2] [8] [48]: 

   SiFeMn 0068,0032,0036,00267,0
1




  (2.11) 

The measurements will only give an estimate of the total solid solution content, and it is 

impossible to separate the contributions from each of the various alloying elements. However, 

due to the low solubility of iron in aluminium and the relative low total concentration of Si in 

the investigated alloy, their contribution of the change in electrical conductivity during heat 

treatment is often neglected in comparison to the Mn concentration [2] [8]. 

 

Li and Arnberg [9] have shown that for an AA3103-alloy a large amount of manganese and 

low amounts of Si and Fe are in solid solution after DC-casting. Hence, the electrical 

conductivity is predominantly controlled by the Mn in solid solution.    
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2.7.3 Light Optical Microscopy 

The optical microscope is a type of microscope which uses visible light and a system of lenses 

to magnify images of small samples. It has a low resolution compared to other microscopy 

techniques like scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM), but provides a large field of view, is relatively user friendly and a time effective 

characterization tool. Light optical microscopy (OM) is therefore a suitable method for 

investigating deformed, partly- and fully recrystallized materials with respect to grain 

structure. The light optical microscope can also be used to measure the average grain size of 

the studied material by applying the linear intercept method. 

 

2.7.4 TTT-Diagrams 

TTT-Diagrams can be used to illustrate how the precipitation and softening reaction interact 

with each other in determining overall transformation kinetics. The three T’s correspond to 

time, temperature and transformation. In TTT-diagrams, TC is defined as the temperature 

where the precipitation curve crosses the curve which indicates the onset of recrystallization. 

Concurrent precipitation has little effect on the recrystallisation process above this critical 

temperature, while at temperatures below TC, concurrent precipitation will retard recovery and 

recrystallization.  

 

2.7.5 Electron Back-Scatter Diffraction (EBSD) 

EBSD is conducted using a SEM equipped with a phosphor screen, compact lens and a low 

light CCD camera. When the electron beam hits the specimen in a single point some of the 

electrons undergo elastic scattering with the atoms in the specimen. On their way out of the 

specimen a fraction of the electrons are diffracted according to Bragg’s law. When some of 

these electrons hits the phosphor screen located near the specimen they create a typical 

diffraction pattern that reflects the orientation of the crystal planes for that specific point. A 

camera behind the phosphor screen images the pattern and sends it to a computer.  The 

orientation of a specific grain or subgrain can be obtained from the EBSD-patterns by 
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indexing the displayed patterns. Thousands of orientations can be recorded in this manner and 

one can create an orientation map of the specimen [2].  

 

In addition to providing information about the grain orientations the orientation maps can be 

combined with statistical tools to measure grain- and sub-grain sizes, misorientations, texture, 

etc. The EBSD is therefore an excellent tool for investigation and characterization of 

deformed and recrystallized structures. 
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3. Experimental 

All experiments performed in this work, and how they were done, are described in detail in 

the following chapter. The chapter is divided into 5 parts, where the first part gives a 

description of the starting alloy and the following processing. The second part of the chapter 

describes the characterization of the starting alloy and the alloy variants created by processing 

of the starting alloy. The third part describes the annealing experiments (isothermal and non-

isothermal) conducted in this work. The fourth part of this chapter describes the 

characterization of the alloy variants after the annealing experiments. The fifth and last part of 

this chapter describes in detail the texture measurements performed in this work. 

 

As mentioned in the introduction (see Chapter 1), this work is directly based on, and an 

extension of my TMT4500-work [1] (completed in December 2010). Due to this fact some of 

the results presented in this work were produced during my TMT4500-work. The 

experimental procedures described below include both the procedures used during this work 

and the TMT4500-work, and no clear distinctions between the two are made. However, when 

the results are presented in Chapter 4, a clear distinction between new and old results will be 

made.   

 

3.1 Material Selection and Processing 

The present work has focused on a 3xxx-type model alloy, called C2, processed in various 

ways. The nominal chemical composition of the C2-alloy is presented in Table 3.1. 

Table 3.1: Chemical composition of the C2-alloy 

Alloy Wt% Fe Wt% Si Wt% Mn 

C2 0.5 0.15 1.0 

 

The alloy was received in the as cast condition as extrusion ingots with diameter 228 mm 

from Hydro Sunndalsøra. 
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Homogenization of C2 

The alloy has been homogenized at NTNU to produce materials with different distributions of 

alloying elements (Mn) between solid solution (ss), dispersoids and particles. The specific 

heating programs are presented in Table 3.2. The three different variants of the C2-alloy after 

homogenization are also presented in Table 3.2. The second homogenization procedure is 

presented in detail in Fig. 3.1, while the third homogenization procedure is presented in detail 

in figure 3.2. The homogenization procedures were all carried out in a laboratory oven (see fig 

3.3 below). 

Table 3.2: The three variants of the C2-alloy after homogenization 

Name Mn in ss Dispersoids Homogenization procedure 

C2-A1 High Low (Nr. 1) - As cast 

C2-B1 Medium Low (Nr. 2) – Heated 50 °C/h, held at 

600 °C for 24 h, quenched 

 

 

C2-C1 Low High 
(Nr. 3) – Heated 50 °C/h, held at 

600 °C for 4 h, cooled 25 °C/h, 

held at 500 °C for 4 h, quenched 
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Fig. 3.1: The second homogenization procedure in detail 
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Fig. 3.2: The third homogenization procedure in detail 

 

  

Fig. 3.3: The oven used for the 

homogenization procedure 

Fig. 3.4: The machine used to perform cold 

rolling 
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Cold Rolling of C2 

The material has been cut from the extrusion ingots in different initial thicknesses and 

laboratory cold rolled at NTNU to a thickness of about 1.5 mm, corresponding to equivalent 

strains of ε = 0.7 and 3. The two different cold rolling procedures are presented in Table 3.3. 

The cold rolling machine used in this work is presented in Fig. 3.4 above.  

Table 3.3: The two different cold rolling procedures 

Reduction Initial thickness 

[mm] 

Final thickness [mm] Strain 

50% 3 1.5 ε = 0.7 

95% 30 1.5 ε = 3.0 

 

The nine different variants of the C2-alloy after homogenization and cold rolling are 

presented in Table 3.4.  

Table 3.4: The nine different variants of the C2-alloy after the cold rolling 

Name Homogenization procedure Strain 

C2-A1 Nr.1 ε = 0 

C2-A2 Nr.1 ε = 0.7 

C2-A3 Nr.1 ε = 3.0 

C2-B1 Nr.2 ε = 0 

C2-B2 Nr.2 ε = 0.7 

C2-B3 Nr.2 ε = 3.0 

C2-C1 

 

Nr.3 ε = 0 

C2-C2 Nr.3 ε = 0.7 

C2-C3 Nr.3 ε = 3.0 
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3.2 Characterization of the Starting Alloy Variants 

Alloy variants C2-C1, C2-C2 and C2-C3 were not initially characterized in this work, and any 

data later used in this work from initial characterization of these three alloy variants are 

obtained from Gavin Wangs PhD-work [49]. The other six variants of the C2-alloy presented 

in Table 3.4 were characterized according to the procedures described in the following.      

 

3.2.1  Hardness Measurements 

A Vickers hardness instrument, Matsuzawa DVK-1S, with a load of 1 kg, loading speed of 

100 μm/s and 15 s loading time was used for the hardness measurements. A picture of the 

apparatus is presented in Fig. 3.5 below. The measurements were performed on a clean and 

planar sample surface after grinding the bottom side of the sample planar; to make sure the 

samples were lying flat in the apparatus. An average of minimum four hardness indentations 

on each sample of the C2-alloy was measured. All the hardness indentations were measured 

on the RD-TD-plane. A schematic illustration of a rolled sheet with given directions is 

presented in Fig. 3.7. 

  

Fig. 3.5: Apparatus used for the hardness 

measurements 

Fig. 3.6: Apparatus used for the electrical 

conductivity measurements 
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Fig. 3.7: Schematic illustration of a rolled sheet with given directions 

 

3.2.2  Electrical Conductivity Measurements 

The electrical conductivity of the six variants of the C2-alloy was measured with a 

Sigmascope EX8. A picture of the apparatus is presented in Fig. 3.6 above. The 

measurements were performed by mounting the contact probe on a clean and planar sample 

surface after grinding the bottom side of the sample planar, to make sure the samples were 

lying flat in the apparatus. Two measurements were taken on each sample and the two values 

corresponded for all six samples. The electrical conductivity is a temperature dependent 

parameter and the measuring equipment was found to be very sensitive to the room 

temperature. The temperature in the room was measured to be 21 ± 1 °C when the 

conductivity measurements were taken. 

 

3.2.3  Optical Microscopy   

A light optical microscope, Leica MEF4M, was used to investigate the microstructure of C2-

A1 and C2-B1 in polarized light with the sub parallel λ-plate inserted. A picture of the 

microscope is presented in Fig. 3.8 below. Both specimens were investigated in the RD-ND-

direction. Pictures were taken at different magnifications. Specimen preparation for the 

optical microscopy was carried out as shown in Table 3.5.  
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Table 3.5: Specimen preparation for optical microscopy 

Step Description Details 

1 Embedding Embedding material: Clarokit 

2 Grinding on SiC-paper Mesh program: 320-500-800-1200-2400 

3 Polishing on Al-discs Polishing program: 6 μm – 3 μm – 1 μm 

4 Electro polishing 10 s at 20 V in 20% HClO4 80% ethanol cooled 

down to -35 °C (Struers Lectropol-5) 

5 Anodizing 100 s ± 40 s in 5% HBF4 aqueous sol. at 20 V 

 

Between each step of the polishing program the specimens were placed in an ultra sound bath 

for 30 s to remove loose particles in the surface of the specimens. Pictures of the grinding 

apparatus, the polishing apparatus, the ultra sound bath, the electro polishing equipment and 

the anodizing apparatus are presented in Fig. 3.9 – Fig. 3.13 below. 

  

Fig. 3.8: Leica MEF4M Fig. 3.9: Grinding apparatus 
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Fig. 3.10: Polishing apparatus Fig. 3.11: Ultra sound bath 

  

Fig. 3.12: Electro polishing apparatus Fig. 3.13: Anodizing apparatus 
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3.3 Annealing Experiments 

3.3.1 Isothermal Annealing Procedures 

Isothermal annealing experiments with C2-A2, C2-A3, C2-B2 and C2-B3 were carried out by 

direct immersion into salt-baths at different temperatures. All four variants were annealed at 

300°C, 350°C, 400°C, 450°C and 500°C and all the four variants were held at the three 

different temperatures for 6 different holding times (5 s, 10 s, 100 s, 1000 s, 10000 s and 

100000 s) before they were subsequently quenched in water. 

 

3.3.2 Non-Isothermal Annealing Procedures 

Non-isothermal annealing experiments were carried out to see if non-isothermal annealing 

programs could result in significantly different grain structures and textures (different 

nucleation behavior) than the isothermal annealing programs. The non-isothermal 

experiments are thoroughly described in the following. 

   

Non-isothermal annealing experiments with C2-A3, C2-B3 and C2-C3 were carried out in a 

Naberterm N11/R laboratory oven with a C19 program controller. The heating programs, 

including indications of when samples were taken out of the oven and quenched in water, are 

presented in Fig. 3.14 – Fig. 3.16. The temperature in the oven was measured by the C19 

program controller and with an Amprobe TM45A.  
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Fig. 3.14: Non-Isothermal annealing program for C2-A3 

 

Fig. 3.15: Non-Isothermal annealing program for C2-B3 
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Fig. 3.16: Non-Isothermal annealing program for C2-C3 

 

3.4 Post-Annealing Characterization 

3.4.1 Hardness Measurements 

The same Vickers hardness instrument as described in Chapter 3.2.1, with a load of 1 kg, 

loading speed of 100 μm/s and 15 s loading time, was used for the hardness measurements of 

all the specimens after the annealing experiments. The measurements were performed on a 

clean and planar sample surface after grinding the bottom side of the sample planar; to make 

sure the samples were lying flat in the apparatus. An average of minimum four hardness 

indentations on all specimens was measured. All the hardness indentations were measured on 

the RD-TD-plane. 

 

3.4.2 Electrical Conductivity Measurements 

The electrical conductivity of all the specimens after the annealing experiments was measured 

with the same apparatus as in Chapter 3.2.2. The measurements were performed by mounting 

the contact probe on a clean and planar sample surface after grinding the bottom side of the 
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sample planar, to make sure the samples were lying flat in the apparatus. Two measurements 

were taken on each sample and the two values corresponded for all samples. The temperature 

in the room was measured to be 21 ± 1 °C when the conductivity measurements were taken. 

  

3.4.3 Optical Microscopy 

A light optical microscope, Leica MEF4M, was used to investigate the microstructure of a 

selection of the annealed specimens in polarized light with the sub parallel λ-plate inserted. 

All specimens were investigated in the RD-ND-plane. Pictures were taken at different 

magnifications. The selection of isothermally annealed specimens that was studied in the 

optical microscope is presented in Table 3.6. The selection of non-isothermally annealed 

specimens that was studied in the optical microscope is presented in Table 3.7. Specimen 

preparation was carried out as presented in Table 3.5.  

Table 3.6: The selection of isothermally annealed specimens investigated in the optical 

microscope 

Homogenization  Strain Annealing Procedure 

Nr.1 ε = 0.7 500 °C for 100000 s 

Nr.1 ε = 3.0 400 °C for 100000 s 

Nr.1 ε = 3.0 450 °C for 100000 s 

Nr.1 ε = 3.0 500 °C for 100000 s 

Nr.2 ε = 0.7 400 °C for 100000 s 

Nr.2 ε = 0.7 450 °C for 100000 s 

Nr.2 ε = 0.7 500 °C for 100000 s 

Nr.2 ε = 3.0 350 °C for 100000 s 

Nr.2 ε = 3.0 400 °C for 100000 s 

Nr.2 ε = 3.0 450 °C for 100000 s 

Nr.2 ε = 3.0 500 °C for 100000 s 
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Table 3.7: The selection of non-isothermally annealed specimens investigated in the optical 

microscope 

Homogenization Strain Annealing Procedure 

Nr.2 ε = 3.0 See Fig. 3.15 – Sample taken out at 375 °C 

Nr.2 ε = 3.0 See Fig. 3.15 – Sample taken out at 400 °C 

 

3.4.4 Grain Size Measurements 

The grain sizes of all specimens in Table 3.6 (except for nr.1 with strain 0.7 annealed at 500 

°C for 10
5 

s) and Table 3.7 were measured in both RD- and ND-direction using the linear 

intercept method on the images taken in the optical microscope (see Chapter 3.4.3). The 

measurements were performed in Adobe Photoshop CS5 using the “ruler tool”. All 

measurements were performed on photos taken at 10X magnifications, and 10 measurements 

were performed in both RD- and ND-direction to achieve proper statistics. 

 

3.4.5 TTT-Diagrams 

Based on the hardness and conductivity measurements (see Chapter 3.4.1 and 3.4.2) TTT-

diagrams were constructed for C2-A2, C2-A3, C2-B2 and C2-B3. The TTT-diagrams were 

constructed in the following way:  

1. Recrystallization was assumed to start after a 25% drop of hardness when the overall 

hardness was set to be the difference between the as-deformed hardness and the 

before-deformation hardness. Time to 25% softening and time to complete 

recrystallization were found from the softening curves.  

2. The starting point of precipitation was set to be after a 2.5% increase of conductivity. 

Knut Sjølstad [8] found this percentage to result in TTT-diagrams predicting 

microstructures comparable to the actual experimental results.  
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3.5 Global Texture Measurements 

As previously mentioned (see Chapter 2.6) the texture is an important parameter that makes 

up the characterization of a material together with measurements of grain and sub-grain sizes 

and misorientations measurements. X-ray diffraction is the conventional method used to 

determine bulk textures, but the EBSD-technique has also developed into a powerful 

characterization tool for global texture measurements. 

 

All global texture measurements in this work have been done with a Zeiss Ultra 55 – Limited 

Edition FESEM equipped with an EBSD-detector. This equipment is presented in Fig. 3.17.  

 

Fig. 3.17: Zeiss Ultra 55 – Limited Edition FESEM equipped with an EBSD-detector 

 

3.5.1 Specimen Preparation for EBSD  

All measurements of global textures in this work were performed on specimens prepared 

according to Table 3.8 below. All specimens were prepared in the RD-ND-plane.  
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Table 3.8: Specimen preparation for global texture measurements 

Step Description Details 

1 Embedding Embedding material: Clarokit 

2 Grinding on SiC-paper Mesh program: 320-500-800-1200-2400 

3 Polishing on Al-discs Polishing program: 6 μm – 3 μm – 1 μm 

4 Electro polishing 10 s at 20 V in 20% HClO4 80% ethanol cooled 

down to -35 °C (Struers Lectropol-5) 

   

3.5.2 FESEM Setup for EBSD 

As previously mentioned a Zeiss Ultra 55 – Limited Edition FESEM equipped with an EBSD-

detector was used for all measurements of global textures. The operating parameters used for 

the FESEM are summarized in Table 3.9.  

Table 3.9: Operating parameters for FESEM-EBSD 

FESEM-Parameter Value 

Acceleration Voltage 20 kV 

Working Distance 20 mm 

Tilt Angle 70 ° 

Magnification 40X – 500X 

 

As can be seen from Table 3.9 a range of different magnifications were used. The 

magnification used for a specific specimen was selected based on the grain size of the 

specimen and whether or not the specimen was recrystallised, deformed, etc.  
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3.5.3 EBSD Software Setup 

The NORDIF UF-390 software was used to gather the EBSD-patterns during offline-EBSD in 

the FESEM. The operating parameters used in the NORDIF UF-390 software are summarized 

in Table 3.10.  

Table 3.10: Operating parameters for NORDIF UF-390 

Scan Area 

Step size 0.15 – 4 μm 

Calibration Settings 

Frame rate 100 fps 

Resolution 240 x 240 px 

Exposure time 9850 μs 

Gain 5 

Acquisition Settings 

Frame rate 300 fps 

Resolution 96 x 96 px 

Exposure time 3183 μs 

Gain 2 

      

As can be seen from Table 3.10 a range of different step sizes were used. The step size used 

for a specific specimen was selected based on the grain size of the specimen and whether or 

not the specimen was recrystallised, deformed, etc.  

 

3.5.4 Post-Processing of EBSD-data 

The EBSD-patterns collected by the NORDIF UF-390 software were indexed in the TSL OIM 

Data Collection 6 software. The indexed patterns were further post-processed in the OIM 

Analysis 5.31 software. OIM-maps, pole figures, ODFs and grain size distributions were 
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produced for all investigated specimens. The post-processing procedure performed in the 

OIM Analysis 5.31 is described in detail below. A detailed study of the effect of the post-

processing procedure was also performed to make sure the post-processing did not affect the 

quality of the results. The results of this study are presented in Appendix A. 

 

1. The OIM Analysis 5.31 software automatically assumes that all EBSD-maps are maps 

of the RD-TD plane. Since all EBSD-maps in this work are of the RD-ND-plane; this 

had to be corrected for in each analysis as a first step. 

2. The second step of the post-processing was confidence index (CI) standardization 

(with default software settings). This is a clean up procedure recommended by the 

analyzation software producer [50]. This clean up method changes the CIs of all points 

in a grain to the maximum CI found among all points belonging to the grain. This 

method is useful when a minimum CI value greater than 0 is used in analyzing the 

data. It essentially enables a point with a low CI, yet having an orientation similar to 

that of the surrounding measurements (and thus likely representing a correct indexing 

of the corresponding EBSP), to be distinguished from a point with a low CI where no 

correlation exists between the point and its neighbors (most likely representing an 

incorrect orientation measurement) [50]. 

3. The next step in the post-processing was grain dilation (with default software settings). 

Similar to CI standardization, grain dilation is also a clean up procedure recommended 

by the analyzation software producer [50]. The grain dilation method is an iterative 

method. The grain dilation only works on points that do not belong to any grains; yet 

have neighboring points, which do belong to grains. A point may not belong to any 

grain due to the point either not being indexed or due to it belonging to a grain group 

having fewer members than the minimum grain size. If the majority of neighbors of a 

particular point belong to the same grain then the orientation of the particular point is 

changed to match that of the majority grain – otherwise the orientation is randomly 

changed to match any of the neighboring points, which belong to grains [50]. 

4. After the grain dilation clean up, neighbor CI correlation was performed. This clean up 

method was only performed on data points with CIs less than 0.1. If a particular point 

has a CI less than the minimum value then the CIs of the nearest neighbors are 
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checked to find the neighbor with the highest CI. The orientation and CI of the 

particular point are reassigned to match the orientation and CI of the neighbor with the 

maximum CI [50]. 

5. The fifth step of the post-processing was a second grain dilation procedure (with 

default software settings), recommended by the analyzation software producer [50]. 

 

After the fifth step of the post-processing procedure pole figures and ODFs were produced. 

These results were produced before the sixth and final step of the post-processing procedure 

since the final step was found to have an effect on the texture results (see Appendix A).  

  

6. The sixth and final step of the post-processing was the single (average) orientation per 

grain clean up method (with default software settings). In deformed materials, changes 

in orientation between the individual measurements which constitute a grain are often 

observed. Some very slight misorientations are also sometimes observed in 

recrystallized materials. These slight misorientations may arise simply from minute 

differences in indexing of the patterns from individual measurement points. All 

measurements, which make up a grain, can be replaced by the average orientation for 

the grain, which results in the grain having a single orientation at each constituent 

measurement point [50]. 

 

After the sixth and final step of the post-processing procedure OIM-maps and grain size 

distributions were produced from the analyzation software. As can be seen from Appendix A, 

the single (average) orientation per grain method had no negative effect on the grain sizes, 

and improved the colors of the OIM-maps (see Appendix A). 

 

3.5.5 EBSD-scans - Overview 

An overview of all performed EBSD-scans in this work including information about 

magnifications and step sizes are presented in Table 3.11 – Table 3.14 below. Table 3.11 
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presents all EBSD-scans performed on C2-A3-specimens. Table 3.12 presents all EBSD-

scans performed on C2-B2-specimens. Table 3.13 and 3.14 presents all EBSD-scans 

performed on C2-B3- and C2-C3-specimens.  

Table 3.11: An overview of all performed EBSD-scans on C2-A3-specimens 

Annealing Procedure Magnification Step size [μm] 

Isothermal – 400 °C for 10
5
 s 40X 4.000 

Isothermal – 400 °C for 10
5
 s 80X 2.000 

Isothermal – 450 °C for 10
5
 s 80X 2.000 

Isothermal – 500 °C for 10
5
 s 80X 3.000 

Non-Isothermal – 3 h at 400 °C 80X 2.000 

 

Table 3.12: An overview of all performed EBSD-scans on C2-B2-specimens 

Annealing Procedure Magnification Step size [μm] 

Before Annealing 80X 3.000 

Isothermal – 450 °C for 10
5
 s 60X 2.000 

Isothermal – 500 °C for 10
5
 s 90X 2.000 

 

Table 3.13: An overview of all performed EBSD-scans on C2-B3-specimens 

Annealing Procedure Magnification Step Size [μm] 

- 500X 0.180 

Isothermal – 350 °C for 10
5
 s 80X 4.000 

Isothermal – 350 °C for 10
5
 s 200X 0.400 

Isothermal – 400 °C for 10
5
 s 80X 3.000 

Isothermal – 400 °C for 10
5
 s 200X 0.390 

Isothermal – 450 °C for 10
5
 s 80X 2.000 
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Isothermal – 500 °C for 10
5
 s 80X 2.000 

Non-Isothermal – 375 °C 80X 2.000 

Non-Isothermal – 375 °C 200X 0.375 

Non-Isothermal – 400 °C 80X 3.000 

Non-Isothermal – 400 °C 200X 0.375 

 

Table 3.14: An overview of all performed EBSD-scans on C2-C3-specimens 

Annealing Procedure Magnifications Step Size [μm] 

Non-Isothermal – 2 h at 400 °C 80X 2.000 

Non-Isothermal – 3 h at 400 °C 80X 2.000 

 



Chapter 4: Results 

58 
 

4. Experimental Results 

The following chapter is divided into three parts, where the first part contains the 

experimental results obtained during the initial characterization of the different variants of the 

C2-alloy (see Chapter 3.1). The results from the isothermal annealing experiments (including 

softening curves, EC curves, grain size measurements, TTT-diagrams, OM-images, texture 

results, etc.) are presented in the second part of this chapter, while the softening curves, OM-

images, EC curves, grain size measurements and texture results from the non-isothermal 

annealing experiments are presented in the third and final part of this chapter.  

 

As mentioned in both Chapter 1 and Chapter 3, this work is directly based on, and an 

extension of my TMT4500-work [1]. Due to this fact some of the results from the TMT4500-

work are presented in this chapter for completeness and for comparison reasons. These results 

include: 

 The HV- and EC results for C2-A1, C2-A2, C2-A3, C2-B1, C1-B2 and C2-B3 

presented in Table 4.1 in Chapter 4.1.1. 

 The calculations of the amounts of Mn in solid solution for C2-A1 and C1-B1 

presented in Table 4.2 in Chapter 4.1.2. 

 All HV results presented in Chapter 4.2.1 for specimens isothermally annealed at 300 

°C, 350 °C and 400 °C. 

 All EC results presented in Chapter 4.2.2 for specimens isothermally annealed at 300 

°C, 350 °C and 400 °C. 

 

General descriptions of all the experimental results will be presented in this chapter. All 

discussions of the results are contained to Chapter 5.  
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4.1 Characterization of the Starting Alloy Variants 

The experimental results obtained during the characterizations described in Chapter 3.2 are 

presented in the following. Texture results from the texture measurements on the starting C2-

alloy variants described in Chapter 3.5 are also included in this chapter. The results from the 

optical microscope studies of the starting C2-alloy variants described in Chapter 3.2.3 are 

presented in Appendix E.  

 

4.1.1 Electrical Conductivity- and Hardness Measurements 

The results from the electrical conductivity measurements and hardness measurements 

described in Chapter 3.2.1 and 3.2.2 are presented in Table 4.1.  

Table 4.1: Measured EC and HV values of the starting variants (homogenized and deformed) of 

the C2-alloy 

Name Hom. Proc. Strain EC [m/Ω mm
2
] HV 

C2-A1 Nr.1 ε = 0 17.5 37.0 

C2-A2 Nr.1 ε = 0.7 17.5 58.5 

C2-A3 Nr.1 ε = 3.0 17.6 71.5 

C2-B1 Nr.2 ε = 0 21.5 30.2 

C2-B2 Nr.2 ε = 0.7 22.0 51.9 

C2-B3 Nr.2 ε = 3.0 21.9 61.3 

C2-C1 Nr.3 ε = 0 22.5 37.9 

C2-C3 Nr.3 ε = 3.0 23.5 56.1 

 

As can be seen from Table 4.1 the different degrees of deformation have little or no effect on 

the electrical conductivity for the first two homogenization variants, while the electrical 

conductivity increase from 22.5 to 23.5 for the third variant. Both homogenization procedure 

nr. 2 and nr. 3 increase the conductivity compared to the as cast material. The hardness 

increases substantially with increasing strain for all three variants. The measured increase in 
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hardness with increasing strain is largest for the as cast material (35 Vickers) and smallest for 

the nr. 3 variant (18 Vickers). The hardness of the unstrained alloy is reduced from 37.0 to 

30.2 (C2-A1 to C2-B1) with homogenization procedure nr. 2, while the hardness of the 

unstrained alloy seems relatively unaffected by homogenization procedure nr. 3.   

 

4.1.2 Amounts of Manganese in Solid Solution 

By using the Matthiessens rule (Equation 2.11 in Chapter 2.7.2) and the results from the 

electrical conductivity measurements (see Table 4.1 in Chapter 4.1.1) a rough estimation of 

the manganese in solid solution for the three different homogenization variants of the C2-

alloy were calculated. The results from these estimations are presented in Table 4.2, and a 

calculation example can be found in Appendix B. 

Table 4.2: Estimations of the wt% Mn in solid solution 

Name Hom. Proc. Strain EC [m/Ωmm
2
] Mn in ss [wt%] 

C2-A1 Nr.1 ε = 0 17.5 ≈ 0.85 

C2-B1 Nr.2 ε = 0 21.5 ≈ 0.55 

C2-C1 Nr.3 ε = 0 22.5 ≈ 0.49 

 

One of the primary goals of homogenization of 3xxx-alloys is to reduce the level of Mn in 

solid solution (see Chapter 2.3), and as can be seen from Table 4.2 both homogenization 

procedures reduce the wt% of manganese in solid solution. The reduction seems to be largest 

for homogenization procedure nr. 3. The values in Table 4.2 are only rough estimations. More 

sophisticated methods have been used to calculate the same values, which resulted in values 

of 0.69 wt%, 0.35 wt% and 0.23 wt% for C2-A1, C2-B1 and C2-C1 respectively [51]. All 

values significantly lower than the rough estimations presented in Table 4.2. The estimations 

in Table 4.2 still give an indication of the difference in Mn in solid solution content between 

the different alloy variants.   
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4.1.3 Texture Results 

The results from the texture measurements on starting C2-alloy variants described in Chapter 

3.5 are presented in the following. These measurements were performed to characterize the 

deformation texture introduced to the C2-alloy due to cold rolling. The textures of specimens 

C2-B2 and C2-B3 were investigated. Fig. 4.1 – Fig. 4.3 shows the OIM-map, the ODF and 

the pole figure for C2-B2, while Fig. 4.4 – Fig. 4.6 shows the OIM-map, the ODF and the 

pole figure for C2-B3. 

 

The OIM-maps in Fig. 4.1 and Fig. 4.4 clearly show the development of the deformation 

structure introduced with cold rolling, where elongated grains in the direction of applied strain 

is the most obvious “macro” feature along with grain fragmentation at ε = 3.0. 

Correspondingly the pole figures in Fig. 4.3 and Fig. 4.6 show the development of a typical 

cold rolling texture in an FCC-metal. The development of a typical cold rolling texture can 

also be seen in the ODFs in Fig. 4.2 and Fig. 4.4 where strong Copper-, Brass- and S 

components dominates. A typical cold rolling ODF for an FCC-metal with highlighted 

deformation texture components is presented in Fig. 2.19 in Chapter 2.6.1 for comparison 

reasons. 

  

Fig. 4.1: OIM-map from a 80X EBSD-scan of C2-B2 
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Fig. 4.2: ODF from a 80X EBSD-scan of C2-B2 

  

Fig. 4.3: Pole figure from a 80X EBSD-scan of C2-B2 
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Fig. 4.4: OIM-map from a 500X EBSD-scan of C2-B3 

  

Fig. 4.5: ODF from a 500X EBSD-scan of C2-B3 
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Fig. 4.6: Pole figure from a 500X EBSD-scan of C2-B3 

 

4.2 Isothermal Annealing Experiments 

The experimental results from the isothermal annealing experiments and the post-annealing 

characterization described in Chapter 3.3 and Chapter 3.4 are presented in this chapter. Also 

included in this chapter are the texture results from the texture measurements on the 

isothermally annealed specimens described in Chapter 3.5.  

 

4.2.1 Softening Curves 

Softening curves for C2-A2, C2-A3, C2-B2 and C2-B3 showing the hardness development 

during the isothermal annealing experiments described in Chapter 3.3 are presented in Fig. 4.7 

– Fig. 4.10. The softening curves are presented as HV vs. annealing time plots. HV-values 

from the initial characterization (Table 4.1) of the C2-alloy variants are also included in the 

respective plots for comparison reasons. 
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Fig. 4.7: Softening curve for C2-A2 (as cast – ε = 0.7) 

By studying Fig. 4.7 above only small and relatively slow reductions of the hardness can be 

seen for the four lowest annealing temperatures and their respective curves, corresponding to 

typical recovery behavior (see Chapter 2.5). The hardness reduction increases with increasing 

annealing temperature, this since dislocations rearrange faster at higher temperatures (see 

Chapter 2.5.2). The curve for the highest annealing temperature (500 °C) show a large HV 

reduction early in the annealing and a subsequent leveling of the HV curve, corresponding to 

typical recrystallization behavior (see Chapter 2.5). The HV reduction increases towards the 

end of the annealing at both 400 °C and 450 °C possibly indicating a starting recrystallization. 

The small increase in HV at the end of the annealing procedure at 300 °C and 350 °C is 

probably due to measurement errors. A small increase in hardness can also be seen early in 

the softening curves for the annealing at 300 °C, 350 °C and 450 °C. 

 

It can be seen from Fig. 4.8 below that the softening curves for 300 °C and 350 °C show the 

slow and steady decrease in hardness typical for recovery (see Chapter 2.5). As for C2-A2, 

the hardness reduction is larger with increasing annealing temperature. The curve representing 

the annealing at 400 °C also shows slow and steady reduction of hardness typical for recovery 

until around 1000 s at the annealing temperature. After 1000 s at 400 °C a large reduction of 
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the hardness typical for recrystallization occurs (see Chapter 2.5), before the softening curve 

levels out. The two highest annealing temperatures (450 °C and 500 °C) and their curves 

show a large HV reduction early in the annealing and a subsequent leveling of the curve, 

corresponding to typical recrystallization behavior (see Chapter 2.5). A relatively small 

increase in HV can be observed early in the softening curves for the annealing procedures at 

300 °C and 350 °C. 

 

Fig. 4.8: Softening curve for C2-A3 (as cast – ε = 3.0) 

The softening curves for 300 °C and 350 °C in Fig. 4.9 below show the slow and steady 

decrease in hardness typical for recovery (see Chapter 2.5). As for C2-A2 and C2-A3, the 

hardness reduction increases with increasing annealing temperature. The three highest 

annealing temperatures (400 °C, 450 °C and 500 °C) and their curves show a large HV 

reduction early in the annealing procedure and a subsequent leveling of the softening curve, 

corresponding to typical recrystallization behavior (see Chapter 2.5). As can be seen in Fig. 

4.9, the large reduction in HV just mentioned occurs earlier in the annealing procedure with 

increasing temperature, this due to the fact that dislocations rearrange faster at higher 

temperatures (see Chapter 2.5.2). A relatively small increase in HV can be observed early in 

the softening curve for the annealing procedure at 300 °C. 
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Fig. 4.9: Softening curve for C2-B2 (hom. nr. 2 – ε = 0.7) 

 

Fig. 4.10: Softening curve for C2-B3 (hom. nr. 2 – ε = 3.0) 

It can be seen from Fig. 4.10 above that the softening curve for 300 °C shows the slow and 

steady decrease in hardness typical for recovery (see Chapter 2.5). As for C2-A2, C2-A3 and 

C2-B2, the hardness reduction increases with increasing annealing temperature due to 
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dislocations rearranging faster at higher temperatures (see Chapter 2.5.2). The curve 

representing the annealing at 350 °C shows a relatively fast but steady reduction of hardness 

(recovery) until around 1000 s at the annealing temperature. After 1000 s at 350 °C a large 

reduction of the hardness that is typical for recrystallization occurs (see Chapter 2.5), before 

the softening curve levels out. The three highest annealing temperatures (400 °C, 450 °C and 

500 °C) and their curves show a large HV reduction early in the annealing procedure and a 

subsequent leveling of the curve, corresponding to typical recrystallization behavior (see 

Chapter 2.5). As can be seen in Fig. 4.10 the large reduction in HV just mentioned occurs 

earlier in the annealing procedure with increasing temperature, as for C2-B2. A relatively 

small increase in HV can be observed early in the softening curve for the annealing procedure 

at 300 °C. 

 

4.2.2 Electrical Conductivity Measurements 

Electrical conductivity curves for C2-A2, C2-A3, C2-B2 and C2-B3 showing the electrical 

conductivity development during the isothermal annealing experiments, described in Chapter 

3.3, are presented in Fig. 4.11 – Fig. 4.14. The curves are presented as EC vs. annealing time 

plots. EC values from the initial characterization (Table 4.1) of the C2-alloy variants are also 

included in the respective plots for comparison reasons. 

 

Manganese in solid solution distorts the atomic lattice of the alloy and consequently lowers 

the conductivity (see Chapter 2.7.2). Because of this, the development in electrical 

conductivity during annealing will be a good indication of the amount of precipitation during 

annealing (see Chapter 2.5.1); i.e. since the amount of manganese in solid solution is reduced 

during precipitation. This means that the clearly increasing conductivity of C2-A2 during the 

different annealing procedures indicates considerable precipitation. The slope of the EC curve 

representing the annealing at 500 °C is changing significantly several times early in the 

annealing procedure. By comparing Fig. 4.11 to the softening curve for C2-A2 in Fig. 4.7 the 

varying EC slope can be related to the significant softening early in the annealing at 500 °C.  

After 10000 seconds of annealing the slope of the EC curve for the annealing at 450 °C is 

slightly reduced. The final trend after 100000 seconds seems to be that the electrical 

conductivity increases with annealing temperature up to 400 °C. Annealing at 450 °C results 
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in a slightly reduced conductivity increase compared to annealing at 400 °C. Annealing at 500 

°C results in a largely reduced conductivity increase compared to the annealing at 400 °C. 

 

Fig. 4.11: EC curve for C2-A2 (as cast – ε = 0.7) 

 

Fig. 4.12: EC curve for C2-A3 (as cast – ε = 3.0) 
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As for C2-A2, the EC curves for C2-A3 in Fig. 4.12 indicate considerable precipitation. And 

as for C2-A2, the final trend after 100000 seconds seems to be that the electrical conductivity 

for C2-A3 increases with annealing temperature up to 400 °C. Annealing at 450 °C results in 

a slightly reduced conductivity increase compared to the annealing at 400 °C. Annealing at 

500 °C results in a largely reduced conductivity increase compared to the annealing at 400 °C. 

By studying Fig. 4.12 one can also see that the slope of the EC curve for the annealing at 500 

°C is reduced after 5 seconds of annealing. By comparing Fig. 4.12 to the softening curve for 

C2-A3 in Fig. 4.8, the reduced EC slope can be related to the significant softening early in the 

annealing at 500 °C. The varying slope of the 450 °C EC curve can be explained in the same 

manner. The increase in conductivity during annealing of C2-A3 occurs faster and to a larger 

degree compared to C2-A2.  

 

Fig. 4.13: EC curve for C2-B2 (hom. nr. 2 – ε = 0.7) 

By studying Fig. 4.13 no clear development in the EC curves can be observed before towards 

the end of the annealing procedures. The increase in the conductivity observed for C2-B2 is 

both smaller and occurring slower than for C2-A2 and C2-A3, indicating less precipitation for 

C2-B2 during annealing. No general trends in the results are observed when studying the EC 

plot for C2-B2 alone or when the EC plot is compared with the softening curves for C2-B2 in 
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Fig. 4.9. The smallest conductivity increases occurred for the annealing at 300 °C and 400 °C 

while the annealing at 350 °C resulted in the highest final conductivity. 

 

Fig. 4.14: EC curve for C2-B3 (hom. nr. 2 – ε = 3.0) 

The increase in the conductivity observed for C2-B3 is, as for C2-B2, both smaller and 

occurring slower than for C2-A2 and C2-A3, indicating less precipitation for C2-B2 during 

annealing. The increase in conductivity during annealing of C2-B3 occurs faster and to a 

larger degree compared to C2-B2. No general trends in the results are observed when studying 

the EC plot for C2-B3 alone, but when comparing the EC plot of C2-B3 with the softening 

curves for C2-B3 in Fig. 4.10 some trends can be seen. Precipitation seems to occur after 

completed recrystallization for the annealing at 400 °C, 450 °C and 500 °C. The slope of the 

EC curve is reduced at the start of recrystallization for the annealing at 350 °C. Both the 

softening (recovery) and the precipitation increase in magnitude after 100 s of annealing at 

300 °C. The smallest final conductivity increase occurred for the annealing at 350 °C, while 

the annealing at 300 °C, 400 °C and 450 °C resulted in the highest final conductivities.  
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4.2.3 TTT-Diagrams 

Based on the hardness and conductivity measurements presented in the two previous chapters 

TTT-diagrams were constructed for C2-A2, C2-A3, C2-B2 and C2-B3 as described in 

Chapter 3.4.5. These TTT-diagrams are presented in Fig. 4.15 – Fig. 4.18. 

 

Fig. 4.15: TTT-diagram for C2-A2 (as cast – ε = 0.7) 

In Fig. 4.15 and Fig. 4.16 the effect of strain can clearly be seen since both the 

recrystallization process and the precipitation process are promoted with increasing strain. As 

an example the precipitation for C2-A3 (ε = 3.0) at 350 °C seems to be starting after 

approximately 10 seconds of annealing, while for C2-A2 (ε = 0.7) the precipitation starts after 

100 seconds of annealing at 350 °C. In Fig. 4.15 and 4.16 the precipitation process is also 

observed to shift the start and end of the recrystallization process to longer annealing times 

when precipitation occurs simultaneously or previous to recrystallization. 
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Fig. 4.16: TTT-diagram for C2-A3 (as cast – ε = 3.0) 

 

Fig. 4.17: TTT-diagram for C2-B2 (hom. nr.2 – ε = 0.7) 

The effect of strain is also obvious in Fig. 4.17 and Fig 4.18 since both the recrystallization 

process and the precipitation process are promoted with increasing strain. As an example the 

precipitation for C2-B3 (ε = 3.0) at 500 °C seems to be starting after approximately 100 
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seconds  of annealing, while for C2-B2 (ε = 0.7) the precipitation at 500 °C starts after over 

1000 seconds of annealing. Further, the effect of homogenization procedure nr. 2 can clearly 

be seen in Fig. 4.15 – Fig. 4.18. Both the start and end of the recrystallization process have 

been moved to shorter annealing times for the hom. proc. nr. 2 variants in Fig. 4.17 and Fig. 

4.18 compared to the as cast variants in Fig. 4.15 and Fig. 4.16. In addition the start of the 

precipitation process has been moved to significantly longer annealing times for both the hom 

nr. 2 variants compared to the as cast variants. Both as cast variants seems to be affected by 

precipitation for all annealing temperatures, while C2-B2 is not affected by precipitation 

above 350 °C, and C2-B3 is not affected by precipitation above 400 °C. 

 

Fig. 4.18: TTT-diagram for C2-B3 (hom. nr.2 – ε = 3.0) 

 

4.2.4 Optical Microscope Images 

The optical microscope images of the selection of isothermally annealed specimens listed in 

Table 3.6 in Chapter 3.4.3 are presented in Fig. 4.19 – Fig. 4.29 below. The selection of 

specimens that was looked at was chosen based on the softening curve results presented in 

Chapter 4.2.1. All selected specimens were expected to be recrystallised. 
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Fig. 4.19: OM-image of C2-A2 annealed at  

500 °C for 10
5
 s 

Fig. 4.20: OM-image of C2-A3 annealed at  

400 °C for 10
5
 s 

  

Fig. 4.21: OM-image of C2-A3 annealed at  

450 °C for 10
5
 s 

Fig. 4.22: OM-image of C2-A3 annealed at  

500 °C for 10
5
 s 

The OM-image in Fig. 4.19 show a grain structure very similar to a slightly deformed grain 

structure, and the image reveals that C2-A2 annealed at 500 °C for 10
5
 s was not 

recrystallised. Due to this no further measurements were conducted on this specimen. Fig. 

4.20 – Fig. 4.22 show C2-A3 annealed at increasing temperatures. All three figures show 

recrystallised specimens, where the grain size is gradually reduced with increasing 

temperature. 
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Fig. 4.23: OM-image of C2-B2 annealed at  

400 °C for 10
5
 s 

Fig. 4.24: OM-image of C2-B2 annealed at  

450 °C for 10
5
 s 

 

Fig. 4.25: OM-image of C2-B2 annealed at 500 °C for 10
5
 s 

Fig. 4.23 – Fig. 4.25 show C2-B2 annealed at increasing temperatures. All three figures show 

recrystallised specimens, where the increasing temperature seems to have had little effect 

since no large differences can be seen in the grain structures based on the OM-images. 
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Fig. 4.26: OM-image of C2-B3 annealed at  

350 °C for 10
5
 s 

Fig. 4.27: OM-image of C2-B3 annealed at  

400 °C for 10
5
 s 

  

Fig. 4.28: OM-image of C2-B3 annealed at  

450 °C for 10
5
 s 

Fig. 4.29: OM-image of C2-B3 annealed at  

500 °C for 10
5
 s 

Fig. 4.26 – Fig. 4.29 show C2-B3 annealed at increasing temperatures. All four figures reveal 

recrystallised specimens, where the grain size is gradually reduced with increasing 

temperature.   

 

4.2.5 Recrystallized Grain Size Measurements from OM-images 

The grain sizes of all specimens presented with OM-images in the previous chapter, except 

for C2-A2 annealed at 500 °C for 10
5
 s (see Fig. 4.19) were measured in both RD- and ND-
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direction using the linear intercept method, as described in Chapter 3.4.4. The results are 

presented in Table 4.3 below. The grain size of C2-A2 annealed at 500 °C for 10
5
 s was not 

measured by the linear intercept method since the specimen was not recrystallized during 

annealing, as mentioned in the previous chapter.  

Table 4.3: Grain size measurements from OM-images by the linear intercept method 

Name Ann. T. 

[°C] 

Gr. Size – RD-dir. 

[μm] 

Gr. Size – ND-dir. 

[μm] 

RD/ND Ann. Time 

[s] 

C2-A3 400 285 37 7.7 10
5
 

C2-A3 450 81 21 3.9 10
5
 

C2-A3 500 52 19 2.8 10
5
 

C2-B2 400 37 24 1.6 10
5
 

C2-B2 450 28 22 1.3 10
5
 

C2-B2 500 31 24 1.3 10
5
 

C2-B3 350 86 25 3.4 10
5
 

C2-B3 400 27 15 1.8 10
5
 

C2-B3 450 19 15 1.2 10
5
 

C2-B3 500 21 16 1.3 10
5
 

  

The general trend that can be seen from Table 4.3 is that the grain sizes were reduced with 

increasing annealing temperature for all variants of the C2-alloy. The largest grain size was 

measured for C2-A3 annealed at 400 °C for 10
5
 s, and the smallest grain size was measured 

for C2-B3 annealed at 450 °C for 10
5
 s. 

 

4.2.6 Recrystallized Grain Size Distributions from EBSD-data 

As described in Chapter 3.5.4, grain size distributions were produced from the software used 

to analyze the EBSD-data. A selection of the grain size distributions produced for the 

recrystallized isothermally annealed specimens are presented in Fig. 4.30 – Fig. 4.34. The 



Chapter 4: Results 

79 
 

complete datasets for the grain size distributions, with accurate grain sizes and corresponding 

area fractions, are presented in Appendix C. Grain size distributions for all specimens 

presented with OM-images in Chapter 4.2.4, except for C2-A2 annealed at 500 °C for 10
5
 s 

and C2-B2 annealed at 400 °C for 10
5
 s, are presented below. The grain size distribution of 

C2-A2 annealed at 500 °C for 10
5
 s and C2-B2 annealed at 400 °C for 10

5
 s were not 

measured since specimen C2-A2 was not recrystallized during annealing, and due to a lack of 

C2-B2 material. 

 

Fig. 4.30: Grain size distribution from a 40X EBSD-scan of C2-A3 annealed at 400 °C for 10
5
 s 

Fig. 4.30 shows the grain size distributions for C2-A3 annealed at 400 °C for 10
5
 s. The grain 

size distributions for C2-A3 annealed at 450 °C and 500 °C for 10
5
 s are presented in 

Appendix C. All three distributions show relatively homogeneous grain sizes, and the 

dominating grain size for all three distributions are in the same scale as the measured average 

grain sizes for the same specimens, presented in the previous chapter. Fig. 4.31 shows the 

grain size distributions for C2-B2 annealed at 450 °C for 10
5
 s. The grain size distribution for 

C2-B2 annealed at 500 °C for 10
5
 s is presented in Appendix C. Both distributions reveal 

relatively homogeneous grain sizes, and the dominating grain size for both distributions are in 

the same scale as the measured average grain size for the same specimens, presented in the 

previous chapter. 
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Fig. 4.31: Grain size distribution from a 60X EBSD-scan of C2-B2 annealed at 450 °C for 10
5
 s 

 

Fig. 4.32: Grain size distribution from a 80X EBSD-scan of C2-B3 annealed at 350 °C for 10
5
 s 

Fig. 4.32 – 4.34 show the grain size distributions for C2-B3 annealed at 350 °C, 400 °C and 

450 °C for 10
5
 s. The grain size distribution for C2-B3 annealed at 500 °C for 10

5
 s is 

presented in Appendix C. The distribution for C2-B3 annealed at 350 °C is relatively 

inhomogeneous and the dominating grain size diameters seem to be between 10 μm and 100 

μm. The grain size distribution for C2-B3 annealed at 400 °C also looks slightly 

inhomogeneous, but not to the same degree as the distribution for C2-B3 annealed at 350 °C. 
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The dominating grain size diameters are between 10 μm and 20 μm, which correspond well to 

the average grain size measurements on the same specimen in the previous chapter.  

 

Fig. 4.33: Grain size distribution from a 80X EBSD-scan of C2-B3 annealed at 400 °C for 10
5
 s 

 

Fig. 4.34: Grain size distribution from a 80X EBSD-scan of C2-B3 annealed at 450 °C for 10
5
 s 

The grain size distributions for C2-B3 annealed at 450 °C and 500 °C are both showing a 

homogeneous grain size and the dominating grain size in both distributions correspond well to 

the average grain size measurements on the same specimens, presented in the previous 

chapter. 
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4.2.7 Texture Results 

The results from the texture measurements of the isothermally annealed specimens, described 

in Chapter 3.5, are presented in the following. The pole figures from all texture measurements 

in this work are presented in Appendix D. The texture of C2-B2 annealed at 400 °C for 10
5
 s 

was not investigated due to a lack of C2-B2 material, as also mentioned in the previous 

chapter. Fig. 4.35 shows the OIM-maps of C2-A3 annealed at 400 °C, 450 °C and 500 °C, 

where all the OIM-maps show recrystallised grains elongated in the rolling direction. The 

final grain size for C2-A3 can be seen to be reduced with a higher annealing temperature, 

consistent with the results in Chapters 4.2.4, 4.2.5 and 4.2.6. 

  

  

Fig 4.35: OIM-maps of C2-A3 annealed for 10
5
 s at (a) 400 °C, (b) 450 °C and (c) 500 °C from 

80X EBSD-scans 
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The ODF of C2-A3 annealed at 400 °C for 10
5
 s is presented in Fig. 4.36. The texture in this 

ODF is strong, but not very easy to interpret. By studying the φ2 = 0 ° section of the ODF, a 

possibly strong ND-rotated cube texture can be seen and also a relatively strong P-texture (see 

Fig. 2.20 and Fig. 2.22 in Chapter 2.6.2). By studying the φ2 = 15 ° section of the ODF what 

might be Q-texture can also be observed (see Fig. 2.2.3 in Chapter 2.6.2). 

  

Fig. 4.36: ODF of C2-A3 annealed at 400 °C for 10
5
 s from a 40X EBSD-scan 

  

Fig. 4.37: ODF of C2-A3 annealed at 450 °C for 10
5
 s from a 80X EBSD-scan 
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The ODF of C2-A3 annealed at 450 °C for 10
5
 s is presented in Fig. 4.37. Section φ2 = 0 ° in 

this ODF show a relatively strong ND-rotated cube texture and P-texture (see Fig. 2.20 and 

Fig. 2.22 in Chapter 2.6.2). Fig. 4.38 show the ODF of C2-A3 annealed at 500 °C for 10
5
 s. 

The texture seems relatively weak, but as for C2-A3 annealed at 450 °C, section φ2 = 0 ° 

shows ND-rotated cube texture and P-texture (see Fig. 2.20 and Fig. 2.22 in Chapter 2.6.2). 

  

Fig. 4.38: ODF of C2-A3 annealed at 500 °C for 10
5
 s from a 80X EBSD-scan 

Fig. 4.39 shows the OIM-maps of C2-B2 annealed at 450 °C and 500 °C, where both OIM-

maps show approximately equiaxed recrystallised grains with no remarkable size differences, 

consistent with the results in Chapters 4.2.4, 4.2.5 and 4.2.6. 
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Fig. 4.39: OIM-maps of C2-B2 annealed for 10
5
 s at (a) 450 

°C and (b) 500 °C from a 60X and a 90X EBSD-scans 

Fig. 4.40 presents the ODF of C2-B2 annealed at 450 °C for 10
5
 s. The texture in this ODF is 

very weak and random. No clear recrystallised texture components can be seen in the different 

sections of the ODF. The ODF of C2-B2 annealed at 500 °C for 10
5
 s is presented in Fig. 

4.41. Compared to the ODF in Fig. 4.40 the texture is not much stronger, but the ND-rotated 

cube texture can be seen in the φ2 = 0° section of the ODF (see Fig. 2.20 and Fig. 2.22 in 

Chapter 2.6.2). However, the texture for C2-B2 annealed at 500 °C still seems somewhat 

random, just as for C2-B2 annealed at 450 °C. 
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Fig. 4.40: ODF of C2-B2 annealed at 450 °C for 10
5
 s from a 60X EBSD-scan 

  

Fig. 4.41: ODF of C2-B2 annealed at 500 °C for 10
5
 s from a 90X EBSD-scan 

Fig. 4.42 presents the OIM-maps of C2-B3 annealed at 350 °C, 400 °C, 450 °C and 500 °C, 

where the OIM-maps of C2-B3 annealed at 350 °C and 400 °C show recrystallised grains 

elongated in the rolling direction, and the OIM-maps of C2-B3 annealed at 450 °C and 500 °C 

show approximately equiaxed recrystallised grains. The OIM-maps show a grain size 

gradually reduced with increased annealing temperature, consistent with the results in 

Chapters 4.2.4, 4.2.5 and 4.2.6. 
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Fig. 4.42: OIM-maps of C2-B3 annealed for 

10
5
 s at (a) 350 °C, (b) 400 °C, (c) 450 °C and 

(d) 500 °C from two 200X and two 80X EBSD-

scans 

The ODF of C2-B3 annealed at 350 °C for 10
5
 s is presented in Fig. 4.43. A relatively strong 

ND-rotated cube- and P-texture can be seen in section φ2 = 0° of the ODF (see Fig. 2.20 and 

Fig. 2.22 in Chapter 2.6.2).  
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Fig. 4.43: ODF of C2-B3 annealed at 350 °C for 10
5
 s from a 80X EBSD-scan 

In Fig. 4.44 the ODF of C2-B3 annealed at 400 °C for 10
5
 s is presented. The texture in this 

ODF is weaker compared to the ODF in Fig. 4.43 and no P-texture component can be seen in 

section φ2 = 0° of the ODF. The ND-rotated cube texture is still present.  

  

Fig. 4.44: ODF of C2-B3 annealed at 400 °C for 10
5
 s from a 80X EBSD-scan 
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Fig. 4.45: ODF of C2-B3 annealed at 450 °C for 10
5
 s from a 80X EBSD-scan 

The ODF of C2-B3 annealed at 450 °C for 10
5
 s is presented in Fig. 4.45. As for the ODF in 

Fig. 4.44, the texture is relatively weak, but clear. By studying the φ2 = 0° section of the ODF 

the texture seems to be a combination of a cube- and a ND-rotated cube texture (see Fig. 2.20, 

Fig. 2.22 and Fig. 2.23 in Chapter 2.6.2).  

  

Fig. 4.46: ODF of C2-B3 annealed at 500 °C for 10
5
 s from a 80X EBSD-scan 
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The texture in Fig. 4.46, showing the ODF of C2-B3 annealed at 500 °C for 10
5
 s, is 

somewhat stronger compared to the two previously described ODFs. By studying the φ2 = 0° 

section of the ODF a clear cube texture can be seen (see Fig. 2.20 and Fig. 2.23 in Chapter 

2.6.2). 

 

4.3 Non-Isothermal Annealing Experiments 

4.3.1 Softening Curves 

Softening curves for C2-A3, C2-B3 and C2-C3 showing the hardness development during the 

non-isothermal annealing experiments described in Chapter 3.3 are presented in Fig. 4.47. 

The softening curves are presented in a HV vs. annealing time plot. HV values from the initial 

characterization (Table 4.1) of the C2-alloy variants are also included in the plot for 

comparison reasons. The first HV value for all three curves represents the HV value of the 

respective as deformed alloy variants before annealing. 

 

Fig. 4.47: Softening curves for C2-A3, C2-B3 and C2-C3 non-isothermally annealed 

By studying Fig. 4.47, only a small and relatively slow reduction of hardness corresponding to 

typical recovery behavior (see Chapter 2.5) can be seen from the softening curve for C2-A3. 

The softening curve for C2-B3 shows a fast and steady reduction of hardness in the beginning 
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of the annealing procedure, consistent with recovery behavior, before a large hardness 

reduction with a subsequent leveling of the softening curve, consistent with recrystallization 

behavior (see Chapter 2.5).  The softening curve of C2-C3 shows typical recovery behavior, 

with only a small and relatively slow reduction of hardness, for a long annealing period before 

a relatively large hardness reduction and subsequent leveling of the softening curve, 

consistent with recrystallization behavior. A relatively small increase in HV can be observed 

early in all three softening curves. The small hardness increase that can be seen at the end of 

the annealing procedure for C2-C3 is probably due to a measurement error.  

 

4.3.2 Electrical Conductivity Measurements 

Electrical conductivity curves for C2-A3, C2-B3 and C2-C3 showing the electrical 

conductivity development during the non-isothermal annealing experiments described in 

Chapter 3.3 are presented in Fig. 4.48. The curves are presented in an EC vs. annealing time 

plot. EC values from the initial characterization (Table 4.1) of the C2-alloy variants are also 

included in the plot for comparison reasons. The first EC value for all three curves represents 

the EC value of the respective as deformed alloy variants before annealing. 

 

Fig. 4.48: EC curves for C2-A3, C2-B3 and C2-C3 non-isothermally annealed 
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As explained in Chapter 4.2.1, manganese in solid solution distorts the atomic lattice of the 

alloy and consequently lowers the conductivity (see Chapter 2.7.2). Because of this, the 

development in electrical conductivity during annealing will be a good indication of the 

amount of precipitation during annealing (see Chapter 2.5.1); i.e. since the amount of 

manganese in solid solution is reduced during precipitation. By studying Fig. 4.48 one can see 

that the electrical conductivity clearly increased with annealing time, which indicates 

considerable precipitation for all three specimen variants. The EC of C2-A3 increased the 

most and the EC of C2-B3 increased the least. All three EC curves seem to level out in the 

end of the annealing procedure, this especially for C2-B3. C2-C3 has the highest measured 

conductivity value at the end of the annealing procedure. The slopes of the EC curves for C2-

A3 and C2-C3 seems to develop without any interference, indicating only recovery behavior, 

according to the results from the isothermal annealing procedures (see Chapter 4.2). The slope 

of the precipitation curve for C2-B3 levels out when the softening curve for C2-B3 (in Fig. 

4.47) shows recrystallization softening behavior.   

 

4.3.3 Texture Results 

The results from the texture measurements of the non-isothermally annealed specimens 

described in Chapter 3.5 are presented in the following. All the non-isothermal specimens 

listed in Table 3.11, Table 3.13 and Table 3.14 were investigated. The pole figures from all 

texture measurements in this work are presented in Appendix D. 

 

Fig. 4.49 and Fig. 4.50 show the OIM-map and the ODF for C2-A3 non-isothermally 

annealed and taken out of the oven after 3 h at 400 °C. The grain structure seen in the OIM-

map is a combination of very large grains and small grains, all elongated in the rolling 

direction. The grain structure seems to be recovered and not recrystallised. The texture in the 

ODF is strong, but no typical recrystallised texture components can be seen, except for what 

might be a somewhat strong Q-component in the φ2 = 15 ° section of the ODF (see Fig. 2.22 

and Fig. 2.23 in Chapter 2.6.2). These results combined with the softening curve and the 

precipitation curve in Fig. 4.47 and 4.48 demonstrates that this specimen is not recrystallised, 

and due to this no more measurements were performed on this specimen. 
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Fig. 4.49: OIM-map from a 80X EBSD-scan of C2-A3 non-isothermally annealed and taken out 

of oven after 3 h at 400 °C 

  

Fig. 4.50: ODF from a 80X EBSD-scan of C2-A3 non-isothermally annealed and taken out of 

oven after 3 h at 400 °C 

Fig. 4.51 and Fig. 4.52 show the OIM-map and the ODF for C2-B3 non-isothermally 

annealed and taken out of the oven at 375 °C. The OIM-map shows a combination of 

relatively large recrystallised grains elongated in the rolling direction and some smaller 

equiaxed grains. By studying the φ2 = 0 ° section of the ODF one can see ND-rotated cube- 

and P-texture of medium strength (see Fig. 2.20 and Fig. 2.22 in Chapter 2.6.2). The specimen 
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is clearly recrystallised consistent with the softening curve and the precipitation curve for the 

specimen in Fig. 4.47 and Fig. 4.48. 

  

Fig. 4.51: OIM-map from a 200X EBSD-scan of C2-B3 non-isothermally annealed and taken out 

of oven at 375 °C 

  

Fig. 4.52: ODF from a 80X EBSD-scan of C2-B3 non-isothermally annealed and taken out of 

oven at 375 °C 

Fig. 4.53 and Fig. 4.54 present the OIM-map and the ODF for C2-B3 non-isothermally 

annealed and taken out of the oven at 400 °C. Much in the same way as the OIM-map in Fig. 

4.51, the OIM-map in Fig. 4.53 shows a combination of relatively large recrystallised grains 

elongated in the rolling direction and some smaller more equiaxed grains. By studying the φ2 
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= 0° section of the ODF one can see a ND-rotated cube texture of medium strength (see Fig. 

2.20 and Fig. 2.22 in Chapter 2.6.2). The P-component seen in the 375 °C specimen is not 

present in the 400 °C specimen. 

  

Fig. 4.53: OIM-map from a 200X EBSD-scan of C2-B3 non-isothermally annealed and taken out 

of oven at 400 °C 

  

Fig. 4.54: ODF from a 80X EBSD-scan of C2-B3 non-isothermally annealed and taken out of 

oven at 400 °C 

Fig. 4.55 and Fig. 4.56 show the OIM-map and the ODF for C2-C3 non-isothermally 

annealed and taken out of the oven after 2 h at 400 °C. The OIM-map reveals areas where a 

clear deformation structure still is present, while the φ2 = 45 ° and φ2 = 65 ° of the ODF reveal 
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strong Cu- and S-texture components (see Fig. 2.19 in Chapter 2.6.1). The specimen is clearly 

not fully recrystallised, partially consistent with the softening curve and the EC curve for the 

specimen in Fig. 4.47 and Fig. 4.48. The EC curve shows an uninterrupted precipitation 

process while the softening curve shows a possible recrystallization behavior in the end of the 

annealing procedure. No more measurements were performed on this specimen.  

  

Fig. 4.55: OIM-map from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken out 

of oven after 2 h at 400 °C 

  

Fig. 4.56: ODF from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken out of 

oven after 2 h at 400 °C 
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Fig. 4.57: OIM-map from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken out 

of oven after 3 h at 400 °C 

  

Fig. 4.58: ODF from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken out of 

oven after 3 h at 400 °C 

Fig. 4.57 and Fig. 4.58 show the OIM-map and the ODF for C2-C3 non-isothermally 

annealed and taken out of the oven after 3 h at 400 °C. The OIM-map reveals areas where a 

clear deformation structure still is present, while the φ2 = 45 ° and φ2 = 65 ° of the ODF reveal 

relatively strong Cu- and S-texture components (see Fig 2.19 in Chapter 2.6.1). The specimen 

is clearly not fully recrystallised, partially consistent with the softening curve and the EC 

curve for the specimen in Fig. 4.47 and Fig. 4.48. The EC curve shows an uninterrupted 
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precipitation process while the softening curve shows a possible recrystallization behavior in 

the end of the annealing procedure. No more measurements were performed on this specimen. 

 

4.3.4 Optical Microscope Images 

The optical microscope images of the selection of non-isothermally annealed specimens listed 

in Table 3.7 in Chapter 3.4.3 are presented in Fig. 4.59 and Fig. 4.60. See Chapter 3.3.2 for 

detailed information about the non-isothermal annealing procedures. The specimen 

preparation is described in Chapter 3.4.3. 

  

Fig. 4.59: OM-image of C2-B3 – sample taken 

out of oven at 375 °C 

Fig. 4.60: OM-image of C2-B3 – sample taken 

out of oven at 400 °C 

Both Fig. 4.59 and Fig. 4.60 show recrystallised grain structures where a combination of large 

grains elongated in the rolling direction and smaller grains can be seen. These results are 

consistent with the OIM-maps of the same specimens presented in the previous chapter (see 

Fig. 4.51 and Fig. 4.53). 

 

4.3.5 Recrystallized Grain Size Measurements from OM-images 

The grain sizes of the two specimens presented with OM-images in the previous chapter were 

measured in both RD- and ND-direction using the linear intercept method as described in 
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Chapter 3.4.4. The results are presented in Table 4.4 below. The non-isothermal annealing 

procedures are described in Chapter 3.3. 

Table 4.4: Grain size measurements from OM-images 

Name Ann. Proc. Non-

isothermal 

Gr. Size – RD-

dir. [μm] 

Gr. Size – ND-

dir. [μm] 

RD/ND 

C2-B3 Taken out of oven 

at 375 °C 

56 22 2.5 

C2-B3 Taken out of oven 

at 400 °C 

68 23 3.0 

 

By studying Table 4.4 above, one can see that the grain size has increased with the longer 

holding time for the specimen taken out at 400 °C compared to the specimen taken out at 375 

°C, possibly indicating that the recrystallization process was not complete when the 375 °C 

was taken out of the oven. 

 

4.3.6 Recrystallized Grain Size Distributions from EBSD-data 

As described in Chapter 3.5.4, grain size distributions were produced from the software used 

to analyze the EBSD-data. The grain size distributions produced for the recrystallised non-

isothermally annealed specimens are presented in Fig. 4.61 and Fig. 4.62. The complete 

datasets for the grain size distributions with accurate grain sizes and corresponding area 

fractions are presented in Appendix C. An overview of the non-isothermally annealed 

specimens studied by the EBSD-method can be found in Chapter 3.5.5.  

 

Fig. 4.61 presents the grain size distribution for C2-B3 non-isothermally annealed and taken 

out of the oven at 375 °C. As can be seen from the figure, the grain size distribution reveals 

an inhomogeneous grain structure with dominating grain size diameters between 25 μm and 

70 μm. This correspond well to the varying grain sizes observed in the OIM-map and OM-
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image of this specimen (see Chapter 4.3.4 and 4.3.5) and the estimated average grain size for 

this specimen (see Chapter 4.3.5). 

 

Fig. 4.61: Grain size distribution from a 80X EBSD-scan of C2-B3 non-isothermally annealed 

and taken out of oven at 375 °C 

 

Fig. 4.72: Grain size distribution from a 80X EBSD-scan of C2-B3 non-isothermally annealed 

and taken out of oven at 400 °C 
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Fig. 4.62 presents the grain size distribution for C2-B3 non-isothermally annealed and taken 

out of the oven at 400 °C. The grain size distribution in Fig. 4.62 reveals a slightly 

inhomogeneous grain structure with dominating grain size diameters between 30 μm and 60 

μm. This corresponds well to the varying grain sizes observed in the OIM-map and OM-

image of this specimen (see Chapter 4.3.4 and 4.3.5) and somewhat to the estimated average 

grain size for this specimen (see Chapter 4.3.5). 
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5. Discussion 

The following chapter is divided into 6 parts, where the results presented in Chapter 4 are 

discussed. The focus of the discussion in the first part of this chapter is on the results from the 

characterization of the starting alloy variants (with respect to deformation and 

homogenization). In the second part of this chapter a hardness phenomena observed in the 

softening curves is discussed. The effects of strain during the isothermal annealing procedures 

are discussed in the third part of this chapter, while the effects of homogenization are 

discussed in the fourth part. In the fifth part of this chapter the discussion is focused on the 

effects of concurrent precipitation during the isothermal annealing procedures. The non-

isothermal annealing experiments are the topic of discussion in the sixth and final part of this 

chapter.  

 

5.1 Characterization of the Starting Alloy Variants 

The results from the characterization of the starting alloy variants are discussed in the 

following. 

 

5.1.1 The Effects of Deformation 

Electrical Conductivity 

Usually it would be expected that increasing amounts of deformation would slightly reduce 

the conductivity due to introductions of defects, vacancies, etc. (see Chapter 2.4), which 

distorts the crystal lattice and consequently reduces the conductivity. But instead of a slightly 

reduced electrical conductivity, small inconsistent variations are observed for the first two 

homogenization variants (see Table 4.1 in Chapter 4.1.1.), and an increase in the conductivity 

for the third homogenization variant. The inconsistent variations for the first two 

homogenization variants can be explained by the measuring equipments sensibility to 

temperature (see Chapter 3.2.2), and by variations in the properties of the different specimens. 

The increase in electrical conductivity with increased strain for the third homogenization 

variant might also be due to the measuring equipments temperature sensibility, and due to 

variations in the properties of the different specimens. However, that will not be discussed 
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further since the EC values for the third homogenization variant were made available through 

G. Wangs PhD-work [49] as explained in Chapter 3.2. 

 

Hardness 

As described in Chapter 4.1.1, the hardness increased substantially with increasing strain for 

all three homogenization variants. Increasing deformation introduces increased amounts of 

plastic deformation and stored energy in the alloy (see Chapter 2.4), and consequently the 

hardness and strength of the material increased with increasing deformation. 

 

5.1.2 The Effects of the Homogenization Procedures 

As mentioned in Chapter 2.3, one of the main goals of homogenization is to reduce Mn in 

solid solution. Mn in solid solution has a strong influence on the mechanical properties of the 

alloy, and as can be seen from Table 4.2 in Chapter 4.1.2, there is a significant difference 

between the estimated amounts of Mn in solid solution in the three homogenization variants 

of the C2-alloy. The Mn content in solid solution was approximated to be reduced from 0.85 

wt% to 0.55 wt% during homogenization procedure nr. 2 (see Chapter 3.3.1, Table 4.2 and 

Chapter 4.1.2). As a comparison, Knut Sjølstad [8] reduced the Mn content in solid solution 

from 0.80 wt% to 0.59 wt% in an alloy similar to the C2-alloy (see Chapter 2.3) by a 

homogenization procedure similar to homogenization procedure nr. 2 (see Chapter 2.3). The 

Mn content in solid solution was approximated to be reduced from 0.85 wt% to 0.49 wt% 

during homogenization procedure nr. 3 (see Chapter 3.3, Table 4.2 and Chapter 4.1.2). 

Homogenization procedure nr. 3 resulted in less Mn in solid solution than homogenization 

procedure nr. 2. The reason for this might be that homogenization procedure nr. 2 mainly 

resulted in growth of constituent particles, while the holding time at both 500 °C and 600 °C 

in homogenization procedure nr. 3 resulted in dispersoids and growth of constituent particles 

(with a larger total reduction of Mn in solid solution), this in accordance to the results of Li 

and Arnberg [9] (see Chapter 2.3).  
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The different amounts of Mn in solid solution in the three homogenization variants affected 

both the electrical conductivity and the hardness of the three variants, which is further 

discussed in the following. 

 

Electrical Conductivity 

There are obvious differences between the electrical conductivities of the different 

homogenization variants of the C2-alloy, as can be seen from Table 4.1 in Chapter 4.1.1 and 

Table 4.2 in Chapter 4.1.2. These differences are due to the different amounts of Mn in solid 

solution (see Table 4.2 in Chapter 4.1.2 for approximated values in wt%). Mn in solid solution 

lowers the electrical conductivity through distortion of the atomic lattice of the alloy (see 

Chapter 2.7.2). And since the amount of Mn in solid solution is reduced during 

homogenization, the electrical conductivity increases from the as cast specimens (C2-A1, C2-

A2 and C2-A3) to the homogenised specimens (C2-B1, C2-B2, C2-B3, C2-C1 and C2-C3); 

less distortion of the atomic lattice and consequently a higher conductivity. 

 

Homogenization procedure nr. 2 and homogenization procedure nr. 3 resulted in an increase 

in conductivity from 17.5 m/Ωmm
2
 (as cast material with ε = 0) to 21.5 m/Ωmm

2
 and 22.5 

m/Ωmm
2
 respectively. The difference in resulting electrical conductivity after hom. proc. nr. 2 

and nr. 3 might be explained by that hom. proc. nr. 2 mainly results in growth of constituent 

particles, while hom. proc. nr. 3 results in dispersoids and growth of constituent particles 

(with a larger total reduction of Mn in solid solution), as discussed earlier in this chapter. 

 

Hardness 

As presented in Chapter 4.1.1, the hardness of the unstrained alloy variants was reduced from 

37.0 HV to 30.2 HV when the as cast variant was homogenised with homogenization 

procedure nr. 2. This can be explained by the fact that the amount of Mn in solid solution has 

a significant influence on the hardness. The C2-B1 specimens have a smaller amount of Mn in 

solid solution (approx. 0.55 wt%) than the C2-A1 specimens (approx. 0.85 wt%), and this 

cause the C2-B1 specimens to be softer since Mn contributes to strength and hardness through 



Chapter 5: Discussion 

105 
 

solid solution strengthening (see Chapter 2.2). According to Table 4.1 there is little difference 

between the hardness of C2-A1 (37.0 HV) and C2-C1 (37.9 HV) even though there is a large 

difference in the amount of Mn in solid solution. The lower amount of strength contributing 

Mn in solid solution should result in a lower hardness for C2-C1 compared to C2-A1, but 

since homogenization procedure nr. 3 is expected to result in a high amount of strength 

contributing dispersoids (see Chapter 2.1 and Chapter 3.1), the dispersoids negate the 

hardness reduction due to the lower amount of Mn in solid solution.  

 

5.1.3 Deformation Texture 

As described in Chapter 4.1.3, only C2-B2 and C2-B3 were investigated with respect to the 

deformation texture, which means that nothing can be said about the effect of the different 

homogenization procedures or the amount of Mn in solid solution on the deformation 

textures. However, something can be said about the effect of strain on the texture 

development in the nr. 2 homogenization variants. As already mentioned in Chapter 4.1.3, the 

OIM-maps in Fig. 4.1 and 4.4, representing C2-B2 and C2-B3, show a typical cold rolled 

grain structure development. Fig. 4.1 (ε = 0.7) show starting grain elongation in the rolling 

direction and small indications of grain fragmentation, while Fig. 4.4 (ε = 3.0) show a largely 

deformed grain structure with much grain elongation and much grain fragmentation. The 

development of a cold rolled microstructure can also be seen in the pole figures in Fig. 4.3 

and 4.6. The pole figure in Fig. 4.3 (C2-B2) is relatively weak and a bit unclear, but it 

definitely has some of the characteristics of a rolling texture pole figure. These characteristics 

are much clearer in the pole figure in Fig. 4.6 (C2-B3) and the texture is also slightly stronger, 

as expected with the much higher degree of strain for C2-B3. The ODF in Fig. 4.2 (C2-B2) 

presents a strong but not very well defined texture. In addition to typical deformation texture 

components like strong Cu- and S-components, and a weak Brass component (see Chapter 

2.6.1 for deformation texture examples), there is also some other undefined texture elements 

from before deformation due to a strain of only 0.7. These undefined texture elements are not 

present in the ODF in Fig. 4.5 (C2-B3), where the texture is strong and composed of strong 

Cu- and S-components, and some weak Brass texture (see Chapter 2.6.1 for deformation 

texture examples). 
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5.2 Cluster Formation 

As described in Chapter 4.2.1, the hardness showed a tendency of increasing at the early 

stages of annealing at 300 °C and 350 °C, and also during the non-isothermal annealing 

procedures (see Chapter 4.3.1). This is an effect sometimes observed for AlMn-alloys and the 

effect is probably due to cluster formation of the solute atoms in the alloy (see Chapter 2.5 

and the work by Sæter [14]). The effect is found to be less significant with increasing 

annealing temperatures, most probably due to an increased recovery rate. In this work, the 

effect is also observed to be less significant for C2-B2 and C2-B3 during isothermal annealing 

than for the as cast variants. This can probably be explained by the fact that the solid solution 

level before annealing is lower for C2-B2 and C2-B3, which means that there is less potential 

for cluster formation in these specimens. 

 

5.3 The Effects of Strain during Isothermal Annealing 

The effects of strain seen in this work are due to the different degrees of stored energy 

through plastic deformation in the different strain variants of the C2-alloy.  

 

5.3.1 The Effect of Strain on Recovery and Recrystallization Behavior 

The effective driving force for recovery and recrystallization (and also the rate and possibly 

the amount of precipitation) is increased with the introduction of more dislocations (see 

Chapter 2.4). The stored energy in the material (and the driving force for the reactions during 

annealing) is described by Equation 2.1 (see Chapter 2.4). The effective driving force for 

recrystallization is described by P = PD – PZ, where PZ is the Zener drag (see Chapter 2.5.1). 

As can be seen from this equation the effective driving force for recrystallization will increase 

with the increased stored energy (PD) introduced during deformation. This effect was 

observed for both the as cast variants (C2-A2 and C2-A3) and the hom. nr. 2 variants (C2-B2 

and C2-B3) in the isothermal annealing experiments. As described in Chapter 4.2.1, the 

softening curves show faster and more extensive recovery- and recrystallization processes 

with increased strain. This effect of strain can also clearly be seen in the TTT-diagrams in 

Chapter 4.2.3, where both the start and end of recrystallization are shifted towards 
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significantly shorter annealing times for the high strain specimens. As an example, no 

recrystallization was observed for any of the isothermal annealing procedures for C2-A2 (ε = 

0.7), while C2-A3 (ε = 3.0) was clearly recrystallised during the isothermal annealing at 400 

°C, 450 °C and 500 °C. 

 

5.3.2 The Effect of Strain on the Precipitation Behavior 

Increased strain was also found to increase the rate and (generally) the amount of 

precipitation, as described in Chapter 4.2.2. The EC curves in Chapter 4.2.2 show a faster and 

more extensive increase in electrical conductivity for the high strain variants compared to the 

low strain variants. This effect of strain can also clearly be seen in the TTT-diagrams in 

Chapter 4.2.3, where the start of precipitation is shifted towards significantly shorter 

annealing times for the high strain specimens.  

 

A larger number of dislocations cause the precipitation reactions to go faster because the 

diffusion goes faster (pipe diffusion along the dislocations). Moreover, more dislocations also 

provide more heterogeneous nucleation sites which increase the nucleation rate of 

precipitation (see Chapter 2.4 and Chapter 2.5.1). 

 

5.3.3 The Effect of Strain on the Recrystallised Grain Size 

By comparing the final recrystallised grain size for C2-B2 and C2-B3 at the same annealing 

temperatures, the grain size is seen to be reduced with increasing strain, as expected, since 

increased strain leads to a larger density of active nuclei (see Chapter 2.4).  

 

Increased strain results in an increased stored energy in the material, which means that PD is 

increased (see Equation 2.1). Consequently the effective driving force, P = PD – PZ, for 

recrystallization is increased. A higher P results in a smaller RC, as can be seen from Equation 

2.5. A smaller critical radius for nucleation leads to more nucleation of recrystallization, and 
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consequently a higher NTOT. A higher NTOT results in a smaller recrystallised grain size as 

seen from Equation 2.9. 

 

5.4 The Effects of Homogenization during Isothermal Annealing 

The effects of the homogenization procedures seen in the isothermal annealing experiments 

are due to the different final amounts of manganese in solid solution after homogenization.  

 

5.4.1 The Effect of the Different Final Amounts of Manganese in Solid Solution 

on the Precipitation Behavior 

As can be seen from Table 3.2 in Chapter 3.1, a high amount of Mn in solid solution was 

expected for the as cast variant, while a medium amount of Mn in solid solution was expected 

for the hom. nr. 2 variant of the C2-alloy. As described in Chapter 4.3, the amount of Mn in 

solid solution for the as cast variant and the hom. nr. 2 variant were estimated to be 0.85 wt% 

and 0.55 wt% respectively. This difference proved to be quite crucial for the annealing 

behavior of the two variants. 

 

As described in Chapter 4.2.2, the conductivity increased extensively for the as cast variants 

during the isothermal annealing procedures, indicating considerable precipitation. The 

conductivity is observed to increase both less and at a lower rate for C2-B2 and C2-B3 

compared to the as cast variants, indicating slower precipitation and also less precipitation for 

C2-B2 and C2-B3. This effect is also seen in the TTT-diagrams in Chapter 4.2.3, where the 

start of precipitation is shifted to significantly longer annealing times for C2-B2 and C2-B3 

compared to the as cast variants, illustrated in Fig. 5.1 below.  
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Fig. 5.1: TTT-diagram illustrating the difference in precipitation behavior for the as cast 

variants and the hom. nr. 2 variants 

Precipitation occurs extensively during annealing for the as cast variants due to the high 

amount of manganese in solid solution; high supersaturation of Mn and thus a high potential 

for precipitation. The supersaturated solid solution decomposes during annealing, and the Mn 

contributes to the formation of dispersoids. Since homogenization procedure nr. 2 has reduced 

the amount of Mn in solid solution for C2-B2 and C2-B3, precipitation occurs to a much less 

significant degree during annealing of these specimens; less supersaturation and thus less 

potential for precipitation. 

 

The effects of the difference in precipitation behavior between the as cast variants and the 

hom. nr. 2 variants are further discussed in Chapter 5.5.  
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5.5 Concurrent Precipitation during Isothermal Annealing 

5.5.1 The Effects of Concurrent Precipitation on Recrystallization 

As can be seen from the TTT-diagrams in Chapter 4.2.3, both the start and end of the 

recrystallization processes are shifted towards significantly longer annealing times (or are 

fully suppressed) in the case of concurrent precipitation. This is illustrated in Fig. 5.2, where 

the start of the recrystallization curves for C2-A2 and C2-B2 from the TTT-diagrams in 

Chapter 4.2.3 are plotted together. C2-A2 is severely affected by concurrent precipitation, 

while C2-B2 is practically not affected by concurrent precipitation (according to the TTT-

diagrams in Chapter 4.2.3), due to the different amounts of Mn in solid solution, as discussed 

in Chapter 5.4. 

 

Fig. 5.2: The effect of concurrent precipitation illustrated by the start of recrystallization curves 

for C2-A2 and C2-B2 in a TTT-diagram 

The dispersoids formed during concurrent precipitation prevents recrystallization by 

preventing subgrain-growth during recovery and they also slow down any occurring 

recrystallization by grain boundary pinning (see Chapter 2.5.1). The result is, as mentioned 

above, a recrystallization process shifted towards longer annealing times (or a fully 

suppressed recrystallization process). This is clearly observed for the as cast variants (C2-A2 

and C2-A3) in the TTT-diagrams in Chapter 4.2.3. No (or less) concurrent precipitation (as 
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seen for C2-B2 in Fig. 5.2 above and for C2-B3 in Chapter 4.2.3) leads to a small PZ (see 

Chapter 2.5.1), which further leads to a smaller critical nucleation radius for nucleation of 

recrystallization (see Equation 2.3) and less grain boundary pinning during recrystallization. 

And consequently a larger effective driving force (P = PD – PZ) for recrystallization. 

 

5.5.2 The Effects of Concurrent Precipitation on the Recrystallised Grain Size, 

Grain Shape and Grain Size Distribution 

The recrystallised grain sizes are presented in Table 4.3 in Chapter 4.2.5, the OM-images of 

the recrystallised specimens are presented in Chapter 4.2.4 and the grain size distributions are 

presented in Chapter 4.2.6. The effects of concurrent precipitation on the recrystallised grain 

size as a function of annealing temperature is summarized in Fig. 5.3 and Fig. 5.4 below. 

 

Fig. 5.3: Illustration of the effects of annealing temperature and concurrent precipitation on the 

resulting recrystallised grain structure (C2-B3) 
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Fig. 5.3 presents the TTT-diagram for C2-B3 and the recrystallised grain sizes after annealing 

at a high and a low temperature, where concurrent precipitation occurs at the low annealing 

temperature. Fig. 5.4 presents the TTT-diagram for C2-A3 and the recrystallised grain sizes 

after annealing at a high and a low temperature, where the high temperature annealing is done 

at TC (where some concurrent precipitation occurs), while the low temperature annealing is 

performed at a temperature with considerable concurrent precipitation. 

 

Fig. 5.4: Illustration of the effects of annealing temperature and concurrent precipitation on the 

resulting recrystallised grain structure (C2-A3) 

From Fig. 5.3 and Fig. 5.4 it is clear that high temperatures and no (or little) concurrent 

precipitation resulted in fine grained and equiaxed grain sizes, while low temperatures and 

concurrent precipitation resulted in coarse grains elongated in the RD-direction. No (or little) 

precipitation results in a small value for the Zener drag, PZ (see Chapter 2.5.1). Consequently 

the effective driving force, P = PD – PZ, for recrystallization remains high. A high value for P 

results in a small RC, as can be seen from Equation 2.5. A small critical radius for nucleation 

leads to more nucleation of recrystallization, which leads to a small recrystallised grain size, 
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as seen from Equation 2.9. In the case of much precipitation, the result will be a large 

recrystallised grain size.   

 

In addition, as can be seen from the recrystallised grain size distributions in Chapter 4.2.6, 

resulted low temperatures and concurrent precipitation in more inhomogeneous grain sizes 

than high temperatures and no (or little) concurrent precipitation. These results are consistent 

with what Stian Tangen reported in his Dr. Ing. thesis [2].  

 

The very small recrystallised grain sizes (see Chapter 4.2.5) for C2-B3 annealed at 450 °C 

and 500 °C indicates no concurrent precipitation consistent with the TTT-diagram for C2-B3 

(see Chapter 4.2.3), while the slightly increased grain size for C2-B3 annealed at 400 °C 

indicates some concurrent  precipitation, also consistent with the TTT-diagram for C2-B3. 

The equiaxed (very) small grains for C2-B2 annealed at 400 °C, 450 °C and 500 °C (see 

Chapter 4.2.4 and Chapter 4.2.5) indicates no concurrent precipitation consistent with the 

TTT-diagram for C2-B2. Due to the slightly elongated grains and slightly coarse grain 

structure of C2-A3 annealed at 500 °C some concurrent precipitation is expected, which is 

consistent with the TTT-diagram for C2-A3. 

 

5.5.3 The Effects of Concurrent Precipitation on the Recrystallization Texture 

The recrystallization textures are presented in Chapter 4.2.7 with OIM-maps and ODFs. All 

OIM-maps are, as previously described, consistent with the results in Chapters 4.2.4, 4.2.5 

and 4.2.6 and will not be further commented or discussed. The effects of concurrent 

precipitation on the recrystallization textures seen in the ODFs are summarized in Fig. 5.5 – 

Fig. 5.7 below. The strengths of the textures are presented in Chapter 4.2.7 and are not 

included in Fig. 5.5 – Fig. 5.7.  

 

Fig. 5.5 presents the TTT-diagram for C2-A3 and the φ2 = 0 ° sections of the ODFs for C2-A3 

annealed at 400 °C, 450 °C and 500 °C for 10
5 

s. At 400 °C the precipitation starts before the 
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recrystallization and the effect is clearly seen in the φ2 = 0 ° section of the ODF, where a 

relatively strong (see Chapter 4.2.7) P-texture can be seen and possibly also a relatively strong 

(see Chapter 4.2.7) Q-texture and a strong (see Chapter 4.2.7) ND-rotated cube texture. The 

annealing procedures at both 450 °C and 500 °C seem to be around the TC temperature.  

Concurrent precipitation occurs at both temperatures, resulting in a medium strength (see 

Chapter 4.2.7) P- and ND-rotated cube texture for the annealing at 450 °C and a weak (see 

Chapter 4.2.7) P- and ND-rotated cube texture for the annealing at 500 °C. The strength of the 

P- and ND-rotated cube texture is reduced with increasing temperature; i.e. with less 

concurrent precipitation, this in accordance with Stian Tangens observations [2] (see Chapter 

2.6.2).  

 

   

500 °C 450 °C 400 °C 

Fig. 5.5: Illustration of the effects of annealing temperature and concurrent precipitation on the 

resulting recrystallization texture for C2-A3 
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Fig. 5.6 presents the TTT-diagram for C2-B2 and the φ2 = 0 ° sections of the ODFs for C2-B2 

annealed at 450 °C and 500 °C for 10
5 

s. According to the TTT-diagram no precipitation is 

occurring at these temperatures, which is reflected in the texture results. Both φ2 = 0 ° 

sections are showing weak and relatively random textures. A possible weak ND-rotated cube 

component can be seen in the φ2 = 0 ° section of the ODF for the 500 °C, possibly indicating 

some concurrent precipitation. However, the general trend is clearly a weak and relatively 

random recrystallization texture, as expected due to the low strain (see Chapter 5.3), the low 

amount of Mn in solid solution (see Chapter 5.4) and consequently the reduced potential for 

precipitation.  

 

  

500 °C 450 °C 

Fig. 5.6: Illustration of the effects of annealing temperature and concurrent precipitation on the 

resulting recrystallization texture for C2-B2 

Fig. 5.7 presents the TTT-diagram for C2-B3 and the φ2 = 0 ° sections of the ODFs for C2-B3 

annealed at 350 °C, 400 °C , 450 °C and 500 °C for 10
5 

s. The φ2 = 0 ° sections of the ODFs 
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presents a clear development from strong P- and ND-rotated cube components at 350 °C, 

where concurrent precipitation occurs to a large degree, as seen from the TTT-diagram, to 

weaker P- and ND-rotated cube components at 400 °C, where concurrent precipitation plays a 

smaller part, also as seen from the TTT-diagram. At 450 °C and 500 °C the relatively weak P- 

and ND-rotated cube texture has been replaced with a little stronger cube texture, indicating 

no concurrent precipitation, which is in accordance with the TTT-diagram.  

 

    

500 °C 450 °C 400 °C 350 °C 

Fig. 5.7: Illustration of the effects of annealing temperature and concurrent precipitation on the 

resulting recrystallization texture for C2-B3 

From the summarizing figures above, concurrent precipitation is seen to result in P- and ND-

rotated cube texture. The P- and ND-rotated textures are also found to be stronger with 

increased concurrent precipitation. These results are in accordance with the observation of 

Daaland et al. [43] that the ND-rotated cube has a growth advance in the case of concurrent 

precipitation (see Chapter 2.6.2), and in accordance with the observations made by Stian 
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Tangen [2] (see Chapter 2.6.2). The results are also further in accordance with the previous 

observations of the P-texture in cold rolled and subsequently annealed 3xxx-alloys with a high 

supersaturation of alloying elements by Næss [44], Daaland & Nes [45], Vatne et al. [46], 

Engler et al. [37] and Sjølstad [8]. 

 

The high strain, the low amount of Mn in solid solution and consequently the less potential for 

precipitation, combined with the high annealing temperatures of 450 °C and 500 °C are seen 

to result in a cube texture of medium strength for C2-B3. The cube texture could also have 

been expected for the highest annealing temperatures for C2-B2, since C2-B2 also contains a 

low amount of Mn in solid solution and consequently a low potential for precipitation. But the 

low strain in C2-B2 compared to C2-B3 might be the reason why the cube texture does not 

appear in the recrystallised specimen for C2-B2.  

 

The possible Q-texture observed for the C2-A3 might be a result of inhomogeneous 

deformation due to the presence of particles (see Chapter 2.6.2). Q-texture is often found in 

connection with the presence of P-texture, which is the case for the C2-A3 specimens. 

 

5.6 Non-Isothermal Annealing Experiments 

Non-isothermal annealing experiments were carried out to see if non-isothermal annealing 

programs could result in significantly different grain structures and textures (different 

nucleation behavior) than the isothermal annealing programs. Compared to the isothermal 

annealing programs the most significant difference is the much slower heating rate for the 

non-isothermal annealing experiments. C2-A3, C2-B3 and C2-C3 (three different 

homogenization variants with ε = 3.0) were subjected to the non-isothermal annealing 

procedure described in Chapter 3.3.2. The results of the non-isothermal annealing 

experiments are presented in Chapter 4.3 and discussed in the following.  
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5.6.1 The Effects of Homogenization  

The effects of the homogenization procedures seen in the non-isothermal annealing 

experiments are due to the different final amounts of manganese in solid solution after 

homogenization, and due to the high amount of dispersoids in C2-C3 after homogenization.  

  

As can be seen from Table 3.2 in Chapter 3.1, a high amount of Mn in solid solution was 

expected for the as cast variant, a medium amount of Mn in solid solution was expected for 

the hom. nr. 2 variant of the C2-alloy and a low amount of Mn in solid solution was expected 

for the hom. nr. 3 variant of the C2-alloy. As described in Chapter 4.3, the amount of Mn in 

solid solution for the as cast variant, the hom. nr. 2 variant and the hom. nr. 3 variant were 

estimated to be 0.85 wt%, 0.55 wt% and 0.49 wt% respectively. In addition, a high amount of 

dispersoids was expected for the hom. nr. 3 variant due to the homogenization procedure. 

These differences proved to be quite crucial for the annealing behavior of the three variants. 

 

As described in Chapter 4.3.2, the conductivity increased extensively for C2-A3 during the 

non-isothermal annealing procedure, indicating considerable precipitation. The conductivity 

was observed to increase both less and at a lower rate for C2-C3 and C2-B3 compared to the 

as cast variant, indicating slower precipitation and also less precipitation for C2-C3 and C2-

B3. As discussed in Chapter 5.4.1 (for the isothermal annealing procedures), precipitation 

occurs extensively during annealing for the as cast variant due to the high amount of 

manganese in solid solution; high supersaturation of Mn and thus a high potential for 

precipitation. The supersaturated solid solution decomposes during annealing, and the Mn 

contributes to the formation of dispersoids. Since homogenization procedures nr. 2 and nr. 3 

have reduced the amount of Mn in solid solution for C2-C3 and C2-B3, precipitation occurs 

to a less significant degree during annealing of these specimens; less supersaturation and thus 

less potential for precipitation. 

The effects of the difference in precipitation behavior are further discussed in Chapter 5.6.2.  
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In addition to the effects of different amounts of Mn in solid solution in the three alloy 

variants, the amount of dispersoids in C2-C3 after homogenization also has an effect on the 

annealing behavior. A large amount of dispersoids contribute to the Zener drag, PZ (see 

Chapter 2.5.1). An increased PZ lowers the effective driving force for recrystallization, P = PD 

– PZ. A lower P results in a larger RC, as can be seen from Equation 2.5. Which consequently 

can suppress recrystallization, this especially when concurrent precipitation also takes place 

during softening (as will be discussed in the following chapter), which is the case for C2-C3, 

as seen from the EC curve in Fig. 4.48. By studying the softening curve for C2-C3 in Fig. 

4.47, the OIM-maps and the ODFs for C2-C3 in Fig. 4.55 – Fig. 4.58 the effect of the 

dispersoids formed during homogenization becomes clear. The softening curve shows 

recovery and a possible recrystallization behavior, while the OIM-maps and ODFs show a 

combination of recrystallization and retained deformation, despite the low amount of Mn in 

solid solution before the annealing procedure. The dispersoids (and the concurrent 

precipitation during annealing) in C2-C3 hindered recrystallization and resulted in not fully 

recrystallised C2-C3 specimens. 

 

5.6.2 The Effects of Concurrent Precipitation on Recrystallization 

As can be seen from the softening curves for C2-A3, C2-B3 and C2-C3 for the non-

isothermal annealing in Fig. 4.47, concurrent precipitation had a significant effect on the 

annealing behavior. The dispersoids formed during concurrent precipitation prevents 

recrystallization by preventing sub-grain growth during recovery and they also slow down any 

occurring recrystallization by grain boundary pinning (see Chapter 2.5.1). The EC curve for 

C2-A3 in Fig. 4.48 confirmed considerable precipitation for C2-A3 during annealing, which 

resulted in only recovery behavior, as seen from Fig. 4.47, and further confirmed by the OIM-

map and ODF of C2-A3 in Fig. 4.49 and 4.50. The EC curve for C2-C3 in Fig. 4.48 shows 

less concurrent precipitation compared to C2-A3, but in combination with the already existing 

dispersoids in C2-C3 after homogenization (see the previous chapter), recrystallization is 

significantly suppressed, as seen in the OIM-maps and ODFs of C2-C3 in Fig. 4.55 – Fig. 

4.58. The EC curve for C2-B3 shows the least amount of precipitation, which leads to a small 

PZ (see Chapter 2.5.1) compared to C2-A3 and C2-C3, which further leads to a smaller critical 

nucleation radius for nucleation of recrystallization (see Equation 2.3) and less grain boundary 

pinning during recrystallization. And consequently a larger effective driving force (P = PD – 
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PZ) for recrystallization. This is reflected in the softening curve for C2-B3 in Fig. 4.47 that 

shows a clear recrystallization behavior, and the OM-images, OIM-maps and ODFs of C2-B3 

in Fig. 4.51 – Fig. 4.54, Fig. 4.59 and Fig. 4.60, which show a clear recrystallization structure 

and texture. 

 

5.6.3 The Effects of Concurrent Precipitation on the Recrystallised Grain 

Structure and Texture  

Since C2-A3 and C2-C3 were found to not be fully recrystallised during the non-isothermal 

annealing procedures, as mentioned in Chapter 4.3.3 and the two previous chapters, the 

discussions around grain structure and texture in this chapter will focus on C2-B3. 

 

The grain structures of the C2-B3 specimens taken out of the oven at 375 °C and 400 °C 

during the non-isothermal annealing are clearly recrystallised, as can be seen from the OM-

images and OIM-maps of the specimens in Fig. 4.51, Fig. 4.53, Fig. 4.59 and Fig. 4.60 (see 

Chapters 4.3.3 and 4.3.4). The grain structures are also, as already mentioned, significantly 

affected by concurrent precipitation, as can be seen from the EC curve for C2-B3 in Fig. 4.48. 

As a result the grain structures of both specimens consist of a combination of large grains 

elongated in the rolling direction and smaller more equiaxed grains. An inhomogeneous grain 

structure further confirmed by the grain size distributions presented in Chapter 4.3.6. These 

results are in accordance with the observations done in Chapter 5.5.2 regarding the 

recrystallised grain structures affected by concurrent precipitation (C2-B3 isothermally 

annealed at 350 °C). 

 

The grain sizes for the two C2-B3 specimens were measured by the linear intercept method 

and the results are presented in Chapter 4.3.5. The grain sizes were found to be comparable to 

the grain size of C2-B3 isothermally annealed at 350 °C, a specimen also severely affected by 

concurrent precipitation (see Chapter 5.5). 
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The ODFs of both C2-B3 specimens (see Fig. 4.52 and Fig. 4.54) show ND-rotated cube 

components of medium strength, and the ODF for the 375 °C specimen also shows a P-texture 

of medium strength, both results in accordance with the texture observations done for the 

isothermally annealed specimens affected by concurrent precipitation (see Chapter 5.5.3). The 

results are also further in accordance with the observations of Daaland et al. [43] that the ND-

rotated cube has a growth advance in the case of concurrent precipitation (see Chapter 2.6.2), 

and in accordance with the observations made by Stian Tangen [2] (see Chapter 2.6.2). 

 

5.6.4 Evaluation of the Non-Isothermal Annealing Procedure 

As mentioned in the introduction to Chapter 5.6, the motivation for the non-isothermal 

annealing experiments were to investigate whether a non-isothermal annealing program could 

result in significantly different grain structures and textures compared to the isothermal 

annealing programs. As seen in the results in the three previous chapters, no significantly 

different results were achieved compared to the isothermal annealing experiments. All three 

homogenization variants experienced a large degree of concurrent precipitation. 

Recrystallization was only achieved for C2-B3, probably due to the slow heating rate in the 

non-isothermal annealing procedure (50 °C/h). The recrystallised grain sizes, grain size 

distributions, grain shapes and textures achieved for C2-B3 samples that were non-

isothermally annealed, were directly comparable to C2-B3 isothermally annealed at a low 

temperature. 

 

To achieve more “desirable results” (significantly different grain structures and textures) a 

different annealing procedure with a higher heating rate could be the solution, which could be 

the topic of further work.  
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6. Conclusions 

In this work the microstructural and texture evolution during annealing of 5 variants, with 

respect to strain and homogenization, of an AlMn-model alloy have been investigated. The 

objective has been to quantify and characterize the softening behavior for different solid 

solution levels of Mn and various deformation and annealing conditions. The obtained results 

can be summarized as follows: 

 Different homogenization treatments resulted in different amounts of manganese in 

solid solution. Based on electrical conductivity measurements these amounts were 

estimated to be approximately 0.85 wt% (as cast), 0.55 wt% (hom. nr. 2) and 0.49 

wt% (hom. nr. 3). 

 The reductions of Mn in solid solution by hom. nr. 2 and hom. nr. 3 resulted in less 

concurrent precipitation and consequently a larger effective driving force for recovery 

and recrystallization in the hom. nr. 2 and hom. nr. 3 variants. Less Mn in solid 

solution leads to a decreased supersaturation and thus less potential for precipitation. 

The high amount of Mn in solid solution for the as cast variants resulted in much 

concurrent precipitation. 

 Concurrent precipitation was found to delay and suppress the recovery and 

recrystallization processes, which is consistent with dispersoids preventing sub-grain 

growth and slowing down recrystallization through grain boundary pinning.  

 At high annealing temperatures, with no (or little) concurrent precipitation occurring, 

the recrystallised grain structures were found to be homogeneous, fine grained and 

consisting of equiaxed grains. In these cases the recrystallised textures were found to 

be approximately random after a strain of 0.7, while they showed cube textures of 

weak and medium strength after a strain of 3.0. 

 At low annealing temperatures, with concurrent precipitation occurring, the 

recrystallised grain structures were found to be inhomogeneous and coarse grained, 

with grains elongated in the rolling direction. In these cases the recrystallised textures 

were found to consist of P-textures and ND-rotated cube textures of medium and high 

strength. 



Chapter 6: Conclusions 

123 
 

 A high degree of deformation was found to increase the rate and degree of the 

recovery and recrystallization processes during the isothermal annealing procedures, 

and to result in fine recrystallised grain structures, consistent with the increased 

effective driving force for recovery and recrystallization. A high degree of 

deformation was also found to increase the rate and magnitude of precipitation during 

the isothermal annealing procedures. 

 Annealing procedures at relatively low temperatures resulted in a small initial increase 

in the hardness, before the hardness started to decrease, which might indicate cluster 

formation of solute atoms under these conditions.  

 Non-isothermal annealing experiments were carried out to see if non-isothermal 

annealing programs could result in significantly different grain structures and textures 

(different nucleation behavior) than the isothermal annealing programs. No 

significantly different results were achieved. Concurrent precipitation occurred for all 

variants non-isothermally annealed due to the slow heating rate, and the recrystallised 

grain sizes, grain size distributions, grain shapes and textures achieved were directly 

comparable to the results from the isothermal annealing experiments. 

 The high amount of dispersoids in the hom. nr. 3 variants were found to reduce the 

effective driving force for recovery and recrystallization, which is consistent with 

dispersoids preventing sub-grain growth and slowing down recrystallization through 

grain boundary pinning. 
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Appendix A – Post-Processing of EBSD-data 

The EBSD-data for a random specimen investigated in this work was selected and post-

processed as presented in Chapter 3.5.4. A detailed study of the effect of all steps of the post-

processing procedure was performed to make sure the post-processing did not affect the 

quality of the results. The results of this study are presented below.  

 

Fig. A.1 – Fig A.4 shows the OIM-map, the grain size distribution, the pole figure and the 

ODF of the investigated specimen after the first step of the post-processing (the rotation 

correction). 

  

Fig. A.1: OIM-map after post-processing step 1 
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Fig. A.2: Grain size distribution after post-processing step 1 

  

Fig. A.3: Pole figure after post-processing step 1 
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Fig. A.4: ODF after post-processing step 1 

Fig. A.5 – Fig A.8 shows the OIM-map, the grain size distribution, the pole figure and the 

ODF of the investigated specimen after the fifth step of the post-processing procedure; after 

the CI standardization, the neighbor CI correlation and the grain dilations.  

  

Fig. A.5: OIM-map after post-processing step 5 
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Fig. A.6: Grain size distribution after post-processing step 5 

  

Fig. A.7: Pole figure after post-processing step 5 



Appendix A – Post-Processing of EBSD data 

V 
 

  

Fig. A.8: ODF after post-processing step 5 

Fig. A.9 – Fig A.12 shows the OIM-map, the grain size distribution, the pole figure and the 

ODF of the investigated specimen after the final step of the post-processing procedure; after 

the single (average) orientation per grain method. 

  

Fig. A.9: OIM-map after post-processing step 6 
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Fig. A.10: Grain size distribution after post-processing step 6 

  

Fig. A.11: Pole figure after post-processing step 6 
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Fig. A.12: ODF after post-processing step 6 
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Appendix B – Calculation Examples 

B.1 Amount of Manganese in Solid Solution 

The amount of manganese in solid solution can be roughly approximated by using 

Matthiessens rule (Equation 2.11), 

   SiFeMn 0068,0032,0036,00267,0
1




  (B.1) 

and by neglecting the contributions of Fe and Si due to the low solubility of iron in 

aluminium, and the relative low total concentration of Si in the investigated alloy. This results 

in Equation B.2 below. 

   Mn036,00267,0
1




     (B.2) 

By using this equation and the electrical conductivity measurements from Table 4.1 in 

Chapter 4.1 the amount of manganese in solid solution can be approximated. The 

approximation of the manganese in solid solution for as cast with ε = 0, and an electrical 

conductivity of 17.5 m/Ωmm
2
 is shown below. 

    MnMn 036,00267,0
5,17

1
036,00267,0

1



 

     %85,0
036,0

030,0
Mn
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Appendix C – Grain Size Distributions 

C.1 Isothermally Annealed Specimens - Datasets 

Complete datasets for the grain size distribution measurements on isothermally annealed 

specimens presented in Chapter 4.2.6 and described in Chapter 3.5.4 with accurate grain sizes 

and corresponding area fractions are presented in the following.  

   

Fig. C.1: Grain size 

distribution for C2-A3 

annealed at 400 °C for 10
5
 s 

Fig. C.2: Grain size 

distribution for C2-A3 

annealed at 450 °C for 10
5
 s 

Fig. C.3: Grain size 

distribution for C2-A3 

annealed at 500 °C for 10
5
 s 
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Fig. C.4: Grain size 

distribution for C2-B2 

annealed at 450 °C for 10
5
 s 

Fig. C.5: Grain size 

distribution for C2-B2 

annealed at 500 °C for 10
5
 s 

Fig. C.6: Grain size 

distribution for C2-B3 

annealed at 350 °C for 10
5
 s 
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Fig. C.7: Grain size 

distribution for C2-B3 

annealed at 400 °C for 10
5
 s 

Fig. C.8: Grain size 

distribution for C2-B3 

annealed at 450 °C for 10
5
 s 

Fig. C.9: Grain size 

distribution for C2-B3 

annealed at 500 °C for 10
5
 s 

 

C.2 Non-Isothermally Annealed Specimens - Datasets 

Complete datasets for the grain size distribution measurements on non-isothermally annealed 

specimens presented in Chapter 4.3.6 and described in Chapter 3.5.4 with accurate grain sizes 

and corresponding area fractions are presented in the following. 
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Fig. C.10: Grain size distribution for C2-B3 

non-isothermally annealed and taken out of 

oven at 375 °C 

Fig. C.11: Grain size distribution for C2-B3 

non-isothermally annealed and taken out of 

oven at 400 °C 

 

C.3 Grain Size Distributions 

The grain size distributions not included in Chapter 4.2.6 are presented in the following. 
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Fig. C.12: Grain size distribution for C2-A3 annealed at 450 °C for 10
5
 s 

 

Fig. C.13: Grain size distribution for C2-A3 annealed at 500 °C for 10
5
 s 
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Fig. C.14: Grain size distribution for C2-B2 annealed at 500 °C for 10
5
 s 

 

Fig. C.15: Grain size distribution for C2-B3 annealed at 500 °C for 10
5
 s 
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Appendix D – Pole Figures 

D.1 Isothermally Annealed Specimens 

The pole figures from the texture measurements of the isothermally annealed specimens 

described in Chapter 3.5 are presented in the following. 

 

 

Fig. D.1: Pole figure for C2-A3 annealed at 400 °C for 10
5
 s from 40X EBSD-scan 
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Fig. D.2: Pole figure for C2-A3 annealed at 450 °C for 10
5
 s from 80X EBSD-scan 

 

 

Fig. D.3: Pole figure for C2-A3 annealed at 500 °C for 10
5
 s from 80X EBSD-scan 
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Fig. D.4: Pole figure for C2-B2 annealed at 450 °C for 10
5
 s from 60X EBSD-scan 

 

 

Fig. D.5: Pole figure for C2-B2 annealed at 500 °C for 10
5
 s from 90X EBSD-scan 



Appendix D – Pole Figures 

XVIII 
 

 

 

Fig. D.6: Pole figure for C2-B3 annealed at 350 °C for 10
5
 s from 80X EBSD-scan 

 

 

Fig. D.7: Pole figure for C2-B3 annealed at 400 °C for 10
5
 s from 80X EBSD-scan 
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Fig. D.8: Pole figure for C2-B3 annealed at 450 °C for 10
5
 s from 80X EBSD-scan 

 

 

Fig. D.9: Pole figure for C2-B3 annealed at 500 °C for 10
5
 s from 80X EBSD-scan 
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D.2 Non-Isothermally Annealed Specimens 

The pole figures from the texture measurements of the non-isothermally annealed specimens 

described in Chapter 3.5 are presented in the following. 

 

 

 

Fig. D.10: Pole figure from a 80X EBSD-scan of C2-A3 non-isothermally annealed and taken 

out of the oven after 3 h at 400 °C  
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Fig. D.11: Pole figure from a 80X EBSD-scan of C2-B3 non-isothermally annealed and taken 

out of the oven at 375 °C 

 

 

Fig. D.12: Pole figure from a 80X EBSD-scan of C2-B3 non-isothermally annealed and taken 

out of the oven at 400 °C 
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Fig. D.13: Pole figure from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken 

out of the oven after 2 h at 400 °C 

 

 

Fig. D.14: Pole figure from a 80X EBSD-scan of C2-C3 non-isothermally annealed and taken 

out of the oven after 3 h at 400 °C 
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Appendix E – OM-images 

E.1 Initial Characterization 

The optical microscope images from the initial characterization described in Chapter 3.2.3 are 

presented in the following. Fig. E.1 and Fig. E.2 shows the OM-images of C2-A1 and C2-B1. 

Both images are taken at magnification 20X.  

  

Fig. E.1: OM-image of C2-A1 Fig. E.2: OM-image of C2-B1 
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