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Abstract

During the last decades, aluminum has been established @a®@an construction material

especially in the fields of transportation, aircraft andigveight construction. In order to

effect an economic efficiency in material and energy, noy dhé construction methods are
continuously improved but also the material propertiesaatjested according to the intended
purpose. This includes the development of new alloy contijposi and furthermore a controlled
microstructure evolution inside the material. A large ne@mbf aluminum alloys facilitates a

significant increase in strength by precipitation hardgniifhrough the techniques of grain
boundary engineering the material’s grain sizes as wehasype and distribution of the grain
boundaries are also controlled to achieve an additionatase in strength.

The microstructure evolution is in this work exemplarily@stigated for the three technolog-
ical relevant aluminum wrought alloys EN AW-6060, EN AW-@&nd EN AW-7075 during
thermo-mechanical processing by direct hot extrusion. Sdmaples are prepared from partly
extruded billets which are cut along the middle axis to rétlea microstructures in different
deformation zones and at varying degrees of deformation.

Besides the classic light optical microscopy, the electrackbcatter diffraction (EBSD)
technique is applied for the microstructure analysis. ben¢ years, EBSD was widely estab-
lished in the field of materials science and gives direct s&te the grain and subgrain struc-
tures. Furthermore, it allows the determination of thetiadamisorientation between individual
(sub-)grains and the investigation of the texture at thepdasisurface. The final microstruc-
ture is the result of interacting dynamic and/or static etioh processes such as recovery and
recrystallization. A detailed investigation of the typeatstribution of the grain boundaries in
the micrographs allows to identify the active microstruetavolution processes.

Based on existing EBSD measurement data sets, the visuatizdtihe grain microstructure
and the corresponding grain boundaries is performed by ¢ldyrdeveloped and verified in-
house program Grainplot. The main algorithms are explainektail with a special focus on
the restoring of incomplete data sets. The accessible @aadsxely commented program code
then allows a further customization by the user. For thehifit deformation zones of the partly
extruded billet, the microstructural evolution regardgrgin and subgrain size distribution, rel-
ative grain misorientation and fraction of grain boundsiirethe micrograph is determined and
statistically evaluated. The texture evolution at theaitdht measurement points is presented in
the form of inverse pole figures.

Furthermore, the newly developed program Graingen is ptedavhich is used to generate
synthetic 2-D and 3-D microstructures with defined stat#dtproperties based on previously
analysed EBSD measurement results.






Kurzfassung

Der Werkstoff Aluminium hat sich in den letzten JahrzehrdaEngangiges Konstruktionsmate-
rial insbesondere im Bereich des Transportwesens, derdtufttind des allgemeinen Leicht-
baus bewhrt. Um zuKinftige Material- und Energieeinsparungen umsetzerorun&n, werden
neben der optimierten Konstruktion zunehmend die Werfeasgggnschaften an die bétigten
Anforderungen angepasst. Dies umfasst nicht nur die Leggszusammensetzungen, sondern
im zunehmenden Mal3e auch die gezielte Beeinflussung der iMatiérostruktur. Bei einer
grol3en Zahl von Aluminiumlegierunge#dst sich die Festigkeit durch Verfahren des Ausla-
gerns signifikant steigern. Im Rahmen des so genannten Grainddgy Engineerings kann
dariber hinaus die Korngfienverteilung sowie der Verlauf und die Art der vorhandefern-
grenzen gesteuert werden, wodurch eine weitere Festgkeiahme erreicht wird.

Die Mikrostrukturentwicklung wird in dieser Arbeit exenapisch fir drei technologisch re-
levanten Aluminiumknetlegierungen EN AW-6060, EN AW-6082d EN AW-7075 bei der
thermo-mechanischen Umformung durch direktes Strangpnasntersucht. Als Proben dienen
dabei teilverpresste Btke, die nach dem Trenneangs der Mittelachse die Mikrostrukturen
in verschiedenen Umformzonen und bei unterschiedlichefoungraden offenlegen.

Neben einer lichtmikroskopischen Betrachtung wirdaakch das Verfahren der Electron
Backscatter Diffraction (EBSD) zur Analyse der Kornmikrogtur eingesetzt. Diese Technik
hat sich im Laufe der letzten Jahre zunehmend etabliert dadke neben der Identifizierung
der Korn- und Subkornstruktur auch die Bestimmung der redatMissorientierung benachbar-
ter Korner und die Untersuchung der Textur. Eine detailierted®étiung der Korngrenzentypen
und ihrer Verhufe Bsst Rickschiisse auf die wirksamen dynamischen und statischen Entwick-
lungmechanismen von Erholung und Rekristallisation zu.

Im Rahmen dieser Arbeit wurde das Programm Grainplot engitickad verifiziert, das aus-
gehend von vorliegenden EBSD-Messdaten eine Visualisieden Kornmikrostrukturen und
der beteiligten Korngrenzen etglicht. Die verwendeten Algorithmen insbesondere der-Wie
derherstellung unvollandiger Daterétze werden schwerpunkéfiig erutert. Der einsehbare
und ausiihrlich kommentierte Programmcode erlaubt so eine naglith Anpassung an ver-
schiedene Aufgaben durch den Anwender. Unter Verwendungneélgen Software wird die
Entwicklung der Mikrostruktur innerhalb der Deformati@ansen in Hinblick auf Korn- und
Subkorngol3enverteilung, relative Kornmisorientierung und Antigit Korngrenzen im Géfe
statistisch erfasst und ausgewertet. iier hinaus werden die Texturentwicklungen an den
Messpunkten als inverse Polfiguren dargestellt.

Zudem wird das neu entwickelte Programm Graingen vordgstet dem — ausgehend von
zuvor charakterisierten EBSD-Messergebnissetnsitiche 2-D und 3-D Mikrostrukturen mit
definierten statistischen Eigenschaften erstellt werdemén.






Chapter 1

Introduction

Abstract — This introduction gives a short overview of the basic relahip between mi-
crostructure properties of aluminum alloys and the medstiehavior of the final products.
There is a short spotlight on the history of aluminum andllts/a, followed by a description of
the main microstructure evolution mechanisms during fagniThe physics of metal behavior
depend on the crystal structure which is related to the efigeometry. Different unit cells and
symmetry conditions are presented with a special focus effeite centered cubic structure of
aluminum alloys. The influence of dislocations and theiriotothrough the crystal lattice dur-
ing plastic deformation is described as well as dislocagmurcing mechanisms and interaction
processes. The development of grain size for example,vermdand influenced by a number
of recovery and dynamic or static recrystallization preess A distinction between these dif-
ferent microstructural mechanisms is essential to in&tr@nd understand the micrographs and
statistics during the material characterization. Fintily measurement techniques used in this
work — light optical microscopy, X-ray diffraction and etemn backscatter diffraction — are
introduced.

1.1 Influences of microstructure on material behavior

The history of mankind is characterized by its developmeut @se of innovative tools. Over
the time the complexity of the devices increased and thepext materials changed. Beginning
with basic tools made of natural materials such as stonegwad horn, advanced tools where
made of metals like copper, bronze and iron. The knowledggeaining raw iron from inter-
fering elements such as sulfur and controlling its contehtsarbon significantly increased its
strength and deformability. This combination of materiadgerties nowadays makes steel the
most common material for tools, machines and engines. Neless, especially in the weight
sensitive field of transportation and aircraft the appiaabf steel faces its limits. This led to
the development of lightweight alloys based on titaniumgnesium and aluminum. Generally,
different alloy components allow to adjust various matgsraperties and open a wide field of
application for different materials.

Figure 1.1 gives a global overview of the development of neatemials and alloys and their
relative technical importance. The history of aluminunowlbeing used as an engineering
material started in the first decade of the 20th century wischdicated by the gray mark in
Figure 1.1. Since then integral lightweight constructitlased on aluminum alloys became
more and more crucial, especially in the field of energdtioapensive automotive and air-
craft transport. Therefore, the techniques and softwatairdd during this work are used to
characterize a group of widely used aluminum alloys.



10 000 BC 5000 BC 0 10001500 1800 1900 1940 1960 1980 1990 2000 2010 2020
| | | | | | | | | | | |
Copper
Bronze
Glassy metals
POlymerS’ Cast iron o
elastomers Steels Aldithiumialloys Development slow:
mostly quality
° gll(ou?g Alloy Dual-phase steels cohitral .and
2 Fibers steq Microalloyed steels | PTO¢®S$!"8
s Glues .
= Light New super alloys Polymers.
& alloys ! g
g - Rubber elastomers
— | Composites Super alloys
) :
= Straw_brick paper Titanium High-temperature
< Zirconium ¢ Alloys polymers
Q Stone Etc. : .
= B Bakelite : Composites
}é]lass Ceramic composites
Ceramics, Cement PE Epoxies .
glasses Refractories l;gﬂv]l’? ]/)\}g:ryhcs Ceramics,
Portland | 5 glasses
cement u ro- Tough engineerin,
MFA 86 : | : [ l : silica lcemems b ics gcerg_rgnics g(AhO"l Si;Ny, PSZ Ietc.)
10 000 BC 5000 BC 0 1000 1500 1800 1900 1940 1960 1980 1990 2000 2010 2020
Date

Figure 1.1: Evolution of engineering materials on a nordintime scale (Ashby, 2005).

Figure 1.2: LOM micrographs of EN AW-6060. a) initial undefeed microstructure; b) re-
crystallized grains after large shear deformation; c) ledrgrain structure resulting from plas-
tic material flow during an direct hot extrusion process. @y of the Institute of Forming
Technology and Lightweight Construction (IUL), TU Dortmutddiversity, see Schikorra et al.

(2007) for details.

Generally, the material properties of an alloy depend oars¢ehemical and physical effects
which are firstly based on alloy composition and element entration. Secondly, the macro-
scopic material properties are linked to the local micragttire which for example, is a result
of the material’s deformation and temperature history. Raneple of different microstructures
taken from the same sample of an direct hot extrusion praseggen in Figure 1.2. The light
optical microscopy (LOM) images show in Figure 1.2a thaahilobular grain structure of an
EN AW-6060 aluminum alloy. In Figure 1.2b the plastic sheafiodmation exceeds the limit of

internal energy to initialize static recrystallizationagesscribed in Section 1.5.2. This results in
significantly larger grains which also have a globular sh&beally, the banded microstructure
in Figure 1.2c arises from plastic material flow along the diedaxis of the extrusion billet.
Here, the grains reveal a banded texture in direction ofisidn while their grain size has not
significantly changed compared to the initial state presgbmt Figure 1.2a.
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Figure 1.3: Development of lower yield stressp as a function of grain size for a mild steel
examined by Hall (1951).

Comparing the grain sizes and grain shapes given in Figutatlis2obvious that the de-
formation process leads to significant changes in the nticratsire which is linked to the me-
chanical properties of the material. A well known expresgioking microstructure properties
with the mechanical response of the material is the equatien oy + ¢; D™ independently
formulated in the early 1950s by Hall (1951) and Petch (195®¥re, the yield stress is re-
lated to the grain diametdp with an exponentn = —0.5 and a material dependent constant
c1. The parto is the material dependent minimum lattice friction stre$sclv is required to
move dislocations inside existing grains. This increasgetd stress results from a dislocation
interaction and their pile-up at the grain boundaries asa@x@d in Section 1.4.

Although this relation was originally found on low-carbateals, it also holds for a large
number of other materials such as copper, titanium and alumj as shown in Gottstein (2004)
and Kammer (2009). Figure 1.3 exemplifies the results of togkwf Hall (1951). It shows
the development of the lower yield stresgp of an mild steel as a function of the number
of grains per linear mm. Here, the grain size is measured plyag a number of straight
lines onto the micrograph image and dividing the number t&drsecting grains by the length
of the line in mm. To convert the shown results into the cominased S| unitsryvp has to
be multiplied with the facto®.81 N/kg. The Hall-Petch equation also holds for the relatigmsh
between smaller scaled subgrain size and yield stressadisihg the exponent1 < m < —0.5
as indicated by McQueen and Celliers (1996) and Humphreys$iatiterly (2004). The exact
value depends on the alloy composition.

The method of grain refinement directly uses the describlatioaship between grain size
and yield stress. The grain refinement during casting carchieed by adding grain refining
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Figure 1.4: Development of tensile strength as a functiografn size for different types of
aluminum alloys. Re-drawn from Kammer (2009).

elements to the alloy, e.g. zirconium in case of aluminuwyalas shown in the work of Li et al.

(2005). Furthermore a grain refinement and subgrain denetapdue to plastic deformation

leads to an increase of the yield stress due to dislocatierupiat the grain and subgrain bound-
aries. This effect is commonly known as cold work hardenimg)glays a significant role during

extrusion of aluminum alloys which is described in detaiSection 1.4. Grain refinement as
shown in Figure 1.4 is only one aspect of the so-called graimtdary engineering (GBE),

the importance of which is summarized in an editorial by Ku@ad Schuh (2006). In GBE

different measurement techniques and processes are caanfoirachieve desired mechanical
properties by controlling the types and distribution ofigrand subgrain boundaries inside
the material. As an example for GBE, Owen and Randle (2006) teedlectron backscat-

ter diffraction (EBSD) technique in combination with strainneal cycles of steel samples to
record the change in grain and subgrain structure.

Generally, simulations of microstructure behavior, foammple by finite element (FE) simu-
lations, require initial microstructures obtained by eli#fnt measurement methods. To reduce
the number of time and cost intensive experiments and sapnpparations, measurement re-
sults can be used to reproduce synthetic microstructurissivhilar statistical characteristics
in grain size and misorientation distribution. By using egantative volume elements (RVE)
which are geometrically periodic it is also possible to adsle several RVE to simulate larger
structures based on small scale measurements. A methodhefageg synthetic microstruc-
tures in 2-D and 3-D by cellular automata is described iniSe@&.3.
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Figure 1.5: Classical aluminum production with preceding égyrocess and electrolytical
reduction with necessary additives and consumed energyiié, 2009).

1.2  Aluminum in the field of engineering
1.2.1 Production of aluminum

The element aluminum has an overall weight fractior8.aB wt.% of the Earth’s crust. This
is even more than iron5(63 wt.%) but the third rank behind oxygen(1wt.%) and sili-
con (28.2wt.%) according to Lide (2010). Due to its high affinity to @gn, aluminum is
naturally found in chemical composition, mainly in form db@inum silicates (feldspars) or
oxides (corundum). Aluminum in its elemental state is extly rarely found on Earth. This
explains why it was firstly identified as a separate elemer@ibyHumphry Davy in 1808. The
first reduction to the metal phase was successfully done 2% b§ the Danish physicist and
chemist Hans Christian @rsted from a mixture of Aluminum dile (A1CI;) and potassium
amalgam KHg/KHg,). Two years later the German chemist Friedriclotér replaced the
reducing agent potassium almagam by metallic potassiurohwid to a clean metallic form of
aluminum following the reaction AICl; + 3K — Al + 3 KAICly.

Today almost all primary aluminum is produced by electrislfiiom bauxiteA1O, (OH)3_ .
The reduction of bauxite needs a large amount of energy wiiahfirstly provided after the
invention of the electric power generator by Werner von &emin 1886. This led to the
independent patents of Charles Martin Hall and Paul Hrouitwbescribe the fused-salt elec-
trolysis of bauxite to melted metallic aluminum. This presavas finally improved by Carl
Josef Bayer in 1889 and is still used in large scale produdi@uminum as depicted in Fig-
ure 1.5. Here, a simplified overview of the production prgcesaluminum from bauxite is
given according to Kammer (2009). Depending on its chenpaoalty 4 ~ 5t bauxite can be
converted int@ t of pure aluminum oxide by the Bayer process while consuraing 50 GJ of
thermic energy. The additive sodium bicarbonate conveetbaiuxite into aluminum hydroxide
and red mud which binds the iron parts of the bauxite in forfiegf); which is responsible for
its characteristic red color. Two tons of aluminum oxideusglto1 t of metallic aluminum un-
der addition of smelting salts aiich t petroleum coke as reducing agent. The reduction process
consumed3 ~ 15MWh of electric energy which makes the production processriohary
aluminum from bauxite energetically expensive comparestdel for example.
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Figure 1.6: World wide production of primary and seconddayranum (Kammer, 2009).

Since the production of aluminum reached an industrialestia& consumption of elec-
tric energy significantly decreased froma kWh per kg primary aluminum in the 1950s to
13 ~ 15kWh per kg nowadays. During the recycling of aluminum the Bgy®cess and
the reduction of aluminum oxide is obsolete. In this caseetiergy consumption for secondary
aluminum reduces to less than a fifth of the energy previotesdyired to produce primary
aluminum from bauxite. Taking into consideration that allobum allows an endless recycling
without losing quality in combination with the comparabbsvlenergy costs for recycling, the
use of aluminum dramatically increased in the last decaddssanow used for a number of
different products. This is reflected in Figure 1.6 whichwbldhe world wide production of
primary and secondary aluminum in 1000 tons. While the prodonof aluminum remains on
a constant level in the western world, the production of priyraluminum is still growing in
China. Here, the production increased more than tenfold $&31000 tin 1991 to12, 600, 000 t
in 2007 (Kammer, 2009).

1.2.2 Aluminum alloys

Pure aluminum shows excellent chemical resistance basadton but dense aluminum oxide
layer at the surface. Due to aluminum’s high affinity to oxygedamage of this layer heals it-
self by oxidizing the aluminum below. Chemical anodizingreases the thickness and density
of the oxide layer and offers an improved protection of thdartying material against chem-
ical corrosion. Nevertheless, the comparably low stregiure aluminum limits its field of
application to special purposes in chemical industry. Depey on the demands requested by
a specific product, different alloy components are addethfwave the mechanical properties
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of an aluminum alloy. Typically one or more of the followingoperties are needed for special
applications:

high tensile strength

high tensile yield strength

high temperature strength

high fatigue strength

high creep resistance

high chemical corrosion resistance

high or low ductility (depending on application)
high or low elasticity (depending on application)
high or low heat conductivity (depending on application)
low thermal expansion

ability of age hardening

good pourability

good machining ability

Since the addition of a specific element improves one or mbtieese properties, it may also
influence other ones in an undesired way. Therefore a langédauof different aluminum alloys
basing on a number of alloy elements is commercially avilaln the following the most

commonly used alloy elements are listed and the main infeeon the resulting aluminum
alloy are summarized according to Bargel et al. (1999); Kam(2@09); Sheppard (1999):

Magnesium fractions below 5 % increase the tensile strength oA&vig alloy by solid solu-

tion strengthening. Fractions larger than 5 % additionlaiad to precipitation hardening
based on the intermediate phasgMg, (compare Section 1.2.3). Furthermore magne-
sium positively influences fatigue strength and high tempee strength. Primary pre-
cipitates ofAl; Mg, that occur in alloys with high magnesium fractions largemntii5 %
reduce corrosion resistance and stress concentratioa girscoversized precipitates fa-
cilitate crack initiation.

Silicon is the main alloy component for aluminum cast alloy$Si alloys near to the eutectic

composition of 11.7 % silicon are characterized by a sugtablidification behavior com-

bined with acceptable tensile strength. In contrast to moibsr materials silicon expands
during solidification which is used to reduce the solidifieatshrinkage from about 7 %
of pure aluminum to handy values around 3 %.

Apart from its benefits for cast alloys silicon also incresatiee tensile strength by solid
solution strengthening. In presence of magnesium the soligtion strengthing can be
significantly enhanced by the developmenibi,Si precipitates during heat treatment.
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Copper increases the tensile strength due to solid solution stinenghg and precipitation
hardening based on the intermediate compodhd’u. The development of primary
Al,Cu precipitates during solidification should be avoided sithese oversized particles
act as nuclei for crack initiation and reduce the materwstfength. Holding the copper
fraction in an alloy below 4.5 % ensures that the copper isptetaly resolved in the
aluminum matrix. Due to significant differences in the elegiotential of aluminum
and copper, their alloys have a reduced corrosion resistahcch is related to galvanic
corrosion around\l,Cu precipitates.

Zinc is usually combined with copper and/or magnesium for higéngjth aluminum alloys of
the EN AW-7xxx alloy family. Here, the maximum tensile stg#mvalues for aluminum
alloys of 650 MPa are reached. The precipitation hardersncaused by particles of
MgZn, and/orAl,CuMg depending on the alloy composition.

Manganeseas single alloy element only supports solid solution sttle@iging. In combina-
tion with iron the tensile strength is also increased by ipi&tion hardening. The high
temperature strength is positively influenced by raisirgrdcrystallization temperature.

Nickel significantly increases the high temperature strengtheffey with copper and magne-
sium it is part of special alloys for aluminum pistons in carstion engines.

Iron is usually not used as single alloy element because of theafiton of brittle, needle
shapedAl;Fe precipitates. Iron just shows a very little solution in thenainum matrix.

Lead, tin and bismuth are added to special machining alloys where they act as cbgkeér.

Boron, chromium, titanium and zirconium increase the recrystallization temperature depend-
ing on the combination with other alloy elements. The suggion of recrystallization re-
sults in a grain refinement with improved mechanical propgeuf the specific aluminum
alloy.

Generally, aluminum alloys can be subdivided into cast&@)(and wrought alloys (AW).
Only the latter ones are usable in the field of extrusion. All Alloys are grouped in different
series named by a four digit number. The assignment to tlog akries is normed by the
standard DIN EN 573-1 and depends on the main alloy comps@arghown in Table 1.1. The
chemical composition of individual wrought alloys is state the standard DIN EN 573-3.
This work focuses on the characterization of two alloys ef@000 series, i.e. 6060 and 6082,
and the high strength alloy 7075. A detailed descriptionhef &lloy compositions and their
properties is given in Section 3.1.

1.2.3 Strengthening of aluminum alloys

Solid solution strengthening

Aluminum shows an excellent ratio of density and Young’s mod but the strength of pure
aluminum is very low compared to other metals used in the bélengineering. Its Young’s
modulus of approximately0 GPa is less than a third compared to steel while the tensdegth
varies at a comparably low level between 40 dad MPa depending on heat treatment and
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Table 1.1: Aluminum wrought alloy series according to DIN ERB-1 and ability of precipita-
tion hardening.

series No. main alloy components precipitation hardening

1000 aluminunm> 99.00 % no
2000 copper yes
3000 manganese no
4000 silicon no
5000 magnesium nol/yes
6000 magnesium and silicon yes
7000 zinc no/yes
8000 other elements no

matrix atoms matrix atoms

interstitial atom substitutional atom

distorted lattice arec distorted lattice arec

(a) Interstitial solid solution. (b) Substitutional solid solutions.

Figure 1.7: Schematic illustration of solid solution types

alloy composition (Kammer, 2009). The tensile strength banncreased by adding alloy
components as already described in Section 1.2.2. Moskeddlthy components increase the
tensile strength by the solid solution strengthening effidere, atoms of the alloy components
are placed inside the atomic matrix and cause an elastrtigst of the matrix lattice. These

distorted regions then act as obstacles for passing digdosa

There are two types of solid solutions: In the interstitialicd solution the alloying atoms
are placed in between the matrix atom lattice as shown inr€igjva. This is only possible for
small sized atoms like hydrogen, bromine, carbon or nitnodee consequence of the small di-
mensions of the interstitial located atoms the region elasstorted regions in interstitial solid
solution are rather small. If the alloying element and thérix&lement have a similar atomic
radius, which only differs by less thdi %, substitutional solid solution occurs. Figure 1.7bin-
dicates that in this case matrix atoms are replaced by aljogioms (Gottstein, 2004). Usually
the elastic distortions of substitutional solid soluti@re larger than those of interstitial solid
solution which lead to a more increasing strength. Sincalliog composition does not change
during thermo-mechanical processes, the influence of soligtion strengthening on the over-
all tensile strength remains constant. It is also indepeifilem the microstructure evolution.
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oy . ,
(a) Globular-shaped precipitates after artificial agirfg) Needle-shaped precipitates after artificial aging
at180°C for 1.5 h. at180 °C for 8 h.

Figure 1.8: TEM images of precipitates in an Al-Mg0.4-Si@lby after different artificial
aging times at constant temperature (Chang et al., 2009).

This influence of solid solution strengthening on the matgrioperties by varying the fraction
of alloy components in an 6000-series aluminum alloy is stigated , e.g. by Bergsma et al.
(1998).

Precipitation hardening

The effect of solid solution strengthening alone is not sidfit to reach material strengths
which facilitate a use of aluminum alloys in the field of ergpning. The success of aluminum
as a light weight construction material started in 1906 wineneffect of precipitation harden-
ing was accidently discovered by Alfred Wilm. He experineshivhich different heat treatment
processes on different aluminum alloys. One specific allily the composition AICu4Mgl —
today known as Duralumin or DURAL® of the 2000-series — shoaeignificant increase in
tensile strength upon resting some days after quenchingalduin has the ability of precipi-
tation hardening at room temperature due to its high comteodpper. Due to the strong time
dependency of the resulting mechanical properties, theptation hardening is also denoted
as age hardening. Later on numerous aluminum alloys withahility were identified and
suitable heat treatment processes were developed to aadpémal mechanical material prop-
erties. Precipitations are not in the focus of this work lastthe handled alloys EN AW-6060,
EN AW-6068 and EN AW-7075 are precipitation hardenables ghocess is briefly described
in the following.

The precipitation hardening results from the disperse @flssgaled intermediate compound
particles inside the crystals. Depending on the alloy caiijpm, the thermal conditions and
the aging time different shapes and sizes of precipitatelvevIn a recent work Chang et al.
(2009) investigated an Al-Mg0.4-Si0.4 alloy which is siatito EN AW-6060 and observed a
dramatical change in the precipitate shape while extentiagging time. Figure 1.8 reveals
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Figure 1.9: Scheme of artificial precipitation hardeningddwo component alloy and corre-
sponding temperature profile over time.

how the globular precipitates change their shape into esedith increasing aging time at con-
stant temperature. Parallel to the change in the prea@p#iadpe, the hardness increased from
~ 40HV up to ~ 60 HV. Depending on the compound of the precipitates and thesaod-

ing matrix, different types of the particle boundaries aosgble (Bargel et al., 1999). The
most effective ones are coherent and partly coherent ptatep which induce stress into the
surrounding atom matrix. This leads to an elastic deforomatif the matrix and extends the
effective range in which passing dislocations are stuck.

All precipitation hardenable aluminum alloys require adeone alloy component whose
solid solution decreases with decreasing temperature.e&thoys such as Duralumin show a
natural aging behavior so that, after annealing, the stheimgreases over time at room tem-
perature. Usually the strength can be more efficiently ixee by a special heat treatment.
A scheme of this artificial precipitation hardening procesis depicted in Figure 1.9. Firstly,
already existing intermediate compound particles aresshiv the matrix by solution annealing
(1) between solubility and solidus line. Annealing tempera and time depend on the alloy
composition. Secondly, the solid solution state is frozgmbenching (2) to a temperature
below the solubility line. The material strength now in@es exclusively by solid solution
strengthening. Finally, the temperature is raised aggito(8llow precipitation from the super-
saturated solid solution. Number and distribution of the e®olving precipitates depend on
aging temperature and time. The aging time is crucial becthes precipitates become over-
sized with time and that significantly reduces the matetrahgjth.
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Table 1.2: The seven basic crystal systems. Axes and angiesding to Figure 1.10.

system axis lengths angles
cubic a=b=c a=p0=vy=90°
tetragonal a=10+#c a=[F=v=90°
orthorhombic a # b # ¢ a=[F=v=90°
rhombohedral a=0=c¢ a=[=vy#90°
monoclinic  a#b#c¢ a=v=90°#p
triclinic a#b#c a# [ # v #90°
hexagonal a=b#c¢ «o=0=90°%vy=120°

Figure 1.10: Reference crystal geometry.

1.3 Crystal structures of metals

1.3.1 Cirystal lattice types

Basically all technical metals and alloys can be categotigdteir unit cell geometries. Ideally,

the unit cells form a perfect lattice throughout a singldrgr&8ut, as described in Section 1.4,
this is rather an exception than the rule where point defetiséocations and impurities dis-

turb the ideal regular crystal lattice. Nevertheless, thecture of the basic unit cell defines
the general behavior of the material. Table 1.2 lists themsdasic crystal systems and their
corresponding characteristic angles and lengths as definejure 1.10. A comprehensive

introduction and overview of crystal structures can alsédoed in Shackelford (2009).

The seven basic crystal systems can be extended by addiitgpadidatoms in the unit cell
interior or on the faces. This results in a total of 14 indiadi crystal lattices — also called
Bravais lattices. All crystal systems vary in their struetuthe number and positioning of
closed-packed planes, the number of atoms per unit cellf@dtomic packing factor (APF).
The APF specifies how much volume fraction of a unit cell isupsed by the atom’s volumes.
Unlike Figure 1.11 implies, usually atoms do not belong targls unit cell alone, but are
shared with adjacent unit cells. For example, atoms at theecs of cubic unit cells belong to 8
neighboring cells at the same time. In the context of metalg ® Bravais lattices are relevant:
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(a) Face-centered cubic unit cell. (b) Body-centered cubic unit (c) Hexagonal close-packed
cell. unit cell.

Figure 1.11: Crystal structures of metals.

Figure 1.12: Close-packed planes of a FCC unit cell.

face-centered cubic (FCC):In the center position of each face of a cubic lattice an auithi
atom is placed as shown in Figure 1.11a. A unit cell contaiat#hs and has an APF of
0.74 which is the highest possible value to be reached byipgsipheres of same diam-
eter. Typical metals with FCC lattice are aluminum, nickelppger and iron in austenite
phase {-Fe).

body-centered cubic (BCC): Here, an additional atom is located in the body center of é&ccub
lattice as pictured in Figure 1.11b. Although the volumehs tenter atom completely
belongs to the BCC unit cell, the APF is with 0.68 lower as forF@C lattice. In sum
a unit cell with BCC lattice contains only 2 atoms. This crysigdtem can be found in
tungsten, vanadium, chromium and the ferrite phase of ieRd).

hexagonal close-packed (HCP)This crystal lattice is characterized by two hexagonalisye
each with an additional atom in the face centers and an ietiate layer holding 3 atoms.
Although a HCP unit cell contains only two atoms, it reache®\RRk of 0.74 which is
equal to the FCC lattice. Example metals with a HCP lattice are, zirconium,a-
titanium and magnesium.

The previous list already indicates that some metals sualmmghange their unit cell con-
figuration depending on temperature and alloy compositionontrast to this, aluminum alloys
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ND [001]

[010]

¥[100]

RD

Figure 1.13: Definition of sample and crystal coordinatdesys.

constantly remain in the FCC lattice so that the symmetryatmers described in the following
section are valid for the whole range of temperature ocegmiuring the observed hot forming
processes. The lattice structure directly influences tingaan and positioning of closed-packed
planes which act as slip planes during plastic deformatsogiscussed in detail in Section 1.4.
FCC unit cells have 4 closed-packed planes, two of which aemplarily emphasized by gray
shadings in Figure 1.12, with 3 directions each. Due to tgh humber of 12 glide systems and
their orientation towards each other, a number of slip @asactive during plastic deformation
of aluminum alloys. This facilitates a good deformabilitydombination with moderate ram
forces at comparably low processing temperatures durggrib-mechanical processing by hot
extrusion.

1.3.2 Crystal orientations and symmetry

Euler angles

There are different ways to mathematically describe thentaition of crystal lattice€ in
an orthogonal three dimensional (3-D) space that l@ld= Orth™(E3). In the following,
orientations are given in form of the Euler angles followithg notation by Bunge (1981).
Using the passive rotation matri® which rotates the sample coordinate sys#minto the
crystal coordinate syste by

Cc=RCs, (1.2)

as indicated in Figure 1.13, the rotation is defined by theeEahglesp;, ¢, ¢,. The sample
coordinate syster@s is usually related to significant surfaces of the sampleractions during
specimen processing. RD indicates the rolling directionciig equivalent to the direction of
the ram movement during direct extrusion. The normal divedtiD is defined perpendicular to
RD and the surface of a rolled blank. The transverse dire@i®nompletes the orthogonal 3-D
coordinate system. In the case of rotationally symmetritspthe direction of ND is arbitrary.
The directions of the local crystal coordinate system arergin Miller indices pointing towards
the directions of a unit ce[lL00], [010] and[001].

According to Figure 1.14 the anglg rotates around the normal direction ND which trans-
forms the transverse direction TD into the intermediateation TD’ and the rolling direction
RD into the intermediate direction RD® then rotates around the new intermediate rolling
direction RD’ which brings the normal direction ND in coineitce with the crystal direc-
tion [001] and transforms TD’ into TD”. Finally, a rotation with the dag», around the [001]
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N \J100]
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Figure 1.14: Euler angles in Bunge’s notation. PassiveiostatCrystal coordinate system in
black, sample coordinate system in gray. Re-drawn from RaardleEngler (2009).

direction brings both RD’ and TD” into coincidence witt00] and[010], respectively. These
individual rotations can be expressed by the matrices

cosp; sing; 0

R, = —singp; cose; 0 |,
0 0 1
1 0 0
Ry = 0 cos® sin® | and (1.2)

0 —sin® cos®
cosp; sing; 0

R, = —sing; cosp; 0
0 0 1

The rotation matrixR then derives from the multiplication of the the three ratas
R=R,,-Rs R, (1.3)
which gives the complete expression
cp1Cp2 — SP18pac®  sp1CPr + Cp1Spacd  Spasd

R=1| —cpisps —spicpcd —spi5ps + cpicpac®  cpasd (1.4)
sp15P cp1sP cd
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Figure 1.15: Crystal symmetries for cubic unit cells. Synmmebtations around axis of type
A: 90°, 180°, 270°; axis type B:180°; axis type C:120°, 240°.

wheres is the sine and is the cosine function. By definition, the Euler angles areoupkrs

with a period of27 which can also be seen in Figure 1.14. To enforce uniquendbg iEuler
angle representation the three angles are only defined inatineds of0° < p; < 360°, 0° <

® < 180°, 0° < o < 360° which also limits the othogonal Euler spa@eth™ (E3) (Randle
and Engler, 2009).

Axis/angle pair

Depending on their unit cell architecture, metallic cris&how certain symmetries which are
displayed in Figure 1.15 for the cubic unit cells of FCC and BCgstals. Around each of
the three rotation axe§,; = [001], A, = [010] andA3 = [100] — which belong to the direction
family (100) — three possible rotations 86°, 180°, 270° lead to the same orientation of the unit
cell again. Additionally, rotations around the six rotatiaxes of type B110) with each180°
and two rotations o0f20° and240° around the three rotation axes of typ€121) also result in
the original orientation of the crystal. Including the idi&n i.e. no rotation at all, this leads to
24 symmetric orientations for cubic unit cells (Randle andIEn 2009).

Figure 1.15 also reveals the opportunity to use an axiségpak to describe the orientation
of unit cells. For cubic unit cells a single rotation with amgée # around a suitable normalized
rotation axisr is neccessary to bring two structures into coincidencelowoig Santoro and
Mighell (1973)6 andr can be derived from the rotation matrR by solving the eigenvalue
problem

(R—X)r=0 (1.5)
with the eigenvalue\ = 1 and the identity matrid. Thus, the resulting rotation angles
1
0 = arccos <§(tr(R) - 1)> (1.6)
and the corresponding normalized rotation axis veetoonsists of the components
A Ra3 — R3o
! 2 sinf
Rs1 — R
= = - 1.7
" 2 sin 0 (3.7)
R12 - R21
rs = ——.

2 sinf
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If the rotation angle holdg = 180°, the axis vector cannot be determined by the equa-
tions 1.8. In this particular case the corresponding romadixis vector is determined by

- (%(Ru + 1))

ry = (%(RQQ T 1)) (1.8)

ry = (%(R33+1))

With respect to the possible symmetries of cubic unit céksrbtation axis vectors and rota-
tion angles are known. From this it is possible to generatd e&the 24 symmetry orientation
matricies of the symmetry groug by

N

(SIS

N|=

r?(1 — cosB) +cosf  rire(1 —cosf) —rysin® rirz(1 — cosf) + rosin 6
Os = | rirg(l —cosf) +r3sind  r3(1 —cos) +cosf  ryrz(1 — cosf) — rysinf
rir3(1 — cosf) — rasinf  rors(1 —cosf) +rysinf  r2(1 —cosf) + cosd
(1.9)
wherery, 9, 73 are the components of one of the normalized rotation axembelg the direc-

tion families (100), (110), (111) and# is one of the corrosponding rotation angfés, 120°,
180°, 240° or 270° according to Figure 1.15.

Misorientation

A misorientation describes the difference in orientatidbmwe crystals or grains. The misori-
entation is commonly determined between adjacent grainie &halysing a micrograph. It is
given by the misorientation matrixZ, via

R2 = M12R1 (110)

which transforms the orientation matrlR; of grain 1 into the orientation matriR, of grain 2.
Since the rotation matricies are orthorgonal it followsttRa' = R™, thus,

M, = R,R]. (1.11)

While determining the misorientation andlg between two grains, all symmetries have to be
taken into account to identify the minimum angle. Therefaltessymmetry orientations of the
symmetry groujs have to be evaluated by the equation

arccos (% {tr(OsM 15) — 1}) ‘ . (1.12)

fi» = min

Os€Gs

Depending on the relative orientation of the grains, theonestation angle can be negative

which simply means that the corresponding rotation axigoreltas to point in the opposite

direction. Due to the symmetries of materials with cubicstay structure the misorientation
angle is limited ta?;» < 62.8° which was shown by Mackenzie (1958).
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Figure 1.16: Stereographic projection. Re-drawn from Kag4/098).

Pole figures and inverse pole figures

For a two dimensional (2-D) representation of the 3-D oa&ah of a crystal in space an ap-
propriate projection is necessary. In crystallographystieeeographic projection is widely used
which is also known from generating a world map. The ster@glgic projection preserves the
angle between different points which is especially imparta the field of misorientations.

The principle of stereographic projection is explained blofving the example given in
Figure 1.16. As indicated in Figure 1.13 an individual caoate systenC can be assigned
to each grain according to the orientation of its crystaldat One coordinate of the crystal’s
system, e.g.[010], is now projected onto a surrounding unit sph8& through the sphere
centerO. The projected poin’ defined by its position vectot is connected to the south pole
S of the sphere which finally gives the intersection pdmon the equatorial plan@P;. The
poleP is then specified by the directionand the distance from the sphere centéy by

_ ) i . >
_ (I—ee,) n if n-e, >0 (1.13)
—(I —e,e,) -n else
a = arcsin|n X e,| (1.14)
r = tan <%) (1.15)

If OP; is defined by the coordinate systém, e;,) the position(z, y) of P can be aquired
by

x:;ﬁ-et; y:;ﬁ-eb (1.16)

I Id

as given in Figure 1.17 which shows the complete pole figur@afoexample pol® with its

coordinategz, y) on9Ps. According to the symmetry conditions of cubic unit celle stere-

ographically projected polB has 24 redundant positions o5 as indicated in Figure 1.17.
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Figure 1.17: Position of a sample poiAtin a pole figure with respect to symmetry during
stereographic projection.

ThereforedP; can be reduced to a single section of the pole figure which gheasized by a
color gradient in Figure 1.17.

Instead of projecting the orientation of the crystal conaties in a sphere based on the sample
coordinate system, one can also invert this procedure lrgsepting an arbitrary direction in a
system defined by the crystal coordinates system as showguneFL.18. For the inverse stere-
ographic projection a unit sphet&S; is placed relative to a cubic unit cell so that its certber
is coincident with the origin of crystal coordinate systéj01], [010], [001]}. In Figure 1.18
only an eighth of the sphere located inside the cubic unii€shown. Firstly, the intersection
point P, the desired directiom and the unit spheréS; are constructed. The intermediate
point P’ is then stereographically projected onto the equatorahgdP; by connecting it to
the south pol& of S yielding the poleP. With respect to the symmetry conditions, the invers
stereographic projctions of all directions end up in thétigray shaded area 0fP; — the in-
verse pole figure (IPF). The IPF as shown in Figure 1.18 is $panned between the projection
points of the crystal directiond00], [101] and[111]. By filling the IPF with an appropriate
color gradient, it allows to encode the orientation of a #jepoint by its color as described in
detail in Section 2.2.2.

Orientation distribution functions

When reducing the 3-D orientation of a crystal into the 2-Drdomates of a pole by stere-
ographic projection, some of the original information istlo Pole figures and inverse pole
figures only hold the complete orientation information fmigde crystals or an assembly of few
grains as long as all pole positions can be observed selyaiafigh increasing number of crys-
tals or grains which are investigated, the pole positiong ava&rlay which results in uncertain
interpretation of the pole figures. This uncertainty is &ddally intensified by measurement
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Figure 1.18: Inverse stereographic projection of a cubit cell. Re-drawn from Kraska
(1998).

deviations which arise dependently on the used measurdeamntique, e.g. X-ray diffraction
or electron backscatter diffraction.

The orientation distribution function (ODF) R) generally describes the ratio of the volume
fractiondV of grains with an orientatiolR which have a maximum angular variation @R

and the total volumé&” of grains in the sample:
d
7V = f(R)dR. (1.17)

If the orientation is described by Euler angles as previpugtoduced in Section 1.3.2, the
angular variationl R depends on the variation of the three Euler angles?, o:

1
dR = — sin ®dy; d® dip, (1.18)
82

and the ODF must also fulfill the normalization condition

ygf(R) dR = 1. (1.19)
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lattice plane 1

lattice plane 2

(a) One dimensional edge dislocation. (b) Two dimensional screw dislocation.

Figure 1.19: Schematic dislocations in FCC crystal str@stuBurger’s vectob indicated by
vectorb.

In pratice the 3-D ODF is obtained from 2-D pole figurésby determination of the volume
fraction d7V of all grains whose directioh is oriented parallel to a sample directigaccepting

an angular variation aty:
dv 1

v o Eph(y) dy. (1.20)
Here, the sample directignis given by the pole figure anglesandg as specified in Figure 1.16
and its variation isly = sin a« da:d. The pole figure intensities have to be normalized so that:
1
yp Py (y) dy. (1.21)
7
Since the pole figuré’,(y) is a reduced 2-D projection of the full qualified 3-D ODFR),
it represents a set of rotations around the sample diregtwith an angled < ~ < 27. The
relationship betwee, (y) and f(R) is then expressed by the pole figure inversion equation

P =5 [ fR)W: (1.22)

The factor;- ensures the compatibility of the normalization conditioh©DF and pole figure
(Randle and Engler, 2009). Finally, the ODF can be obtainesbbyng the fundamental equa-
tion 1.22. However, the ODF cannot be completely derivedhfeosingle pole figure so that
additional pole figures have to be taken into account. Thergien equation cannot be solved
analytically but numerous numerical approaches have beeslaped and published in litera-
ture, (e.g. Hielscher (2007); Hielscher and Schaeben (2@@piech et al. (1993); Schaeben
et al. (2007)).

1.4 Dislocations and grain boundaries

The crystal structure of technical materials is not pelyebtilt of unit cells but contains a
number of defects. Point wise lattice defects include veiesnby missing atoms as well as
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Figure 1.20: Plastic deformation by edge dislocation ghidia) undeformed lattice; b) elasti-
cally deformed lattice under shear load; c) forming of edigéodation; d)-e) dislocation glid-
ing; f) plastically deformed lattice.

alloy atoms at positions of the crystal lattice or in-betwas shown for solid solutions in Fig-
ure 1.7. These types of defects are also known as zero diomathsiefects. Higher dimensional
defects are called dislocations which significantly inficeethe materials’ response on plastic
deformation. The linear one dimensional edge dislocaticous between two lattice planes
with a different number of atoms as depicted in Figure 1.18aabsolute value and direction
are modeled by the Burger’s vecforwhich is determined by comparing the length of a closed
line around the dislocation with a closed line of the samglitein a perfect reference crystal.
The Burger’s vector and the corresponding closed line aesidiswn in Figure 1.19a. If the
dislocation line is not straight but curved instead, theiltesy planar two dimensional lattice
defect is a screw dislocation. An example including the de§irBurger’s vector is given in
Figure 1.19b.

Dislocations do not statically remain in one position but cgide along the plane where
they initiated. This effect leads to a dislocation motiomidg plastic deformation which is
energetically much more efficient than a discrete motiomaf fattices planes relative to each
other. In Figure 1.20 a small crystal section undergoediplabear deformation. At a low
shear loading level, the initial crystal lattice in 1.20aelastically deformed while the atomic
bindings remain intact as shown in 1.20b. With increasingashoad, an edge dislocation
forms at a specific lattice plane in 1.20c and glides along pkane parallel to the direction of
shearing in 1.20d - 1.20f. During the plastic deformatiotydhe dislocations move while the
rest of the crystal lattice remains connected. Due to therabprincipal of energy reduction,
dislocation gliding is favored along crystal planes withighhpacking density. For materials
with FCC crystal structure, such as aluminum, the highestipgalensity is found on planes
perpendicular to the directign11] as shown by the gray shaded areas in Figure 1.12. Each of
the close-packed planes in an FCC unit cell is then enclosesixtgtoms. Depending on the
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a) 1 b) T+AT c) T+AT
® 1 ® A |

Figure 1.21: Scheme of Orowan type dislocation source.leyp of edge dislocations in front
of two obstacles; b) bending of the dislocation fronts; e¢hfation of dislocation rings around
obstacles. Re-drawn from Bargel et al. (1999).

loading conditions and the initial orientation of the cgldbwards the loading direction other
glide systems are activated as well. Under severe pladticrdation the grains rotate and align
to direction of load so that the energetically most favoeallide planes are active.

The dislocation gliding can be hindered by various effegthsas solid solution atoms which
distort the surrounding lattice, precipitates, stackiaglts, grain boundaries or other disloca-
tions. Two dislocations of the same type with inverse Busye€ctors annihilate each other
when they meet on the same gliding plane. Each dislocatistort the surrounding lattice
as exemplarily shown in Figure 1.19. This distortion actadmack stress on dislocations of
the same type and direction and keeps them apart from eaeh @kpending on the type of
obstacle, the edge dislocations can leave their initigligd) plane by climbing, and screw dis-
locations by cross-slipping to move perpendicular to thesvious direction until a free motion
in the original direction is possible. If the obstacle is tame or other interacting dislocations
prevent a climbing or cross-slipping by their back streks, drriving dislocations pile-up in
front of the obstacle. Already piled-up dislocations algader the motion of following dislo-
cations on the same lattice plane due to their back stressbdbk of Hirth and Lothe (1982)
gives a comprehensive overview on the modeling of dislooatand their interactions.

Small scale obstacles in the crystal lattice are passedivynardislocations. In Figure 1.21
a wave of edge dislocations encounter two small scale pestic the crystal lattice. The parts
directly in front of the obstacles pile-up while the rest loé¢ tdislocation bends during motion
in Figure 1.21b. With increasing plastic deformation digition rings are produced around the
particles while the original edge dislocation proceedg¢®way. Due to the remaining fixed dis-
location ring, the effective diameters of the obstaclesdase as indicated in Figure 1.21c. This
process continues until the effective diameter of the glagiprevents following dislocations
from bypassing and forces them to climb or pile-up.

If an edge dislocation is pinned on both ends by small scaticfes, a Frank-Read disloca-
tion source develops, the mechanism of which is schembtidepicted in Figure 1.22 (Frank
and Read, 1950). Under plastic deformation the straightcksion pinned by the particles A
and B in 1.22a starts to bend into the configuration in 1.22kh Wicreasing deformation the
dislocation undercuts the particles (see 1.22c and 1.2&dfimally reunites in Figure 1.22e.
The detached dislocation ring then expands while the ranwipinned dislocation starts to
bend again and the whole process repeats itself under corgideformation load. In contrast
to the dislocations produced by the Orowan mechanisms aWedislocations of a Frank-Read
source are mobile and depart from the sourcing particles.tbthe active dislocation sources,
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a) b) C)
- s
A B A B
d) e) f)
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A B

Figure 1.22: Scheme of Frank-Read type dislocation sourkeliskbcation pinned between
obstacles A and B; b)-d) bending of dislocation during ptagéformation leads to undercutting
of the obstacles; e) detaching of dislocation ring; f) rest&periodic process. Re-drawn from
Bargel et al. (1999).

dislocation
splitting

Figure 1.23: Stacking fault development by dislocationtspy. Re-drawn from Bauser et al.
(2006).

the number of dislocations and the effective dislocatiamsttg (dislocation length per volume)
increases during plastic deformation. As an example, tslechtion density of a soft-annealed
metal increases by cold work hardening franf mm/mm? up to 10'° mm/mm’ according to
Bargel et al. (1999). By this dislocation density rise by saveragnitudes, the internally stored
energy in the distorted crystal lattices increases$(by? JJmm. Here, the length of the disloca-
tions inside a reference value is measured.

One dimensional edge dislocation can form planar staclkaodd by splitting as schemati-
cally depicted in Figure 1.23. The tendency of dislocatiplitting is described by the charac-
teristic stacking fault energy (SFE) which is material agohperature dependent. In materials
with high SFE, the forming of stacking faults is energeticainfavorable and the number of
occurring stacking faults is consequently low. The stagKault energy of aluminum alloys
treated in this work is comparably high. In pure aluminum$i«E is approximatelg.2 J/mnt
almost completely suppresses the forming of stackingggilammer, 2009). The influence
of SFE on the forming behavior is crucial since stackingttaaffectively prevent dislocation
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Figure 1.24: LAGB formation by dislocations. Re-drawn frorardmer (2009).

climbing and cross-slipping so that the existing dislamadiare forced to remain in the original
gliding plane even if they are hindered in their motion. Tleiads to an interaction between
the already existing dislocations due to their back steasel to a pile-up of dislocations in
front of stacking faults which cannot be overcome. Duringtoaious plastic deformation this
dislocation pile-up raises the internal energy of the distbcrystal lattice until an energy level
is reached to drive dynamic recrystallization as descriaet in Section 1.5.3.

The dislocations are generally necessary to keep the ttgitiae consistent under plastic
deformation and to enable an angular variance in the shageasiing grains. The dislocations
inside grains during plastic deformation can be categdrinéo statistically stored disloca-
tions (SSDs), described by their density and geometrically necessary dislocations (GNDs)
with a densitypgs according to Ashby (1970) and Hughes et al. (2003). The S$®tapped
by statistically distributed obstacles inside grains whiie GNDs arrange themselfs to long
geometrically necessary boundaries (GNBSs) inside the gtaicompensate the change of the
grain shape (Hansen et al., 2001). The resulting low anglandgroundary (LAGB) structure
itself is subdivided into more or less equiaxial cells byidental dislocation boundaries (IDBs)
perpendicular to the GNBs (Godfrey and Hughes, 1997; Hugt$s,; Hughes et al., 2003).

The formation of LAGBSs by regular accumulation of edge diataans is schematically de-
picted in Figure 1.24. Naturally this type of symmetric LiIlGBs separates grain zones, the
relative lattice misorientation of which is only a few deggsebut may increase during plastic
deformation. Following Gottstein and Shvindlerman (1998 geometry of symmetric tilt
LAGBs is described with the magnitude= |b| of Burger’s vector of the involved edge dislo-
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cations, their mean distandeo each other, and the misorientation angjte the two separated

grains by

g =2 sing ~ 0. (1.23)

The energy stored of a single edge dislocations (ED) perdemith is

2
Fep— — g (1.24)

Ar(l—v) 19
and depends on the material’'s shear modulugs Poisson ratia/, the specific energy of the
dislocation coref; and the dislocation core radiug. The dislocation core radius can by ap-
proximated by the magnitude of the corresponding Burgesore, = b, so that, in combina-
tion with Equation 1.23, the stored energy of the symmeiitibbundary (STB) per unit area
depends on the misorientatiérof the adjacent grains according to

0 0 ub? 1
= — E — —_— 1 - E . 1-25
YsTB , “ED =g (47r(1 ) n g + c) ( )

Since the dislocations defining an LAGB are not necessaxgdfithe boundary can move
as a whole inside the hosting grain. The interior of cells smiograins formed by LAGBs is
dislocation poor and mainly contains trapped SSDs (Koc866)L The formation of subgrain
structures inside the existing grain is essential for mbgte@dynamic microstructure evolution
processes discussed in the next section. A recent workidegra modelling approach cover-
ing the different types of dislocations and the resultingggain boundary types is published by
Rezvanian et al. (2007).

Grain boundaries exceeding a misorientatiori5° are denoted as high angle grain bound-
aries (HAGBs) which separate grains of the initial microstwe (Gottstein, 2004; Hughes
et al., 2003). Above this threshold an increase of the nestaikion of the adjacent grains no
longer contributes to the grain boundary energy by Equdtiah (Gottstein and Shvindlerman,
1999). In contrast to LAGBSs, the lattices of the adjacentrggat a HAGBs are not defined
by a regular assembly of dislocations, but the transitiomfigrain to grain contains a rather
complex systematic atomic structure except for coincidesite lattice (CSL) boundaries, such
asX3 twin boundaries. Due to their regular structure, CSL bouedarontain much less energy
per unit area than irregular HAGBs. Compared to LAGBSs, the nitglof HAGBS is restricted
and mainly driven by deformation induced energy or grainraauwy energy (Gottstein and
Shvindlerman, 1999; Humphreys and Hatherly, 2004). Datioos are not capable of passing
an HAGB from one grain to a neighboring one but pile-up in frofithe grain boundary instead
if they are not annihilated or rearranged by the microstmgcevolution processes described in
the following.

1.5 Processes of grain microstructure evolution

During plastic deformation the initial material's microstture undergoes a number of evolu-
tion processes by recovery and different types of rectyzatibn. The microstructure evolution
is generally divided into a dynamic part which is only activeder continuous energy input due
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Figure 1.25: Recovery and recrystallization processesduwextrusion of materials with high
and low stacking fault energy. Partly re-drawn from Bausex.g2006).
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to plastic deformation, and a static part which is evidetdarahe deformation and driven by the
induced energy already stored in the material. All typesvoligion depend on a number of
processes and material parameters such as tempesasiraine, strain ratec and SFE which
is related to the alloy composition. Focussing on an exem@atrusion process, Figure 1.25
depicts the active microstructure evolution processesaiemnals with low and high SFE. At
this point only a rough distinction of the observed microstures is given and a detailed de-
scription of the occurring processes follows in the nextisas. An overview of the different
microstructure evolution processes can also be found iedhgrehensive review of Doherty
et al. (1997) and in the book of Humphreys and Hatherly (2004)

During plastic deformation of materials with low SFE, theteral dynamically recrystal-
lizes in areas with high strains and strain rates as shownoirt 6f the die in Figure 1.25a. The
large number of stacking faults in the material preventdgion climb and the number of in-
duced dislocations increases during deformation. Whertiaadriemperature dependent energy
level is reached, a discontinuous nucleation is initiatedithe existing grain microstructure re-
crystallizes. After passing the die, no further plasticodefation is evident and the microstruc-
ture of the extruded rod undergoes static recrystallimgtianinimize the induced energy stored
in the grains. At every stage of the extrusion process a laugaber of recrystallized, globular-
shaped grains is observed in the billet and the extrudate.

The microstructure evolution of materials with high SFEgtsas aluminum, differs due to
enhanced dislocation climb as presented in Figure 1.25ke, ldgnamic recovery processes are
energetically more favorable which efficiently reduce theuced internal energy of the grains
by forming subgrain structures. With increasing straie, tlew LAGBs continuously turn into
HAGBs and elongated grains are fragmented by pinching ofhiduwontinuous geometric dy-
namic recrystallization. Since no plastic deformatiorsamt the extruded rod, static recrys-
tallization can be initialized under the given temperattorditions, resulting in new equiaxed
grains and destroying the original fibrous grain microstrce

The microstructure evolution of a high SFE material duringraerrupted extrusion process
is shown in Figure 1.25c. In the absence of plastic defoonatall dynamic microstructure
evolution processes stall. However, the material of tHetilear to the die inflow already expe-
rienced severe plastic deformation which increased tleenat energy in this zone. This energy
now drives the static recrystallization facilitated by thigh temperature conditions inside the
heated container. If the static recrystallization is n&vented by alloy additives for example,
the fibrous grain microstructure is not preserved but regaldny globular-shaped, dislocation
poor recrystallized grains.

1.5.1 Dynamic and static recovery

During hot working of polycrystalline materials with highFE at elevated temperatures
¥ > 0.49y (40 % of melting temperature), the existing grains are deformed a distinct
subgrain structure evolves in the grain interior to enslkeddttice consistency even with severe
changes of the grain shape. The dislocations’ rearrangetméorm LAGBSs results from the
restorative mechanism of dynamic recovery (DRV), the basitcepts of which can be found
in the publication of McQueen (2001). DRV requires a rekdinvfree motion of dislocations
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Figure 1.26: Subgrain formation during recovery. a) ranigodmstributed dislocations; b)-c)
dislocation rearrangement and dislocation annihilationnd) dislocation gliding; d) misorien-
tation of evolving cells does not exceed 15°.

including dislocation glide, climb and cross-slip whicHasilitated in materials with high SFE
so that the number of hindering stacking faults is low.

DRV is the dominant mechanism which limits the flow stress stemdy-state forming pro-
cess and is responsible for the good hot workability of malewith high SFE due to a per-
manent annihilation and rearrangement of dislocatiorsiAGBs. Figure 1.26 schematically
depicts the annihilation of newly produced dislocationd #reir rearrangement into disloca-
tion rich cell walls forming LAGBs. During plastic deformati the mobility of the LAGBS in-
side the grains and a permanent rearrangement forms predottyi globular-shaped subgrains.
Generally, with increasing temperatuter decreasing strain rate the evolving subgrains are
characterized by increasing diametkrdower internal dislocation density and larger dislo-
cation spacing. In the work of McQueen and Blum (2000) the influences of DRVirayr
hot deformation of Al 99.9 are discussed and compared tonaltiee microstructure evolution
processes presented in later sections.

If a high SFE material is kept at an elevated temperaturettijrafter thermo-mechanical
processing, static recovery (SRV) is activated. Duringeafing above the critical activation
temperature, SRV remedies crystal defects arising fromiquie cold working while conserving
the existing HAGB structure. In principle, the mechanisrhdislocation annihilation as well
as LAGB evolution and migration during SRV are comparablBRY. According to McQueen
(2001), SRV takes much longer to reach an equivalent subgtaicture than DRV so that other
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(a) Globular-shape recrystallized grains. (b) Conserved fibrous grain structure due
to recrystallization preventing Zr alloy
additive.

Figure 1.27: LOM images of grain microstructure of an EN ANXK series alloy after extru-
sion (Li et al., 2005).

effects such as static recrystallization (SRX) might be nfaverable, depending on the process
parameters such as temperature, true strain, internatdisbn density, etc.

1.5.2 Static recrystallization

The grains of a plastically deformed microstructure cantailarge number of dislocations
which distort the crystal lattice and induce energy intortegerial. In order to minimize this
internal energy, new dislocation free grains are formedthticsrecrystallization (SRX) at an
elevated temperature. Starting from certain nucleatiantpat the existing HAGBs, newly
formed grain boundaries migrate equiaxially into the sunaing distorted grains. This process
is driven by the energy gradient between the dislocatiorr pexrystallized lattice and the en-
ergy rich deformed grains beyond the HAGBs. SRX stops if tweaaly recrystallized grains
touch, due to lacking driving energy difference.

The resulting grain microstructure consists of globulaaysed grains of similar size as ex-
emplarily shown in Figure 1.27. In contrast to this, Figurg7b depicts a sample of the same
EN AW-71XX alloy which additionally contains Zirconium tagvent any SRX. Here, the mi-
crostructure inside the extruded rod consists of the aagiteformed and elongated grains.
However, at the surface of the rod a thin layer of recrystedliperipheral coarse grains (PCG)
can be observed, resulting in inhomogeneous strains deximgsion as described by Geertruy-
den et al. (2005).

The modelling of static recrystallization over the time albufollows a Avrami-type equa-
tion X(¢t) = 1 — exp(—pStF) as presented, e.g., by Gutierrez et al. (1988). The rediigeth
fraction X (¢) of the microstructure depends on the timend a paramete? which usually in-
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cludes strain, temperature, initial grain size, etc. Theetexponent: can be set t@ in most
cases.

If the recrystallized grain microstructure is not yet statdecondary recrystallization and
grain growth may occur which is now driven by the energy starethe grain boundaries and
not by dislocations in the grain interior (Humphreys andhealy, 2004). This driving force
is usually much smaller than in the case of primary recriysédion so that HAGB migration
during growth is much slower and more sensitive to tempegatiNormal grain growth is a
continuous process and results in homogeneously coarggagdmicrostructure. Depending
on temperature and alloy composition, also abnormal gnawil is possible where only a few
grains discontinuously start to grow at the expense of 8raaller neighbors.

1.5.3 Dynamic recrystallization

Discontinuous dynamic recrystallization

Materials with low SFE do not show a dynamic restorative naaedm such as DRV due to
the large number of stacking faults efficiently preventing hecessary dislocation climb and
cross-slip. Instead of dislocation annihilation or reag@ment into a subgrain structure, the
dislocations induced during plastic deformation pile-gg&NDs in the interior of the existing
grains. This leads to a continuous increase in internalggnafrthe deformed grains. At a crit-
ical internal energy level reached by a critical strainnucleation along the existing HAGBs
is initialized, depending on temperatuteand strain rateé. The subsequent recrystallization
by grain boundary migration driven by the stored defornmagoergy is comparable to SRX
already described in the previous section. Since the arigicergy for nucleation is reached for
individual grains at different times, the observed mianastiure consists of a mixture of original
dislocation rich deformed grains and newly formed dislmeapoor grains. The two distinct
phases of nucleation and growth define this type of dynaniyséallization as a discontinu-
ous process called discontinuous dynamic recrystalingfDRX). A detailed overview of the
history of the DRX theory can be found in McQueen (2004) andeng@neral information also
in Humphreys and Hatherly (2004).

Under continuous plastic deformation new dislocationsadse induced into the new re-
crystallized grains until sufficient deformation for a neucteation is reached. Starting from
the grain sizes of the initial microstructure, a specific mgeain size evolves with increasing
strain leading to an equilibrium fraction of deformed andrently recrystallizing grains. The
mean size of the recrystallized grains in steady state ey@ddent on the initial grain size and
remains constant throughout the deformation. In the ss&am curve of low SFE materials
a characteristic peak can be observed at the critical stgaintil the softening effect of DRX
lowers the flow stress to a steady-state level.

The microstructure characteristics of DRX can be expresgéddoZener-Hollomon param-
eterZ = ¢ -exp (%) which includes the process parameters straindated temperature.
Here, Q is the characteristic activation energy aRdis the gas constant. With decreasing
stressr or decreasing’, also the critical strain, generally reduces except for very low strain
ratese, for example during creep (Humphreys and Hatherly, 2004)prdposed by McQueen

1
n

and Imbert (2004) and others, the flow stress follows the ttmua = * - arsinh([%] ) for
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a broad range aof with the material constantd, « andn. Nevertheless, several other descrip-
tions depending on the true stress level are possible, &&mnple given by McQueen (2001).
In materials with high SFE such as aluminum, the internatggnievel to initialize nucleation is
never reached due to competitive DRV processes which aamisly reduce the internal energy
and number of free dislocations.

Continuous dynamic recrystallization

Materials of high SFE also show a significant reduction inrgs&ze during plastic deformation
which cannot be explained by DRV that only forms new LAGBs bslatation rearrangement
but no HAGBs. DRV requires a high mobility of these LAGBs whigtifitates their annihi-
lation and continuous rearrangement leading to a equiaxiegrain structure. If the mobility
of the LAGBSs is prevented, the existing subgrains have taedtafollow the deformation of
the hosting grain. The strain induced subgrain rotatiorc@eds until the misorientation ex-
ceeds the critical angle and until the LAGBs continuously tato HAGBs (Kaibyshev et al.,
2005). This process is denoted as continuous dynamic tadigation (DRX) (Humphreys and
Hatherly, 2004). Due to the globular shape of the former gihg, the newly developed grains
are also mainly equiaxial. With increasing strain these geains undergo DRV followed by
CDX so that the number of grains rises with increasing strailesthe mean grain diameter
decreases. Since the CDX mechanism shows no nucleatiohdilaassical SRX and DRX, the
name “recrystallization” is a little misleading. Neverlgs, this mechanism also produces new
globular-shaped grains with low dislocation density sd #tdeast the resulting newly formed
grains justify the designation as recystallization preces

The concept of CDX has been applied to the simulation of themaohanical processing
of pure aluminum or aluminum alloys by several groups. Huand Humphreys (1997) de-
scribe CDX as a transient microstructure evolution procesastrong strain rate dependency
which is superposed by DRV. The microstructural results oXdidased on EBSD measure-
ments after equal-channel angular extrusion of a grainingfiAl-Li-Mg-Sc are discussed by
Kaibyshev et al. (2005). The grain size evolution of a conaiadipurity aluminum during an
equal-channel angular extrusion process is modelled via @mXsimulated by Hallberg et al.
(2010).

Geometric dynamic recrystallization

However, a number of groups disagree that the microstreicuolution of aluminum alloys
can be efficiently modelled by the mechanisms of CDX. For exantipe publication by Gour-
det and Montheillet (2003) presents a model of CDX for alumiralloys which is criticized
by McQueen and Kassner (2004). They present a geometricgtianessm which leads to a
significant grain refinement and increasing fraction of HAGBsoted as geometric dynamic
recrystallization (GDX). Here, the globular shaped subigrdo not turn into grains by relative
rotation. Instead, they force the existing HAGBs of the aligrains to serrate during elongation
under plastic deformation as schematically depicted inuféd.28a. If the short diameter of
the original grains reaches a thickness of 2 or 3 subgraiesppposite HAGBs touch and the
grain fragments by pinching-off. In contrast to CDX, the LAGBsmed during previous DRV
do not turn into HAGBSs during GDX.
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(@) 1) LAGB formation inside existing grain; II)(b) GDX in an EBSD based micrograph of extruded
grain boundary serration; IIl) grain fragmentation bigN AW-6060. Arrow indicates direction of material
pinching-off. flow.

Figure 1.28: Schematic geometric dynamic recrystallirati

A chain of grain fragments with almost identical orientatias shown at stage Il in Fig-
ure 1.28 can also be found in an exemplary EBSD based micrognapigure 1.28b. Similar
structures of small grains of same orientation which argnal in direction of material flow
are found in several micrographs presented in Chapter 3 ®ftbrk. Furthermore, the char-
acteristic serrated shape of the deformed initial grainsgs the presence of GDX during the
experiments. Comparable to CDX, the categorizing of GDX aystallization process is mis-
leading due to the absence of nucleation. McQueen (200ftire proposes to describe GDX
as grain refining DRV instead.

1.6 Measurement techniques for grain microstructure characterizaton

1.6.1 Light optical microscopy

The oldest technique used for microstructure charactesizaf metallic material is the light
optical microscopy (LOM). In order to reveal the grain mgtroicture, the surface of the sample
has to be prepared by mechanical polishing and chemicahgticBepending on the material,
several etching reagents are known which attack the suofabe grains and HAGBs with dif-
ferent intensity due to their different atomic structur@islimproves the contrast between grains
and boundaries in the obtained LOM image. Especially fomahum alloys common etching
reagents are based on the recipe published by Flick (192fixtider contrast improvement can
be achieved by the usage of polarized light. Here the lattientation of the individual grains
influences the light reflection and the filtered image showstiains in different colors.

The grain microstructure characterization is performeduna#ly by the operator or by au-
tomated image processing. The characterization techsigaide a visual comparison of the
microstructure LOM image with test images, planimetric amercept procedures which are
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Figure 1.29: Bragg diffraction of an X-ray beam on a crysttide.

defined in (ASTM International, 2004), for example. In tharpietric procedure the number
of grains inside a defined testing area is counted and the graam size is derived from the
size of the testing area. For the intercept method a tesbfimedefined length is overlayed to
the picture and the number of intersected grains or graindaues is counted to determine the
mean grain size. The quality of the statistical resultsfis@nced by the grain structure and the
chosen characterization method.

Since the light is reflected by the surface, the sample dimessare only limited by the
microscope device used. The reflected light is not influetgeithe outer atmosphere so that a
vacuum chamber is not necessary. LOM images allow a quicksado the grain microstruc-
ture statistics but do not provide any information regagdime grain orientations and texture.
Furthermore, LAGBs inside the grains are normally not emizkdsduring etching so that a
characterization of the subgrain structure is usually ossfble.

1.6.2 X-ray diffraction

To reveal information on the texture of a sample, X-ray iadtef light can be used. By filtering
the X-rays produced by an X-ray tube, monochromic X radiaetita rather discrete wave length
spectrum is produced and focused on the sample surface.tddirction to this technique is
given by Gottstein (2004), for example. During reflectiorited X-rays by the crystal lattice of
the sample the radiation is intensified or annihilated dubédragg conditior2d sin = n.
The distance between the atomic lattice layersasd the direction towards the sample surface
is described by the angteand the characteristic wave length of the monochromic Xatawh

is \. Figure 1.29 schematically visualizes the Bragg diffratiod X-rays during reflection by
two atomic lattice layers. During X-ray diffraction (XRD)dhangled is continuously varied
by rotating the mounted sample under a fixed X-ray beam or bigcalar motion of the X-ray
source around the specimen.
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Figure 1.30: Simplified scheme of a scanning electron mazps.

1.6.3 Scanning electron microscopy

The maximum detail resolution of LOM is limited to 200 nm due to the mean wave length
A = 550 nm of visual light. The use of electrons instead of lightaloa higher magnification
of 500'000 which reveals details of a minimum size bim. In contrast to light, the incident
electrons interact with the sample atoms allowing furthetedmination of material character-
istics such as density and chemical composition. In the 6€éldaterials science the scanning
electron microscope (SEM) is a widely used technique foraosicucture characterization. The
simplified scheme of an SEM is depicted in Figure 1.30 folloyvihe introduction into SEM
technique of Vernon-Parry (2000). A primary electron bedaing emitted by a tungsten cath-
ode (a) and accelerated to an energy.6f~ 40 keV. Condenser coils (c) are used as magnetic
lenses to focus the electron beam onto the sample surfac®¢flection coils allow to move
the beam in a raster over the sample surface. Some SEM degeesfixed electron beam and
a movable sample holder, the position of which is controtigdtepping motors.

When the primary electrons interact with the sample atoms theasurface of the sam-
ple, they are repeatedly scattered and partially absorbeé. absorption of high-energy pri-
mary electrons initiates electromagnetic radiation imfaf characteristic X-rays. The energy
of the emitted X-rays is individual for each element. Therefthe energy-dispersive X-rays
(EDX) (e) are detected to determine the exact chemical mhtamposition (chemical finger-
print) at the current measurement point on the sample surfaccontrast to XRD, only the
intensity of the X-rays is measured in (d). Orientation miation due to diffraction effects is
not evaluated. The topology visualization of the samplebigimed by the emitted low energy
secondary electrons (g) resulting from inelastic scatteriThe number of the secondary elec-
trons detected in (f) depends on the tilt of the sample sarawards the primary electron beam
so that the obtained image appears as if the surface wenanitied from the direction of the
electron source. Depending on the sample material deasitymber of primary electrons are
backscattered with still high energy (i). The backscattgrangle towards the incident beam
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Figure 1.31: Formation of Kikuchi lines by electron backsmediffraction according to Randle
and Engler (2009).

is quite low and specifies the position of the backscattelectren (BSE) detector (j) around
the primary beam. BSE-SEM images reflect the density contrdbe sample rather than the
sample topology. This feature can be used to identify pretgs in a metal matrix due to their
different densities.

To prevent any interaction of the primary electron beamréisponse electrons and radiation
emitted from the sample with the outer atmosphere, the wbBM is enclosed inside a vacuum
chamber (k). The maximum dimensions of the sample are Ithtitee to the size of the vacuum
chamber. Furthermore, the measurement area is limitedaltfeetmaximum primary beam
deflection or the area covered by the stepping motors driMes.sample has to be electrically
conductive at least at its surface. For biological matemald tissues this enforces a thin coating
of metal, e.g. of gold, which improves the image contrasttduts high density.

1.6.4 Electron Backscatter Diffraction

The backscattered primary electrons of an SEM can also leetasabtain information on the
lattice orientation at the current measurement point. Aexe\of different electron diffraction
based techniques applied to bulk samples is given by Witkirend Hirsch (1997). The elec-
tron backscatter diffraction (EBSD) technique requires @ditsonal phosphor screen and an
attached CCD camera system to identify the Kikuchi bands (khsta and Kikuchi, 1928)
resulting from Bragg diffraction of the backscattered elmts (see also Section 1.6.2). These
diffraction patterns produced by an SEM were first reporte@bates (1967).

The backscattered electrons are emitted from the surfeaelattice atoms in the form of
two symmetric Kossel cones as depicted in Figure 1.31. Byt adihple orientation with an
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Figure 1.32: Band recognition of Kikuchi pattern (Kunze et 8993).

angle of 3 ~ 70° towards the direction of the primary electron beam, thesébsones cut the
electron sensitive phosphor screen attached perpendiocutbe electron beam. Position and
direction of the produced Kikuchi pattern depend on thetatyattice orientation at the current
measurement position on the sample surface and are redoy@@CD camera system located
behind the phosphor screen. Sharp diffraction patternslrby achieved by an intact atomic
lattice structure at the specimen’s surface. Thereforeséimple has to be electrolytically or
chemically polished to remove the top layers, the atomiickbf which is distorted by previous
mechanical machining and polishing.

The EBSD scan follows a fixed user defined raster on the spess@iace and the recorded
pattern remains constant as long as the raster points bébotige same crystal. Therefore
a full scan requires an automated and fast pattern recogrgind indexing software. The
first automatic Kikuchi band recognition was introduced byight and Adams (1992) using
the algorithm proposed by Burns et al. (1986) to identify ttraight lines in the diffraction
pattern. Later the band recognition algorithm was replazgdhe faster and more robust
Hough transform (Kunze et al., 1993; Wright, 2000). Each bh@n image can be parame-
terized by the rotation angkeand the distancg towards the origin of a coordinate system by
p=x cosf +y sinf. Here,{z, y} is a set of all coordinates forming a line. When parameter-
izing the complete Kikuchi pattern image and adding thehingss intensity of each pixel to
the Hough parametel®, #) results in a gray scale image where the intersection pofritseo
Kikuchi bands appear as characteristic peaks in the Hougtesp

For the pattern identification the contrast of the Kikuchnd& is improved by additional

image processing steps including background subtractham.exemplary improved Kikuchi
pattern with identified bands is depicted in Figure 1.32. dhentation of the crystal lattice at
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Figure 1.33: Simplified scheme of an EBSD system.

the current measurement point is then derived by identificaif the band intersection points
and assignment of the corresponding Miller indices by angpsicheme with help of a look-up
table as described by Wright (2000). The reliability of theéamied Miller indices is expressed
by the confidence index (CI) value which is discussed in Se@ia.2.

A fully automated EBSD scanning system as schematicallyctiesghin Figure 1.33 was used
by Wright et al. (1993) and Adams et al. (1993) for the patteralysis of polycrystalline alu-
minum samples. The connected analysis and control PC pesftite indexing of the Kikuchi
pattern obtained from the CCD camera system of the SEM. Funthrey, the PC controls the
positioning of the SEM electron beam on the sample surfacerding to the user defined
scanning raster. Due to the tilt mounting of the sample, d@l8s includes a focus adjustment
depending on the current measurement point position. Tywestyf scanning modes during
data acquisition are generally possible which are subjeictéhe used SEM device. During
beam scanning, the sample position inside the SEM remaied &rd the direction of the in-
cident electron beam is controlled by the deflection coilsth& perimeter of a large scanning
raster this may lead to an additional measurement errer of in the obtained lattice orienta-
tion, since the geometry of the incident electron beam ospleeimen surface is distorted into
an elliptic shape (Humphreys, 2001). The stage scanningereds a fixed primary electron
beam in the SEM and moves the sample by stepping motors thskézre, the electron beam
geometry remains constant but the speed of data acquistionch slower compared to beam
scanning.

The angular resolution of the minimum misorientation betwéwo adjacent data points
is limited by the image quality of the diffracted Kikuchi patn and the implemented band
recognition algorithm. The contrast of the Kikuchi bandsré@ases for material with higher
density and higher acceleration voltage of the incidertdtede beam. The density of the sample
material is immutable and the acceleration voltage is bedraly the SEM device. With a
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properly calibrated EBSD system Humphreys (1999) detemhaeninimum misorientation
threshold for aluminum alloys of ~ 1.5°. A method to improve the angular resolution by
reduction of the orientation noise caused by IDBs is presemyeGodfrey (2004).

The identification of small scale grain and subgrain stmasuequires a sufficient spatial
resolution which depends on the positioning accuracy obtsm or sample and the geome-
try of the electron beam on the sample surface. If the areheoélectron beam covers more
than only one grain, the overlapping diffraction patterhiliits a correct orientation index-
ing. A minimum step size 020 nm perpendicular to the tilt axis of the sample was reached
for aluminum by Humphreys et al. (1999) with a field emissiam ¢sEM in beam scanning
mode. The usage of an SEM with tungsten filament reduces #imbpesolution by a factor of
2 ~ 3. In directions parallel to the sample tilt axis the spatesaiution is lower if the electron
beam geometry is not adapted by the SEM control softwareliifii@tions of the EBSD tech-
nique for the characterization of fine-scale microstrueiarthe context of angular and spatial
resolution are discussed by Humphreys (2004a).

Comparable to XDF, the EBSD technique allows to determinedktite and misorienta-
tion distribution of the observed sample microstructureb@&ishi, 2002; Davies and Randle,
1996). But apart from pole figure plots it also facilitates aded representation of the grain
and subgrain microstructure by grain orientation mapseboh measurement point the relative
misorientation towards its neighbors can be evaluatediwgides an insight to the orientation
variance inside grains investigated by He et al. (2008) état-colled aluminum. The generation
of grain orientation maps, grain size and misorientatiatisgics as well as texture representa-
tion by IPFs are all topics of Chapter 2.

The diffraction patterns of the SEM are emitted from the atolayers directly under the
surface of the specimen. In consequence, single EBSD basedgraphs only reflect the grain
microstructure of the thin surface layer. The integratibra docused ion beam (FIB) canon
allows a sequential removal of the top layers after the EBSID snd gives access to the layers
below. The application of combined EBSD-FIB systems as webeveral possible arrange-
ments for an FIB mounting inside the SEM are presented armissed by Schwartz et al.
(2009). The obtained sectional EBSD scans are finally assehiblo a 3-D microstructure
representation in an additional postprocessing step.h&umformation on the recent devel-
opments in the field of EBSD can be found in the publications aidRa(2008) and Randle
(2009).
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Software development

Abstract — The orientation angles obtained by the EBSD technique algvaphical visualiza-
tion and statistical analysis of the investigated micrgdtire. Before presenting the in-house
software package Grainplot which is used to generate thegriaphs and microstructure statis-
tics presented in this work, two already available softwsaekages are briefly introduced. The
programming motivation then highlights the differences éimits of the existing programs
which initiated the development of an own code. The basitufea of Grainplot are described
in detail and the core algorithms are given in pseudo-cdaerésults obtained by the new code
are verified against a commercial software package and am spece solution. Finally, the
newly developed synthetic microstructure generator @enand some exemplary synthetic
micrographs in 2-D and 3-D are presented.

2.1 Discussion of existing EBSD software
2.1.1 OIM - Orientation Imaging Microscopy

The widely used commercial software Orientation Imagingcidscopy (OIM™) of the
TSL/EDAX company combines the work of scientific groups &t timiversities in Bristol and
Sussex. In both groups the basics of automated diffracttanrgng and pattern recognition
have been investigated in the years from 1973 to 1983. At ildeoé the 1980s other groups
at the universities in Oxford, Yale, Clausthal and the Risaratory lead their focus on sim-
ilar topics, too. Especially the concepts developed duligl and 1993 by a team at Yale
University under supervision of B.L. Adams found their waythe early versions of the OIM
software. A description of the first fully automatic EBSD peatt recognition system was pub-
lished in Adams et al. (1993). A detailed overview of the basipabilities of the OIM software
can be found in the publications of Schwartz et al. (2000)\atigjht et al. (2000).

Nowadays the OIM software consists of two independent pgekaalled OIM Data Collec-
tion (OIM DC) and OIM Analysis (OIM A). The former one is ofterap of integrated EBSD
systems and controls the data acquisition in the SEM apiaburing the EBSD measure-
ments, OIM DC gives an instant access to SEM image of the isgecand the Kikuchi pattern
diffracted at the current measurement point. Furthern@Hhel DC improves the pattern image
by contrast enhancement, noise reduction, backgroundastion and other image manipu-
lation techniques. Finally the pattern recognition is perfed by using the Hough transform
as outlined in Section 1.6.4. The resulting orientationl@m@ Euler representation at certain
coordinates, as well as additional information such as eaglity, phase and confidence in-
dex (CI) are stored in a binary file format or optionally in & 8t/led ASCII file. If necessary,
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the angle representation in the output file may vary but, enabntext of this work, only the
Euler representation is used.

The microstructure visualization and statistical analysidone by OIM A on the basis of
the input files provided by OIM DC. The visualization modeseoftiifferent color schemes
to clearly distinct individual grains in the micrographsit lalso allow a coding of grain ori-
entation based on different types of standard orientatiandles. In addition to micrograph
plots, the orientation of each data point of the EBSD measen¢mman be used to fit an ori-
entation density function (ODF). The basic microstructstiagistics include number and sizes
of individual grains separated by grain boundaries with doitrary angle, e.g., the standard
value for HAGB is 15° (Humphreys, 1999). Since the EBSD metfijwds direct access to the
spacial orientation at each measurement point, this irdtion is used to determine the mean
misorientation between all grains in the measurement &meaxample. Micrographs and mi-
crostructure statistics such as grain size and misorientdistribution are used to compare and
validate the results obtained by the newly developed irshaiode Grainplot, as described in
Section 2.2.

2.1.2 MTEX - A Matlab Toolbox for Quantitative Texture Analg

MTEX is an open source collection of functions and objecthaodle microstructure char-
acteristics such as grains, orientations, ODFs and texthreh are bundled in a toolbox for
the commercial numerical computing environment Matlab.cdntrast to the OIM software
package, MTEX has its roots in the field of pole figure and ODfegation and their visualiza-
tion based on the work of Schaeben et al. (2007) and Hiel4@067). A detailed description
about the newly implemented ODF estimation scheme is pred@émthe work of Hielscher and
Schaeben (2008). In contrast to the commercial OIM softwackage, MTEX only allows the
analysis of existing EBSD measurement data but is not cagdlgentrolling an EBSD-SEM
system to perform measurements. It features micrograghngodetermination of grain sizes
and grain misorientation distribution as well as ODF getiena

All functions, objects and data types defined in MTEX are asitde to the user by the ap-
plications programmers interface (API) and can also be e into a self-written Matlab
code. This allows a flexible handling of EBSD data sets, butireq an installed Matlab en-
vironment and the coding of own programs if statistics besithe supported standard features
are required. In the context of this work, especially therogcaphs and statistics produced by
MTEX in the version 3.0 are used for a qualitative and quatii validation of the results of
the new program Grainplot.

2.2 Microstructure plotter and analyzer Grainplot
2.2.1 Programming motivation

A software package such as OIM shares the same problem wiibisélall other commercial
software: its closed source. This means that the user hasfloence or knowledge on how
specific tasks are performed by the software code. The wholgram acts like a black box
which requires certain user information and input data @eoto produce a specific output. In
contrast to this, the project wherein this work is embedaplires full access to all internal
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data processing steps. As part of an integrated simulatiaimdt is necessary to hand over data
from one program to the next by providing appropriate irtees. The coding of an in-house

stand-alone program for micrograph representation andostiticture analysis allows to deal

with both issues:

 Full access to all data processing steps by directly varshe Grainplot code.

 Direct implementation of necessary interfaces for datzharge between different pro-
grams.

The first versions of Grainplot were written when MTEX onlyoply supported the handling of
EBSD data. However, in the current versions it is still neags$o write additional input/out-
put parser programs which would allow to integrate this paaginto the existing integrated
simulation chain. Both OIM A and MTEX only deal with existind35D data files. However,
Grainplot also allows to characterize artificial microstwres, e.g., produced by the in-house
software Graingen introduced in Section 2.3.1. The grated®n algorithm can also be ex-
tended to characterize micrographs obtained by ordinanyl ldd LOM with polarized light if
the contrast between adjacent grains is sufficient. In tleentiversions this still requires a
manual contrast improvement.

All parts of the introduced software Grainplot are writtenRython if not explicitly stated
otherwise in the text. Python is a high level object-oridrgeript language which is highly ex-
tensible and offers free access to a large number of muttga& modules, e.g., image manipula-
tion, database handling, mathematical routines, etc.olgh it is an interpreted programming
language, the drawback of slower code execution compareohtpiled programs is more than
compensated by its intuitive and clear code structure whigbports a fast prototyping and
programming process. The progress of programming devedopand a selected collection
of obtained results by different program versions can beprehended in the publications of
Kayser et al. (2010, 2009, 2008); Parvizian et al. (2010agn8sen et al. (2009).

2.2.2 Microstructure visualization

Input file format

The visualization of EBSD measurement results in the formobdrized micrograph plots in
Grainplot is generally performed by the following schemeaad data set provided by OIM DC
in a list styled ASCII file format contains the three Euler @&sgh,, ¢, 2 (0 < 1, o < 27,

0 < ¢ < 7) for a passive rotation in Bunge’s notation for each measargmoint. This
describes the orientation of the local crystal coordingitesn in space at the coordinates of
the current measurement point on the specimen’s surfacethdfmore, OIM DC provides
additional information such as identified phase, deteatprad quality and CI. The first lines
of a sample ASCII input file including its header are given stiltig 2.1. Comment lines in the
header are marked by a preceding hash sign ('#) and ignaredgidata processing.
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(a) Regular square grid.

CHAPTER 2

(b) Regular hexagonal grid.

Figure 2.1: Types of scanning rasters for EBSD measuremdetssurement points are marked

by crosses.

Listing 2.1: Header lines (1-9) and first four data sets fia8-13) of an exemplaric OIM DC
input file in ASCII format.

# Header:

#
# Column
# Column
# Column
# Column
# Column
# Column
# Column
4.63998
0.514
3.35111
0.357
3.35423
0.952
3.35243
0.369

Projectl :: Punkt6 :: All

1-3: phil,

PHI,

data :: Grain Size

4-5: x, y (coordinates of point

6: IQ (image quality)
7: Cl (confidence

8: Fit (degrees)
9: phase (index
10: sem (detector

2.11299
0 1
1.10465
0 1
1.10831
0 1
1.11980
0 1

2.66515
1.063
0.57819
1.365
0.57006
0.728
0.55998
1.102

signal

index)

identifying phase)
value)

0.00000

4.00000

8.00000

12.00000

phi2 (orientation of point in
in microns)

0.00000

0.00000

0.00000

0.00000

6/12020

radians)

64.9

87.3

76.7

76.5

As described in Section 1.6.4 EBSD is a raster scanning teabniThe measurement point
distribution depends on the material, expected grain sipelsthe hardware equipment. Dif-
ferent strategies for EBSD data acquisition with a specialigoon data point reduction are
discussed by Humphreys (1999, 2001). OIM DC supports @iffetypes of measurement point
grids, two of these being significant in the context of thigkvorhe simplest distribution is a
regular square grid of measurement points on the specimsarface with a constant step size
a as shown in Figure 2.1a. This grid allows a direct represiemaf each measurement point
by a quadratic pixel or a group of pixels. In addition, theuleg hexagonal distribution of mea-
surement points is widely used in the field of EBSD measuresnémthe hexagonal grid three
measurement points form an equilateral triangle as inelicat Figure 2.1b. Here, the reduced
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Figure 2.2: Assembly of pixels (P) and super-pixels (SP)asdeement points (M) are indicated
by circles.

vertical line spacing = \/ga increases the measurement point density by 15.4 % compared
to the square grid. The advantage of the hexagonal grid txesdquare grid is the constant
distance between a measurement point and its six diredtlo@ig. In contrast to this, a pointin
the square grid has four direct neighbors (to the right, eftow and above) in the distance
and for neighbors at the edges in the distagice /2 a. The change in distance between these
two groups has to be compensated by an appropriate weidghtietjon during the analysis.

In the case of a hexagonal or other non-quadratic grid of oreagent points, it is necessary
to superpose a grid consisting of grouped pixels which altwrepresent the micrograph with
naturally quadratic shaped pixels. Figure 2.2 shows ann#sgeof pixel groups — named
super-pixels — which represent a hexagonal grid of measmepoints indicated by circles.
Each super-pixel (SP) consists »fx 2 pixels (P) located around a measurement point M.
This representation preserves the horizontal distanoetween adjacent measurement points
but stretches the distance The vertical distance between the grid lines is increased by a

factor of % in comparison to the original distaneé = \/ga. The original ratio of the
micrograph is finally restored by an additional image pretegstep. By adapting the shape and
dimensions of the super-pixel groups it is possible to hamdtious non-quadratic measurement
point rasters. In this work all EBSD data sets follow a hexadsnanning raster in which even
rows of the grid hold» measurement points while odd rows hald- 1. The number of rows

and data sets are determined during data read-in.

Confidence index map

The automatic Miller-indexing during pattern recognitioray be affected by inclusions, pre-
cipitates or grain boundaries at a measurement point wherback scattered electrons do not
yield sharp Kikuchi bands. The produced pattern imagesrarareed by using different tech-
niques of image manipulation, but there is still a minimumoamnt of information necessary
to identify individual Kikuchi bands. To capture these iefhices on the index assignment,
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(a) Cl map with continuous gray scale. Clof 0.0 (b) Cl map with discontinuous gray scale. Cl of
is assigned to black color and 1.0 to white. 0.0 is assigned to black;I > 0.3 indicated by
white color.

Figure 2.3: Exemplary maps of EBSD measurement on an EN AV-6pécimen highlighting
Cl with different gray scales.

OIM DC additionally computes the confidence index CI. Usualtyumber of suitable possibil-
ities exist while assigning the Miller indices to the deeetbands. Therefore a voting scheme
is implemented to OIM DC to decide which set of Miller indideause in a particular case. The
Cl then is a quality measure on how confident the chosen Miilgices are at that specific mea-
surement point. Wright (2000) showed that, in the case of FCt@mass such as aluminum, a
Cl of 0.1 ensures an confidence level of 95 % for the pattern.et@s imply a decrease in the
confidence level. Thus, a Cl of 0.05 corresponds to about 80rtftdemce, and a Cl of 0.025 to
about 60 % confidence. Data points with a ClI less than a variab#shold are ignored during
micrograph generation. An established standard thredbolihe CI in the field of aluminum
alloysis 0.1.

The Cl value can be used to print a gray scale map indicatinmggitbns in the measurement
area which have a low CI. This allows to intentionally raise threshold value or to come to
the decision that the selected measurement area doesaowtrallable EBSD results. Figure
2.3 depicts two Cl maps of the same measurement point. Iné-R8a the Cl is represented by
gray scale values which continuously change from black tendahile the ClI increases from
0.0 to its maximum value of 1.0. Figure 2.3b selectively eagores measurement points with
a Cl less than 0.3 where the color changes from black to whitke e Cl increases from 0.0
to 0.3. In extreme cases the pattern recognition compléé/at some measurement points if
the specimen surface is damaged or non-metallic or intaltimainclusions prevent a sufficient
backscattering of the electrons. Depending on the setth@M DC, these points are marked
by a CI value of zero or are simply not added to the EBSD data filguré 2.4 shows the
distribution of measurement points with different Cls of &Rl 0.1 as well as the reconstructed
micrograph ignoring all measurement points with a Cl lessa thd. Choosing a ClI threshold
of 0.1 reveals that many points with a low CI are located alodgsB which can be seen in
Figure 2.4b.
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(a) Measurement points witll < (b) Measurement points withl < (c) Reconstruction of microstruc-
0.3 marked by black pixels. 0.1 marked by black pixels. ture ignoring all points withCI <
0.1.

Figure 2.4: Exemplary micrographs of EN AW-6060 emphagjzimleasurement points with
low CI by black pixels. Colors depending on grain orientati@etedmined by EBSD scans of
~ 18,000 measurement points.

Grain orientation map

Since the orientation information is the key feature of tBSP technique, the Euler angles can
be converted into color values for a graphical represemtati the orientation yielding the grain
orientation map or micrograph. The raw input data file indetively contains all measurement
points regardless of the quality. While reading in the EBS[a di&, all points with a Cl of less
than a specific threshold are fixed by setting the Cl values tagiawalue of zero. Depending
on the user settings in OIM DC, missing data points are alsé&eadny a Cl of zero or the data
set line is completely missing. In the latter case this gapmpensated by copying the previous
data set, adapting the coordinates and setting the CI to acmalgie of zero. Depending on the
user settings, data sets with a low ClI are filtered out as de=ti Section 2.2.2.

Early versions of the Grainplot software package exclugised an Euler space based color
scheme for the color coding of the orientations. Here, e&tieocolor channels red (R), green
(G) and blue (B) represents one of the Euler angles®, ;. The RGB color scheme uses
three bytes, one for each of the colors red, green and bluehiBydpresentation every color
channel can adopt 256 discrete values (0 to 255) and allodisptay more than 16.7 million
color combinations (so-called True Color). An additive camaltion of the three color channels
with the RGB valug0, 0, 0) leads to black an¢255, 255, 255) to white. By definitiony, is
assigned to the red color chann@lfo green and; to blue by the equations

en = PLo50: e = 2500 e = P2 950, (2.1)
2 s 2
The combined color then represents the crystal latticentai®n in space at a specific data
point. To prevent conflicts with further image processingragions, e.g., providing color space
for reserved signal colors, the color channels are limited tange between 0 and 250. Addi-
tional color schemes with different color offsets or ineericolor sets are available for special

purposes, e.g., to increase contrast or brightness.
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Figure 2.5: Sample microstructure image obtained from r&®E data without symmetry
check (Euler space based colors according to Equation 2idsing data points marked in
black).

The Euler angles obtained for each data point result fronatitematic Miller indexing al-
gorithm in OIM DC, regardless of the symmetry conditions @ tiystals which are introduced
in Section 1.3.2. In consequence, by simply assigning ther eccording to Equation 2.1 leads
to a noisy micrograph as shown in Figure 2.5. Most of the ncégebe removed by choosing a
color scheme based on the orientation triangle presentédjure 2.6. It is almost identical to
the one used by the commercial software OIM A by default ardsttore all other EBSD based
micrographs presented in this work are colored accordirtgisocolor scheme. This supports
the visual comparison of the micrographs obtained by diffeprograms during verification
later on in Section 2.2.4. The position of the area reprasgitite orientation triangle inside a
complete pole figure is shown in Figure 1.17. During micrp@rgeneration the orientation of
each data point is checked concerning its symmetry comditio determine the pole which
is projected into the orientation triangle. Hereby, it isered that measurement points with
similar orientations are displayed in similar colors.

In particular, the area of the orientation triangle is sibeed into three sectors designated
asR, G andB. In each of the sectors either the color channelaggdgreencg or bluecsg is
set to a constant maximum value2s while the intensity of the remaining two color channels
depends on the pole positithinside the sector. By definition, the colors at the edges ofRRRe
are pure red255, 0, 0) at position[001] in sectorR, pure green(0, 255, 0) at position[101]
in sectorG and pure blu€0, 0, 255) at position[111] in sectorB. In the gravity center of the
orientation triangle the three color channels sum uf2&5, 255, 255) — defining in the white
point W. The specific color at a pole then results from the area trastinside the sector. For
the given example polB in Figure 2.6 the color channels are

2 Aj
cr(P) = <1— AGR>-255
cq(P) = 255 = const. (2.2)

es(P) — (1—“53)-255




2.2 Microstructure plotter and analyzer Grainplot 49

[001] M; [101]

Figure 2.6: Colored inverse pole figure representing an taiem triangle for EBSD based
micrographs. Significant points and areas for color detestion are labeled. See text for
details on color gradient.

whereAg is the area of sectdr including the circular segment:

1 1
Ao = ‘WMRG x WG‘ +5 ‘WMGB x WG‘

— —
2 arcsin (%) — sin (2 arcsin (%))] . (2.3)

Ay and Ay are the sub areas related to the color channels red and bmeatively, which
depend on the position of the pdkeby

1
2

, 1l — — , 1l —
ARzﬁ‘PMGBxPW’ and AB:§’PMR(~,><PW‘. (2.4)

If the pole is located in sector R or B, the sector area and sedsadnave to be determined
accordingly inside the sector to obtain the color channels.

The basic algorithmic formulation of the grain orientatim@ap generation is summarized
in Algorithm listing 1. Here, and in the following algorithiistings, the prefix “Lo” always
indicates a list of elements and “No” stands for an integeammeg “Number of”. The func-
tion CheckSynmet ri es identifies the pole located inside the orientation triaragieording
to the description in Section 1.3.2. To improve the perfarogeof the computational expensive
symmetry check, this function is not implemented in Pythonib Cython which compiles the
code into a fast execution shared library. The color remitasien of the identified symmetric
orientation of a data point following the strategy desdliloethis section is performed by the
Get Col or function. The color scheme is defined in the orientatiomgla shown in Fig-
ure 2.6. The Functiout Pi xel is responsible for the correct mapping of the super-pixels
inside the micrograph according to scanning raster of tpatifile. Furthermore, it completes
the look-up table which allows a quick assignment of datatgii micrograph pixels and vice
versa later on.
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Algorithm 1: Basic micrograph generation.

Data: OIM DC generated input file in ASCII format; CI threshold.

Result Micrograph image; look-up tabléata point— assigned pixeldasic file
statistics dictionary; list of EBSD data sets.

1 Initialization:

2 ClTreshold <« user defined CI threshold

3 open input file

4 LoDataSets «+ read in data set lines into list

5 /+ restore mssing data sets and check CI threshold */

6 foreach Set in LoDataSets do

7 if Set missingthen

8 L add copy of previous data set and cha@je— 0

9 else ifCl of Set < CITreshold then
10 L Cl—20

11 NoEvenPoints < number of data sets in first row of scanning raster

12 NoRows « number of rows of scanning raster

13/* iterate over each row, determ ne pole color from
orientation triangle and set super-pixel to mcrograph =*/

14 EvenRow « True [+ first rowis even by definition =/

15 foreach Row in NoRows do

16 foreach Set in Row do

17 SymmetricEulerAngles < CheckSymet r i es( EulerAngles of Set)

18 appendSymmetricEulerAngles to LoDataSets

19 Color « Cet Col or ( SymmetricEulerAngles)

20 if EvenRow then

21 ShiftFactor < False

22 updateLookUpTable < Put Super Pi xel (PointCoordinates of Set,
| Color, SuperPixelDimensions, ShiftFactor)

23 else

24 ShiftFactor < True

25 updatel ookUpTable < Put Super Pi xel (PointCoordinates of Set,
| Color, SuperPixelDimensions, ShiftFactor)

26 EvenRow «— not EvenRow

27 return LookUpTable, LoDataSets
28 Postprocessing:
29 fill empty border pixels at odd rows

30 correct micrograph dimensionkticrographHeigth « Microgratheigth*\/g
31 micrograph restoring and clean-up
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> L
(a) Original grain orientation map(b) Restored subgrain mi-(c) Restored grain microstruc-
obtained by OIM DC. Missing datacrostructure colored by grain IDture colored by grain ID.

points marked in black. LAGB > 3° minimum grain size HAGB > 15°; minimum grain
larger tharB4 pm?. size larger thas4 unm?.

Figure 2.7: Micrograph restoration and clean-up appliegkemplary EBSD based micrograph
of EN AW-6060. Micrograph dimensior8s0 pm x 350 pm.

Micrograph restoration and clean-up

Depending on the sample material and its preparation, thktgof the obtained micrographs

varies in Cl, number of points, the orientation of which isetetminable, and grain fragments.
The first two topics are discussed in Section 2.2.2 and rétaEEBSD technique itself. The

grain fragments result from the 3-D character of the mictmstire. All grains in the scanned
area are cut at an arbitrary plane so that the real grain sigzéchbe determined statistically
from the grain areas of the micrograph. If the cut plane ofgpecimen lies parallel to a

grain boundary, peaks of the grain underneath the surfaug @s individual grain fragments

of equal orientation in the micrograph. An equivalent dinmarises when a grain is almost
completely removed during preparation but some fragmeamein at the specimen’s surface.
During micrograph generation these fragments are treathstinctively as “normal” grains.

Missing data points and grain fragments reduce the mean gize of the investigated mea-
surement area and negatively affect the misorientatiofysisa Therefore Grainplot offers
different methods to restore and clean-up the final micqoigienages before determining the
main microstructure statistics. Figure 2.7a shows theirmlgyrain orientation map obtained
by OIM DC. Missing data points are indicated by black pixefsFlgure 2.7b data points with
aCI < 0.1 and individual grains smaller than the given area threshbfitve data points, i.e.
34 une, are restored. A sweeping algorithm is used to check theriaig@ation and the CI of
each measurement point with its neighbors. Due to the hexdgzanning grid, each point
has six neighbors as indicated in Figure 2.2. If the Cl is lothken the allowed threshold, all
adjacent points with a sufficiently high ClI are checked foirth@sorientation relative to each
other. A voting scheme then selects those points with thedowisorientation, and the mean
value of their orientation is assigned to the currently &eeladata point.
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CHAPTER 2

Algorithm 2 : Micrograph outliner and ClI restoring.
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Data: List of EBSD data sets; Cl threshold; misorientation thrégho
Result Restored list of EBSD data sets for micrograph generation.
Initialization:

LoDataSets « list of EBSD data sets

ClTreshold < user defined Cl threshold

MisorientationTreshold < user defined misorientation threshold

iterate over all data sets and check Cl threshold and
identify outliner points */

foreach Set in LoDataSets do

LoAdjacentPoints < copy data sets of adjacent points into list /= ignore
m ssing data sets at sanple edges x/
LoRelativeMisorientations < check misorientation of adjacent points
/= check for C * [
if Cl of Set < ClTreshold then
MeanOrientation < determine adjacent points with lowest misorientation
towardsSet from LoRelativeMisorientations and compute mean orientation
assignMeanOrientation to Set

/* identify and restore outliners * [
Counter — 0
foreach Neighbor in LoAdjacentPoints do
MisorientationAngle — CheckM sori ent at i ons( EulerAngles of Set,
EulerAngles of Neighbor)
if MisorientationAngle > MisorientationTreshold then

Counter «— Counter +1

LoFittingNeighbors «— appendNeighbor

if Counter > 4 then
MeanOrientation < mean orientation of all points inoFittingNeighbors
| assignMeanOrientation to Set

else

L Keep point for further filtering

Postprocessing:

generate restored grain orientation map
optional further filtering




2.2 Microstructure plotter and analyzer Grainplot 53

If a single point is surrounded by adjacent points which alldha misorientation larger than
the misorientation threshold, it can be assumed that thisiglual point is an outliner and
does not belong the current grain. Again, the misorienmtatibthe adjacent points relative to
each other is checked. If four or more adjacent points havésariantation smaller than the
specified misorientation threshold, it is assumed that dielelong to the same grain. The
orientation of the outliner point is then changed to the mafathe orientation of the adjacent
points belonging to one grain. The restoring algorithm isiswarized as pseudo code in Al-
gorithm listing 2. Here, the functio@heckM sori ent at i ons determines the minimum
misorientation between two points with respect to the sytryrenditions.

The misorientation threshold specifies the distinctiomalividual grains. A low threshold
complicates the visual differentiation of grains in theigrarientation plot since the colors of
similar oriented grains are represented by similar coldosovercome this problem the grains
in the micrograph are plotted in arbitrary colors dependingtheir individual identification
number (ID) as shown in Figures 2.7b and 2.7c. The figuresrdifbm each other by the used
misorientation threshold df5° and3°, respectively, so that Figure 2.7c shows more individual
grains than Figure 2.7b. Both micrographs are filtered byngsiie and all grains consisting of
five or less data points, i.e. smaller thahun?, have been removed.

Algorithm 3: Simplified burn algorithm.
Data: List of EBSD data sets; start point; misorientation thrégho
Result List of EBSD data sets belonging to grain with specified siait.

1 Initialization:
2 LoDataSets « list of EBSD data sets
3 LoGrainPoints « append start point to list of points belonging to grain
4 MisorientationTreshold < user defined misorientation threshold
5 /+ loop stops if all points are assigned to grain */
6 while True do
7 LoNewGrainPoints < empty list
8 foreach Point in LoGrainPoints do
9 LoAdjacentPoints «+ Get Adj acent Poi nt s( LoDataSets, Point)
/* ignore missing points at sanple edges =/
10 foreach AdjacentPoint in LoAdjacentPoints do
11 MisorientationAngle < CheckM sori ent at i ons( EulerAngles of
Point, EulerAngles of AdjacentPoint)
12 if MisorientationAngle < MisorientationTreshold then
13 L LoNewGrainPoints <+ appendAdjacentPoint
14 foreach NewPoint in LoNewGrainPoints do
15 if NewPoint not in LoGrainPoints then
16 | LoGrainPoints < appendNewPoint

17 if]ength of LoNewGrainPoints == 0 then
18 Lbreak /* no further points found */

19 return LoGrainPoints
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The ID assignment requires an identification of individuaigs which can be performed by
different strategies as described by Wright et al. (2000)Hunaiphreys (2004b). Grainplot uses
a burn algorithm which starts at an arbitrary point insidesargand searches in all directions for
points with a misorientation smaller than the specified meswation threshold. Comparable
to a spreading fire the algorithm proceeds until no furthga@aht points with similar orienta-
tion are found. Because the misorientation is only checked between adjacants, the burn
algorithm belongs to the group of relative methods. Grainnoaries with a smooth transition
are not found but unconnected grain fragments of same olasiorientation are identified and
indexed as individual grains. The core code of the burn #lyaris presented in the Algorithm
listing 3. For speed improvement the implemented univdysah algorithm supports sub lists
for different search directions. These sub lists preverdackiard search of points which are
already indexed. For clarity the sub lists are not includethe given pseudo code. The burn
algorithm is repeated with a shifting starting point untilraeasurement points in the EBSD
input file are grouped to indexed grains. Furthermore, theeusal burn algorithm can also be
applied to image files by using a color threshold instead @itilsorientation threshold and by
iteration over the image pixels. A similar method of graientification of individual grains
in EBSD based micrographs or appropriate LOM images is thergla¢d image segmentation
presented by Rauch et al. (2010).

The grouping of measurement points with similar orientatisto grains with individual
grain IDs also facilitates further filtering of the micrograby grain size or grain shape. The
grain shape filtering is performed by moving a search windéwaviable dimensions over
the micrograph. All grains fitting into the search window aeenoved and the gap is closed
by growth of the adjacent grains. The current implemenatioly allows a rectangular search
window which is orientated parallel to the micrograph eddespecially for banded microstruc-
tures, itis useful to choose a search window the dimensibwhich are adapted to the predom-
inant grain alignment. Furthermore, the fraction of graieaaand grain perimeter length can
be used as a filter criterion. This allows a separate handliggobular and elongated shaped
grains. Both presented filter methods primarily aim at thdiegipon on microstructures with
distinct textures, e.g., thin and elongated grains.

However, filtering by grain size has a more general purpdss.especially useful to clean
up the micrograph from grain fragments and wrongly index86E data sets. A list of all
grain IDs and the according grain sizes is generated duhiegtouping of points as grains.
This list of grain sizes is used to delete all grains of therogcaph which are smaller than
a specified grain area threshold. Afterwards the remainiagng grow into the resultant gaps.
The Algorithm listing 4 summarizes the basic method of gatieg a grain size filtered grain 1D
map including the growth of grains to close occurring gapstekitheCet Adj acent Poi nt s
function simply reads the IDs of the adjacent points andnstthe 1D assigned to the majority
of them. The removal of grain fragments is not yet fully auéded. All described filter methods
still need user interaction by defining search window din@rsor size thresholds depending
on the microstructure characteristics. The returned figrain IDs and the generated grain 1D

The burn algorithm is independent from the Burns algorithinicl is used to identify straight lines or edges
in image files and is used for the automatic Kikuchi patteoogaition described in Section 1.6.4.
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Algorithm 4 : Micrograph clean-up by grain size filtering.
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Data: List of EBSD data sets; list of grain IDs and associated EBSE@ dlats; minimum
grain area threshold.
Result Updated lists of grain IDs and sizes; cleaned microgra@gen
Initialization:
LoDataSets « list of EBSD data sets
LoGrainlIDs « list of grain IDs and associated data sets
AreaTreshold <« user defined minimum grain area threshold
/* generate map of grain IDs ignoring grains smaller than
area threshold */
foreach Grain in LoGrainIDs do
NoGrainPoints « number of associated data set&Grain
if NoGrainPoints > AreaTreshold then
foreach Point in Grain do
L | MapGrainIDs — addPoint

[+ find and fill gaps in grain ID map; |oop stops if no
unassi gned points left * [

while True do

NoNonIndexedPoints < 0

foreach Point in LoDataSets do

if Point not in MapGrainlDs then

LoAdjacentPoints < Get Adj acent Poi nt s (Point, MapGrainIDs)

/* 1gnore unassigned points and m ssing ones at map

edges */

NewlID «— Get Doni nant | D( LoAdjacentPoints)

MapGrainlDs « assignNewID at position ofPoint

NoNonIndexedPoints < NoNonIndexedPoints + 1

if%NoNonIndexedPoints == 0then
Lbreak /* no unassi gned points found */

return MapGrainlDs

Postprocessing:
generate size filtered grain id map fradiapGrainIDs
optional further filtering
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(a) Grain boundary plot with extra bounding box.(b) Grain orientation map with overlayed grain
boundary plot.

Figure 2.8: Exemplary grain boundary plot obtained from EBS&asurement of EN AW-6060.
Grain boundaries distindfAGB > 15°.

micrographs then serve as the basis for determination ofrtdi@ size statistics and are also
used for the generation of grain boundary plots describélearollowing.

Grain boundary plots

Besides the coloring by grain IDs, an overlayed grain boungéot can also be used to visu-
ally emphasize the main microstructure characteristicgldgously to the grain identification
a specified misorientation threshold distinguishes th&viddal grains. In particular, the grain
boundary plots are produced by application of an adaptedwalgorithm. Here, for all points
in the EBSD data file the orientation of the current point is paned to it neighbors to the
right and below. If the misorientation between the compareidts exceeds the given thresh-
old value, e.g.15° for HAGB, the position is marked in the generated grain baumalot.
Sweeping over the entire EBSD data file then produces a map gfaah boundaries for the
given misorientation angle. An example for a grain bounadaap forHAGB > 15° of a nearly
undeformed sample of EN AW-6060 is shown in Figure 2.8a. dftibundary plot has a trans-
parent background, it can be placed on top of a regular gra@mtation map as presented in
Figure 2.8b.

2.2.3 Microstructure statistics
Grain size distribution and evolution

In contrast to the common micrograph based methods, e.§TNAInternational, 2004), the
EBSD measurements allow an exact determination of grain abgrain sizes. The distinc-
tion as to whether grain or subgrain sizes are measured ipletety independent from the
EBSD data file but only depends on user defined misorientati@shold values. A value of
15° misorientation is commonly used to define HAGBs which setearalividual grains in alu-
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(a) Restored grain orientation magb) Randomly colored subgrain mi{c) Randomly colored grain micro-
with reconstructed data points witlcrograph withLAGB > 3°; mini- graph with HAGB > 15°; mini-
aCIl <0.1. mum grain size larger thai um?.  mum grain size larger thag un?.

Figure 2.9: Grain and subgrain identification applied toneglary EBSD based micrograph of
EN AW-6060.

minum alloys (Gottstein, 2004). In this work LAGBs betwerrand15° are identified as grain
boundaries separating individual subgrains. The loweit loh3° is chosen to ensure a cer-
tain distance to the measurement inaccuracy of the EBSD itgglmwhich lies in the range of
1° ~ 2° (Humphreys, 2004a) and depends on the alloy compositidrpasition of the focused
electron beam inside the measurement area. According tgHrays (2001), the additional an-
gular error due to distortion of focused electron beam iruthed fast beam scanning mode can
reach up tal°. The definition of the minimum misorientation angle treb#s LAGB between
subgrain varies in different publications but is usuallglased to be less thdit as stated by
Humphreys et al. (1999) for example.

The used method of grain and subgrain reconstruction froniTEB8asurement data follows
the approach of relative referencing as discussed in thk efddumphreys (2004b). Here, the
misorientation between adjacent data points is evaluatkuying a limited variation of orien-
tation inside individual identified grains, which is natificr most of the observed micrographs.
With respect to the symmetry operations and grain sizeifigespplied during the micrograph
restoration, all data points with a misorientation lessaquag than the user defined threshold
are grouped as grains which are referenced by a unique IDgltuither processing. Based on
the EBSD results of an exemplary measurement point in the &8 &N AW-6060 billet, Fig-
ure 2.9a shows a restored and cleaned orientation map waitegedHAGB > 15° as black
lines and3®° < LAGB < 15° in gray. Figures 2.9b and 2.9c show the identified subgramns
grains which are colored corresponding to their grain ID.

Based on the ID assignment, the number of data points of eash g known. In the
graphical representation each data point covers a speo#cdepending on the micrograph
dimensions and the number of data points in the measureasstrFrom this, the area covered
by each grain can directly be derived and plotted into a grstm, as exemplarily depicted in
Figures 2.10a and 2.10Db, for the grain and subgrain sizégimtcrograph in Figure 2.9a. This
gives a quick quantitative overview if the observed mianesture is dominated by small-scale
grains or by coarse grains. Furthermore, the grain sizeaasf micrograph can be statistically
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(a) Grain area histogram, HAGB 15°. (b) Subgrain area histogram, LAGB 3°.

Figure 2.10: Grain size distribution histograms of exempfaicrograph in Figure 2.9a.

analyzed regarding mean and median values as well as stvalaance or standard error.
To analyze the grain size evolution for selected measurepwents of a partly extruded billet
specimen, the obtained grain area values are post-pracasgepresented by bar plots of the
mean grain and subgrain sizes and their according standars.eThe mean grain area siZe
is the arithmetic mean value of the sum of:altonsidered grain areasin the micrograph:

- 1
- ;:1 (2.5)

The standard erra#(A) of the statistical grain area populatiohderives from the standard
variances? by o(A) = o4 - n~2 with

2o (A= AP (2.6)

n

0% =

In order to catch subgrains which are partially enclosed BGBs in the grain interior,
all HAGBs are taken into account while determining the suings&es. In consequence, also
those grains completely surrounded by HAGBs are includdudistibgrain size statistics which
shifts the determined sizes to larger values since gram$raated like subgrains. In the case
of microstructures with weak subgrain structures, for eplenstatically recrystallized regions,
this leads to a significant increase in subgrain size, ealpedionly very few small subgrains
are evident because the grains are also automaticallgtreatsubgrains. The influence of this
unwanted side effect on the subgrain size is discussed iootiiesponding grain size statistics
sections in Chapter 3.

In general, the grain size determination based on the gramabtained by image processing
is fast and more accurate compared to other methods sucle astéincept procedure or the
comparison method proposed by ASTM International (2002F) ekample. By application of
the equationd = ¢; - log;o((A - 107%)~1) — ¢, based on the ASTM planimetric procedure,
the equivalent grain size numbércan be obtained from the mean grain area size unv.
The constants are defined as= 3.321928 andc, = 2.9542. If necessary, the determined
grain area sizel; can also be easily converted into the equivalent circle dtam(ECD)d; of
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(@) Complete subgrain  mi-(hy Fraction of subgrains entirefg) Fraction of grains entirely located
crostructuroe of measurement areg,cated inside measurement aresjde measurement area; HAGB
LAGB > 3°. LAGB > 3°. 15°.

Figure 2.11: Fraction of complete (sub-)grains entiresaled inside exemplary EBSD based
micrograph of EN AW-6060.

a grain designated by the indéky d; = /4 A;7—!. However, this simple conversion does not
consider the grain shape if applied to micrographs with albemicrostructure. In this case a
grain approximation by ellipses with respect to the shapwfas more useful.

Grains located at the outer edges of the micrograph as showingure 2.11a are partly
cut and their real grain size is obviously larger than deteeoh from the EBSD measurement
data. Therefore the grain area results are underestimgtedloding these incomplete grains
into the statistics. If the investigated microstructurantyaconsist of similar size grains and a
sufficiently large number of grains is entirely located desthe measurement area, this effect
can be eliminated by consideration of complete grains dfilyure 2.11b exclusively contains
subgrains with LAGB> 3° which have no contact to the micrograph margin. In this exam
the mean subgrain area size decreases frohpn? in Figure 2.11a t&29 punv in Figure 2.11b
because comparably large grains at the perimeter are naweidrwhile small grains in the
interior are still captured. In this case the exclusion @ligg leads to an additional underesti-
mation. In fact, the underestimation caused by this effeatases for larger grains and fibrous
microstructures where a large number of grains are cut byniiceograph margins. The in-
fluence of increasing grain size is illustrated in Figurel2.Which contains complete grains
with HAGB > 15°. Compared to Figure 2.11b the number of evaluable grainsfsigntly
decreases. Quantitatively the mean grain area size desrégsabouti4 % from 1587 pum?
including incomplete grains t&80 un? obtained for the micrograph in Figure 2.11c. In con-
sequence, all grain area size statistics presented inah@mlso include incomplete grains
located at the micrograph edges while keeping in mind thatsystematically underestimates
the determined mean grain sizes.

Normed fraction of grain boundaries

The development of grain boundaries and their nature as GNEs, coincidentX>3 twin
boundaries or random grain boundaries are in the focus ehtagorks in the field of GBE as
described by Hughes et al. (2003); Rezvanian et al. (200hylset al. (2003) and Humphreys
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Figure 2.12: LAGBs> 3° of exemplary EBSD based micrograph of EN AW-6060 in Fig-
ure 2.9a. LAGBSs enclosing subgrains marked gray, free LAGB#aa in black.

(a) LAGBs > 3°. (b) HAGBs > 15°. (c) Combined grain boundary plot.

Figure 2.13: Grain and subgrain boundary plots of exempEBYD based micrograph of
EN AW-6060 in Figure 2.9a3° < LAGBs < 15° indidcated by gray lines, HAGB% 15°
marked in black.

(2004b), for instance. However, the grain and subgrainssitzd only indirectly describe the
evolution of grain and subgrain boundaries. Naturally, gn&n size based statistics exclu-
sively include HAGBs and LAGBs which are part of a closed nelnsgparating individual
grains. Depending on its evolution history, a specific graisrostructure may additionally
contain partial grain boundaries which have an unconndotedend inside existing grains. As
an example, Figure 2.12 shows the free unconnected LAGBs ekemplary subgrain mi-
crostructure in black color. Since this type of boundariesidt belong the grain and subgrain
structure, they are not captured by the ordinary grain setesscs.

A different way of statistically capturing the grain bounglavolution is based on the analy-
sis of the grain boundary micrographs by methods of imagegssing. Figure 2.13 illustrates
the assembly of the grain and subgrain boundary plots tdeceeaombined boundary image.
The grain boundary fraction derives from the arkg; covered by grain boundaries in the plots
in Figure 2.13a and 2.13b. Since the areas of LAGBs and HAGREsttirdepend on the user
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defined line thicknesg;z, the obtained fraction is at first normed to this variableugal The
boundary fraction is subsequently normed according to rtege resolution. The subjacent
equation for the normed grain boundary fractiffs as implemented into Grainplot is then
faB = Agp - la}B . Agj whereA,, is the size of the entire micrograph. All values are given in
pixels.

By evaluation of the grain boundary fractions at differentasw@ement points of a sample,
gualitative statistics about the evolution of all LAGBs anA®Bs can be acquired. The de-
scribed norming procedure filters influences of varying ienagzes due to the EBSD raster
resolution and ensures the quantitative comparabilitheiton-dimensional boundary fraction
value for different micrographs. For the subgrain bounddrycture in Figure 2.13a, the de-
termined normed LAGB fraction i8.0643, and the grain boundary structure in Figure 2.13b
consists of approximately half of the grain boundariesIteguin a normed HAGB fraction of
0.0375. In combination with the grain size statistics, the normemirgboundary fraction also
offers information on the grain shape of a specific micrographe length of a grain bound-
ary generally depends on the grain shape. With increasiaig gtongation the normed grain
boundary fraction decreases as well. A larger impact on ¢thened grain boundary fraction is
found for grain boundaries with irregular geometry or siedagrain shapes as observed in the
presence of GDX.

Misorientation distribution and evolution

During plastic deformation the microstructure tends tahethe energetically optimal configu-

ration under the given process conditions in the meaningtaf strain, strain rate, temperature,
etc. Depending on these conditions and the compositioregiithcessed aluminum alloy, a tex-
tured microstructure can be observed at different measemepoints in the samples. This does
not only include the change in grain shape from initiallylglar-shaped grains to a banded or
fibrous grain structure but also affects the grain orieatetiue to the activated glide systems in
the material. Especially under severe shear load obsenvibe iS1Z, the existing more or less

randomly orientated grains rotate into a more parallelndagon. The degree in rotation and

the resulting preferred orientation depend on the matega)stal structure.

The relative angle between two unit cell orientations wébpect to their possible symme-
tries is expressed by the misorientation anglhich is introduced in Section 1.3.2. In the
previous sections the misorientation is used to distiriguidividual grains or subgrains if the
observed misorientation exceeds a given threshold. Giynehe misorientation can be eval-
uated between two adjacent data points in the micrograpletwesn neighboring individual
(sub-)grains identified in the previous microstructuraugifzation steps. For the latter method,
the mean orientation of each grain has to be determined #iecerientations of data points
belonging to a grain still vary in the limits of grain boungainreshold misorientation. Smooth-
ing the orientation leads to a distortion in the determinesbnentation angles. This method
usually does not capture any misorientation angles belevwgthin boundary threshold angle.
The applied method of relative referencing during graimtdieation allows an exception if the
orientation smoothing of two grains accidentally leadsricaignment of the orientations so
that their misorientation can decrease below the grain dawynthreshold. The misorientation
of each grain is determined once for all neighboring graggsrdless of their sizes. During this
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Figure 2.14: Misorientation histograms of exemplary EBSBdaamicrograph of EN AW-6060
in Figure 2.9a.

unweighted procedure, the influence of significant smallaing in the microstructure usually
shifts the obtained misorientation angles towards highares.

The point-wise misorientation results from a point-wisalaation of Equation 1.12. Due
to the hexagonal measurement point distribution in thersed@area as shown in Figure 2.2, it
is sufficient to sweep line-wise from point to point and toettetine the misorientations to the
right neighboring data point (designated as super-pixia@figure) and to the data points left
and bottom right in the next line. The obtained misorientatiesults are plotted as a frequency
histogram as given in Figure 2.14a. The example showsdtht of the adjacent data points
have a misorientation belows° but that misorientations- 45° are also observed at a very
few grains. In contrast to the grain based misorientatiatistics, the point-wise determination
covers the low level misorientations inside the individgedins. Furthermore, the number of
data points along the grain boundaries is considered in theriantation frequency.

A mixture of both algorithms is to determine the misorielmiatngle only between adjacent
data points belonging to different grains. In this case #®ilts are also strongly influenced
by the chosen angular grain boundary threshold. By definitimisorientation angles below
the grain boundary threshold are not determined by this ogetiherefore the frequency of
the remaining misorientations above the threshold is as®d as exemplarily shown in the cor-
responding histogram in Figure 2.14b for a grain boundargstiold of3°. With respect to
the symmetry conditions of the FCC unit cell structure in tharanum alloys of interest here,
the maximum misorientation between to points is limitedto < 62.8° (Mackenzie, 1958).
The misorientation evolutions at different measuremeintpan the samples are analyzed on
the basis of the arithmetic mean values derived from the meistation histograms. The cor-
responding misorientation histograms for each measurepwnt can be found in Section B
in the appendix of this work. It has to be considered that omisorientations larger than the
LAGB threshold of 3° are plotted in the histograms.
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Figure 2.15: Inverse pole figure outline with edge coordiriabels.

Discrete inverse pole figure plot

A graphical representation of the grain orientations ot@diby EBSD measurements is imple-
mented in form of inverse pole figures, the fundamental Basievhich have been introduced
in Section 1.3.2. For a full texture representation of thB 8rientation, the stereographic
projection of three orthogonal sample directions denotedaamal direction (ND), transverse
direction (TD) and rolling direction (RD) is necessary. Thedtion perpendicular to the mea-
surement surface is defined as ND (sani@ie| coordinate). The color coding of the orientation
triangle in Figure 2.6, used for the presented EBSD basedqgriaphs, is defined with respect
to this direction. By definition, RD points to the right (sampl80] coordinate) in the EBSD
based micrographs so that the material flow in the MFZ in theezeof the billet is parallel
to RD which results in a sharp texture pattern in the corredipgniPFs. A complete orthog-
onal right-hand sample coordinate is completed by TD whigints vertically upwards in the
micrographs (sampl@10] coordinate).

According to Randle and Engler (2009), the projection diogct: can be directly extracted
from the orientation matrix?. With respect to the previous definitions of the directions, RD
TD and ND, these are equivalent to the first, second and tluhdnms of R, respectively.
The obtained directions automatically are unit vectors.e Dmthe 24 equivalent symmetric
rotations of FCC unit cells, 24 symmetric poles on the on theatayial plane)P; are possible
as indicated in Figure 1.17. Therefore it is sufficient tou®on a specific triangle ofiPs,
e.g., between the poin{801], [101] and[111], instead of taking the whole equatorial plane into
account.

While checking the symmetry conditions between adjacet plaints for the misorientation
statistics by Equation 1.12, the orientation maiiof each data point is multiplied with each
of the 24 symmetry matrice@s given in Equation 1.9. For each symmetry the projected pole
coordinates are also determined for each of RD, TD and ND. I8tbe pole coordinatesp
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andyp be located inside the IPF triangle, these values are stbgdh stereographic projection
inside a unit sphere, the area of the IPF sector is specifi¢ddogquations

yp Z 07
yp < wp, (2.7)
yp < 2—(zp+1)?

which define the edge point coordinate$0atl |, [101] and[111] as given in Figure 2.15.

In the case of homogeneously orientated grains in the obdeneasurement area, the over-
layed poles project a sharp pattern for each grain insiddRRedue to missing orientation
variance. In contrast to this, a large number of grains withséinct subgrain structure leads
to diffuse pattern which makes it hard to identify texturedencies. By variation of the pole
diameter and the usage of transparency in the IPF plot, thieast can be increased as demon-
strated in Figure 2.16. The strong texture in the RD relatetliplclearly visible in all three
variants. In the ND related IPF in Figure 2.16a, for examalpreferred direction somewhere
between[100] and [101] cannot be distinguished. The reduced transparency in &igu6b
reveals two orientation concentrations nga@0| and[101]. By increasing the pole diameter in
Figure 2.16c the contrast of orientation distribution desthe IPF is additionally enhanced.

The problems of overlying patterns can be avoided by using€dazcording to Section 1.3.2.
However, the comparably small number of grains in the ingagtd measurement areas still
allow the use of discrete IPFs. Therefore an ODF based repason of the stereographic
projected pattern is not yet implemented to Grainplot.

2.2.4 \Verification

The results produced by the in-house code Grainplot aréieetdy comparison with results
from the commercial software OIM Analysis and MTEX, briefiytrioduced in Section 2.1.1.
Due to variations in several implementation details, esfigaduring grain fragment filtering
and handling of data points with low ClI, the statistical réesof the different programs are not
identical but show a good qualitative agreement.

Micrographs

The quality of the produced grain orientation maps can bii@éry visual comparison of the
different micrographs in Figure 2.17. The maps of GrainptoEigure 2.17a and OIM A in
Figure 2.17b are almost identical including the HAGBs15° marked by black lines and the
LAGBs > 2°in gray and red, respectively. The result of OIM A includes& small grains in
the dimensions of less than five data points which are filtet#eh the micrograph of Grainplot.
The slight difference in the color coding is an effect of tisedicolor maps. A misconfiguration
of OIM DC during the data acquisition lead to a wrong dimenssoale in Figure 2.17b. This
effect is compensated in the micrograph of Grainplot.

By default the color coding of MTEX is different from the ortation triangle in Figure 2.6
which is used by Grainplot and in a very similar form also ilMOA. In MTEX the direction
[101] is coded by the color blue arjd11] in green which results in the orientation color map
shown in Figure 2.17. In the current version of MTEX HAGBs andldBs are determined
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Figure 2.16: Variation in pole diameter and transpareniph@value) for exemplary IPFs.
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by Grainplot. OIM A. Note: Due to a misconfig- MTEX with different color map

uration the displayed scale has tand closed grain boundaries only.
be multiplied with a factor of 0.7.

Figure 2.17: Grain orientation maps of exemplary EBSD basedograph of EN AW-6060.
HAGBs > 15° indicated by bold black lines, LAGB% 2° marked by narrow lines in gray or
red.

from identified grains and subgrains. Therefore only graurgaries which completely enclose
grains or subgrains are plotted in the micrographs. In aqunsece, evolving GNB during plastic
deformation are not covered in the micrographs and the dowpmicrostructure statistics.

Depending on the grain microstructure and the predominaenitions inside a grain ori-
entation map, itis often useful to emphasize individualrgg@y high contrast colors for a more
obvious distinction as exemplarily shown in Figure 2.18rd;l¢he colors assigned to the grains
are independent from their orientations. The grain detacigorithms of Grainplot, OIM A
and MTEX basically identified the same grains. The smalkd#hces result from the adopted
filtering of small grain fragments and the handling of datantswith low CI. Nevertheless,
these small scale grains affect the grain size statistidssasssed in the next section.

Statistics

The presentation of grain size and misorientation distigiouof a micrograph in form of his-
togram plots is comparably sensitive towards user setingk as Cl threshold, minimum grain
size filtering and LAGB/HAGB angle definition. Therefore thegented histograms may vary
but the effect of the listed settings is usually much smalleing determination of mean val-
ues. The grain area histograms produced by Grainplot, OINMIAMTEX for the exemplary
micrograph in Figure 2.18 are depicted in Figure 2.19. Stheegrain micrographs contain a
different number of small scale grain fragments, the resglgrain size histograms differ from
each other. The efficient grain size filter of Grainplot sfigaintly reduces the number fraction
of grains with an area size less th&30 un? in Figure 2.19a compared to the grain area his-
togram obtained by OIM A in Figure 2.19b. The grain size fiketomatically increases the
size of the remaining large scale grains and leads to smadinee in the remaining bars for
larger grain sizes. This effect is also evident in the hisiogby MTEX in Figure 2.19c.

The misorientation histograms obtained by the three progrand presented in Figure 2.20
show a good qualitative coincidence. For the given measemémpoint, the dominance of
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(a) Randomly colored restored mi{b) Randomly colored micrograph(c) Randomly colored micrograph
crograph by Grainplot. by OIM A. Note: Due to a miscon- by MTEX; closed grain boundaries
figuration the displayed scale hasnly.
to be multiplied with a factor of
0.7.

Figure 2.18: Grain identification in exemplary EBSD basedragcaph of EN AW-6060.
HAGB > 15° indicated by black lines.

LAGB < 15° s clearly visible in the full histograms in the left colunisub figures a, c, e). All
programs also show some misorientation fractions betweéerand5 % between30° ~ 60°
which are emphasized in histograms in the right column (sgixrdis b, d, f) in which the
HAGB > 15° are exclusively considered. Here, the individual bar hisigire very sensitive to
the applied filtering and the implemented histogram plgtfimctions so that a complete quan-
titative coincidence cannot be achieved. However, the gétendencies in the misorientation
distributions plotted by Grainplot in Figures 2.20a and®.2how a good qualitative agreement
with the results of OIM A in Figures 2.20c and 2.20d.

The misorientation handling routines implemented in theent version of MTEX only
support limited features which do not facilitate the misatation determination between indi-
vidual data points but only between grains instead. By defiaimextremely low misorientation
threshold for the grain identification, almost all data peiare identified as individual grains to
simulate this feature. Filtering of the misorientationtbggams is not implemented, leading to
significant differences in Figures 2.20e and 2.20f comptréide results of the other programs.
Nevertheless, the qualitative misorientation distribaiis similar to the one obtained by Grain-
plot and OIM A. Since MTEX ships with accessible Matlab catie, missing functions can be
added by the user himself.

A statistical evaluation of the EBSD measurements regattiefraction of grain boundaries
in a micrograph as described in Section 2.2.2 is not avalabOIM A or MTEX. But since
grain boundary plots serve as input data for the normed gp@imdary fraction determination,
it is possible to use those images from OIM A or MTEX as well.pksviously shown, the pro-
duced misorientation maps of Grainplot and OIM A are almdsnhtical and , in consequence,
the obtained normed grain boundary fractions are equatiaPeRAGBs which freely end up
inside a grain without enclosing a subgrain are not takenantount by MTEX. Therefore they
are missing in the orientation maps, and the correspondinged grain boundary fraction is
systematically underestimated compared to Grainplot divii 2
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(c) Grain area histogram by MTEX.

Figure 2.19: Grain area histograms of exemplary EBSD baserbgraph of EN AW-6060.

Inverse pole figures

To verify the quality of the discrete IPFs produced by Grionhphe results of an exemplary
measurement point are compared with IPFs from MTEX and OlMhArigure 2.21. The
discrete IPFs of Grainplot and MTEX in Figures 2.21a and I2.2&spectively, show a clear
qualitative agreement. The observed variance derivestinerdata restoration algorithm which
filters outline results in Grainplot but not in MTEX. Furtineore, the restoration of points with
low CI has a significant influence on the resulting stereogcaptojected pole pattern. The
ODF based IPFs of OIM A in Figure 2.21c reflects the same textttere, in thg100] IPF,
i.e. RD, the orientation density in11] direction is weaker than expected from the results in
Figures 2.21a and 2.21b. The directions betwi@émn| and[111] in the [101] IPF also appear
weaker than in the corresponding IPFs of the other progragain, the produced IPFs depend
on the filter settings for data restoration and the chosenr€skiold.

The additional IPFs in Figure 2.21d result from an X-rayrdiftion measurement performed
in the billet center near the die region which also covergthgtion of the exemplary measure-
ment point used for verification. A comparison of the IPFsdoiced by the different programs
proves that the texture identified from the small area EBSDsoregnents shows a good qual-
itative coincidence with the texture obtained by X-ray mifition measurements over a larger
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Figure 2.20: Misorientation histograms of exemplary EBSBdaamicrograph of EN AW-6060.
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Figure 2.21: Discrete and ODF based inverse pole figures ekamplary measurement point
at die inflow area nearby middle axis of partly extruded biieEN AW-6060.

area. This confirms the validity of the EBSD technique for mstructure investigations for
aluminum EN AW-6060 under the given experimental condgion

2.3 Synthetic microstructures

The characterization data obtained from the microstrestig used as input parameter for sim-
ulations of the microstructural evolution. A general ovewon different models such as phase
field and Monte Carlo Pott models as well as cellular auton@a&mulate grain growth and
recrystallization in aluminum alloys is given by Miodowr(iR002). The concept of phase field
modeling applied to grain growth is also presented in thekey@f Fan and Chen (1997) as
well as Krill Il and Chen (2002) while the publication of Che2002) describes a more gen-
eral application for the simulation of microstructure extan. Cellular automata are used to
model grain growth in the works of Liu et al. (1996) in 2-D anth® et al. (2006) in 3-D.
Dynamic recrystallization is simulated by an extendedutatlautomata approach by Ding and
Guo (2002).

Independent from the used model, a simulation of microtreevolution requires an initial
2-D or 3-D micrograph. These micrographs can be aquired @sarements but especially the
measurements of 3-D microstructures, e.g. by using a cadidiB-EBSD device, are time
and cost intensive. Through synthetic microstructure geio, several statistically equivalent
micrographs can be produced from a single characteriza@ba set. The generation of a 3-
D polycrystalline microstructure model based on multidafzBSD images is described in the
work of Bhandari et al. (2007). St-Pierre et al. (2008) usemalznation of Voronoi tessellation
and grain representation by overlapping ellipses to géa&d microstructure models from
EBSD based micrographs. A complete framework of automatedostructure characteriza-
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tion and generation of corresponding 3-D microstructurel@®is presented in the publication
series (Groeber et al., 2008a) and (Groeber et al., 2008b).

2.3.1 Synthetic microstructure generator Graingen

The burn algorithm introduced in Section 2.2.2 is quite Emio the approach of cellular
automata already used to simulate recrystallization aathgrowth as previously described.
Therefore, the already implemented module for grain idieation is modified so that a syn-
thetic microstructure grows starting from a defined set afleiubased on the previous mi-
crostructure characterization. The resulting standeafmoegram Graingen generates synthetic
2-D and 3-D microstructures of variable size and resolutibich are only limited by the avail-
able memory. Here, single grains are defined as grain olojsteinices which are addressable by
unique identification numbers (IDs). This allows an induadl adjustment of growth laws and
the tracking of growth history during all time steps. A grainject instance contains a list of
all volumetric pixels (voxels) already belonging to thiesflic grain and further lists defining
the grain periphery. During the grain growth simulationyotiie lists of boundary pixels are
processed.

The main growth algorithm implemented to Graingen can bensarnzed as follows:

1. Define empty microstructure volume.

2. Define and initialize grain objects:

() Set grain nuclei according to user defined spatial gnatniloution function.
(b) Assign individual grain orientations.
(c) Define global or individual grain growth control funatis.

(d) Initialize all grain boundary groups with nuclei coardies.
3. Grain growth by iterating over all grains in order of thiés:

(a) lterate over grain boundary groups.
(b) For each voxel listed in current boundary group iterater meighboring voxels.

(c) Append free neighboring voxel to current grain if grovabndition holds. Else,
continue with next voxel in list.

(d) Update boundary lists

4. Grain growth automatically stops if no free neighboringeis are found.

5. Close pores.

The grain object contains a list of all voxels belonging torestance and two additional bound-
ary sub lists for each direction in space, e.g. four sub iis8-dimensions and six sub lists
in 3-dimensions. The sub lists also denoted as grain boyrgtaups are indexed as shown
in Figure 2.22. The grain boundary lists contain all voxeltha grain surface which have the
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Figure 2.22: Indexing of grain boundary groups.

opportunity to expand into their neighborhood in the nextetistep. In order to increase the
processing speed, separate sub lists for each directigmacesare used instead of one global
surface list for each grain. For all voxels in a specific barmgdist it is known that the neighbor-
ing voxel in negative normal direction (reverse growth dii@n) already belongs to the specific
grain. This direction is therefore not checked during glowtnder certain conditions this
algorithm encloses free voxels inside the growing graiesE pores are closed in a final post-
processing step by applying the grain restoring algoritfi@minplot presented in Algorithm
listing 2.

The currently implemented growth law is not deterministit influenced by a variable ran-
domized factor defining whether a voxel of the current graiexpanding into its neighbor-
hood. In consequence, this provokes several 'dry runs’ éenciide where all conditions for
grain growth except the grow factor are met. This procedsistill efficient since all previous
conditions are dominated by fast if-statements so thattieerupted randomized growth shows
an acceptable time consumption during code execution. ifi@ifed pseudo code of the mod-
ified burn algorithm implemented in Graingen is presenteAlgorithm listing 5. Here, only
a single list of boundary voxels is used to limit the numbeloops for reasons of clarity. The
geometric periodicity is taken into account by the functitomdFr eeNei ghbor s. There is
no algorithmic difference in the generation of a syntheti@ @r 3-D micrograph by the shown
code because a 2-D micrograph has simply one layer of vaxelse of the three micrograph’s
dimensions. The progress during grain growth of a syntmeiticostructure based on the Grain-
gen algorithm is exemplarily depicted in Figure 2.23. Thaahnuclei of the 40 grains after 10
time steps in Figure 2.23a are randlomly distributed, aed@mdom grain orientation is repre-
sented by the grain color. With a choosen growth fractiofl.8f the grains circularly expand
as shown in Figure 2.23b for time step 51. The final periodicragraph after 102 time steps
and pore filling in the postprocessing is given in Figure 2.23

2.3.2 Generated synthetic microstructures

The characteristics of the generated synthetic microstre@re mainly controlled by the initial
distribution of the grain nuclei and the individual growtwls of the grains. The exemplary
synthetic micrograph depicted in Figure 2.24 generated tayn@en containg0, 000 grains.
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Algorithm 5: Modified burn algorithm of synthetic grain generator Ggan.
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Data: List of grain nuclei coordinates; List of grain orientat®) List of global or

individual grain growth laws; growth fraction; List of migstructure dimensions.
Result Synthetic microstructure as ASCII type VTK file with orietitan look-up table.

Initialization:

initialize LoGrainObjects

foreach Grain in LoGrainObjects do
Grain.Nucleus <+ LoGrainNucleiCoords [Grain ]
Grain.Orientation < LoGrainOrientations [Grain ]
Grain.GrowthLaw « LoGrainGrowthLaws [Grain ]
Grain.GrowthFraction < GrowthFraction
Grain.LoVoxels < Grain.Nucleus
Grain.LoBoundaryVoxels « Grain.Nucleus

/; Grain growth - loop stops if no free voxels found

Marker «— 1 /* magi ¢ val ue

while Marker not 0 do

Marker < 0 /= reset Marker
foreach Grain in LoGrainObjects do

LoNewVoxels < empty list /* reset |ist
foreach BoundaryVoxel in Grain.LoBoundaryVoxels do

LoFreeVoxels < Fi ndFr eeNei ghbor s( BoundaryVoxel,
LoDimensions)

Marker — Marker + lenght ofLoFreeVoxels

foreach Voxel in LoFreeVoxels do

then
LoNewVoxels < appendvoxel
Grain.LoVoxels «+ appendvoxel

| Grain.LoBoundaryVoxels < LoNewVoxels /* update |ist

return LoGrainObjects
Postprocessing:
Cl osePor es( LoGrainObjects)
write voxel coordinates frorhoGrainObjects into VTK file
generate orientation look-up table frdmGrainObjects and add to VTK file

if G ai n. CheckG owt hFr acti on( Grain.GrowthLaw) == True

*/
*/

«/
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fibin " o
(a) Grain size after 10 time steps. (b) Grain size after 51 time steps.(c) Final microstructure after 102
time steps and pore filling.

Figure 2.23: Grain growth of a synthetic microstructuredaasn the Graingen algorithm with
random grain nuclei and orientation distribution.

Here, the growth fraction of.0 ensures that the grains continuously grow during each time
step which leads to a grain boundary shape with preferreddral/vertical alignment and
directions rotated by5°.

Figure 2.25a shows a periodic synthetic microstructursisting of 40 randomly distributed
and oriented grains generated by Graingen. Grains whicbudrat the micrograph’s edges are
continued on the opposite edges due to the geometric peitipdvhich allows to assemble
several periodic micrographs to a larger structure. Thevtjréraction is0.3 so that the grain
boundaries are not straight but frayed and partly curved.oMerlayed grain boundary adaptive
FE mesh in Figure 2.25b is generated by the open source sefd@@F2 published by the
United States National Institute of Standards and Teclyyo[®IST) (Chawla et al., 2002;
Langer et al., 2001; Reid et al., 2008).

An example for a geometrically periodical synthetic 3-D ragtructure generated by Grain-
gen is given in Figure 2.26. The microstructure data is stare¢he .vtk file format of the free
Visualization Toolkit (VTK) as structured points. Heregtlgrain orientations are embedded
in a look-up table. This file format is independent from themtion system, and predefined
read-in functions are available for a number of program lzggs.
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i size x/y: 600 x 600
Growth rate x/fr- 1/1
Humber of grains: 10000

Figure 2.24: Synthetic micrograph td, 000 randomly distributed and orientated grains gener-
ated by Graingen. Growth fractidn0; grain nuclei indicated by black dots.

‘b
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(a) Initial synthetic micrograph by Graingen. (b) Adaptive FE mesh by OOF2.

Figure 2.25: Grain boundary adaptive meshing of microsines.
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Figure 2.26: Synthetic periodic 3-D microstructure withrédddomly distributed and oriented
grains generated by Graingen. Cube dimensiiisx 200 x 200 voxels.



Chapter 3

Experimental results and material characterization

Abstract — For the characterization the aluminum wrought alloys EN-80%0, EN AW-6082
and EN AW-7075 are exemplarily selected and their mechbproperties are briefly summer-
ized. To reveal the microstructure evolution at differeejiebes of deformation, partly extruded
billets are produced by direct hot extrusion and prepareclityng along the middle axis. The
characterization of the different partly extruded billetained by the experiments is based on
mesoscopic LOM images as well as on selective EBSD measuteniére general formation
of different deformation zones inside the billets is em@esand, especially for EN AW-6060,
the microstructure gradient observed in the extruded raoiisisussed. EBSD measurements at
representative points inside the distinctive deformatones are presented and analyzed for
each billet. For EN AW-6060 this additionally includes atpat measurement points along the
rotation symmetry axis of the billet to trace the grain matracture evolution in the center of
the billet. Based on the EBSD results, the main grain microsire characteristics are summa-
rized in diagrams for each of the three alloys. Besides the giae and texture development
a normed fraction of grain boundaries (HAGB and LAGB bassditroduced which indicates
the formation of GNB and the development of new (sub-)grafigally, the development of
precipitates in the dead metal zone (DMZ) is briefly describethe basis of BSE SEM images.

3.1 Selection of aluminum alloys

The software tools developed in this work are used to chariaetthe three aluminum wrought
alloys EN AW-6060, EN AW-6082 and EN AW-7075. The compogsitaf these alloys accord-
ing to the standard DIN EN 573-1 is listed in table 3.1. Alldgraents not listed in the table
each have a weight fraction of less than5 wt.% and not more thaf.15wt.% in total. Both
wrought alloys of the 6000 series are characterized by gaydwviorming ability which makes

Table 3.1: Aluminum wrought alloy compositions accordiadN EN 573-1; in wt.%, short-
ened.

alloy name alloy elements
numeric Si Fe Cu Mn Mg Cr Zn Ti

EN AW-6060 0.3-0.6 0.1-0.3 0.1 0.1 0.35-0.6 0.05 0.15 0.1
EN AW-6082 0.7-1.3 0.5 0.1 0410 0.6-1.2 0.25 02 01
EN AW-7075 0.4 0.5 1.2-20 03 2.1-29 0.18-0.28 5.1-6.1 0.2
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them widely used for extruded products even with complexilereshapes. In combination with
an acceptable corrosion resistance due to comparably &mtidn of copper, the field of appli-
cation reaches from window or door casings in civil engiimegto interior equipment in the
automotive and transportation sector, including evenmrgpiloat masts. Due to their capability
of surface finishing, mechanical polishing and anodizatibthese alloys is also used for a va-
riety of house-ware products. The low copper content suppbe weldability of these alloys,
especially if using gas tungsten arc welding or gas metahaiding.

In annealed condition both EN AW-6060 and EN AW-6082 proadegh deformability but
also allow a significant increase in strength by suitable treatment as shown in Figure 3.1.
The main material characteristics are then dominated byntie alloy components magnesium
and silicon and their intermediate phadeg,Si which is responsible for the general hardening
behavior of AlI-Mg-Si alloys. Furthermore, each of the mdioyacomponents silicon, copper
and magnesium supports solid solution strengthening basdtle mechanisms described in
Section 1.2.3. The properties of the high strength Al-Zn-Glgalloy EN AW-7075 are mainly
influenced by the zinc fraction. Zinc supports the developméintermediate phas&l, CuMg
which acts as precipitate nucleus and significantly in@sdise precipitation rate especially at
low temperatures that are already reached during hot detewmprocesses. Additional con-
tents of chromium and manganese suppress static recizatiaih effects under certain process
conditions so that a persistent grain refinement takes plaigeg plastic deformation. Although
this alloy shows a high tensile strength, its field of apgi@ais limited since the high copper
fraction reduces the corrosion resistance and dramaticelieases hot cracking during fusion
welding. Typical application for profiles and plates of EN A&Q75 are high stress materials in
aerospace industry or high quality light weight sports pment.

Figure 3.1 exemplarily compares the material propertiasike strengtiR,,,, tensile yield
strengthR 0.2 and Ry, respectively, for the three described aluminum alloys &vwi steels.
Additionally shown is the maximum fracture strain at whighesimens fail at tensile tests.
S235JR is a typical mild steel widely used in civil enginegriand 42CrMo4v is a high strength
guenched and tempered steel for gear wheels and other hagseti materials in the field of
mechanical engineering. The values vary depending onrdifteheat treatments leading to
grain fining and/or precipitation hardening. As shown, ahum alloys of the 7000 series reach
strengths in the range of mild steels but generally alumialloys are defeated by high strength
steels. This has to be compensated by construction laygut,imcreasing wall thicknesses of
aluminum parts.

3.2 Direct hot extrusion experiment

The extrusion experiments dealt with in this section havenbeerformed at the Institute of
Forming Technology and Lightweight Construction (IUL) at Ddrtmund University. A com-
plete description of the process conditions is given in thekwef Schikorra et al. (2007). For the
aluminum alloys EN AW-6060 and EN AW-6082 billets witB9 mm in diameter and95 mm

in length are prepared. The billet made of EN AW-7075 has émeesdiameter but a shortened
length of140 mm to reduce the punch forces which are limited by the exdrupress.
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Figure 3.1. Tensile and tensile yield strength and fracgstmain of aluminum alloys com-
pared to steel. Values vary according to heat treatmemviollg the standards DIN EN 755-2,
DIN EN 10025-2 and DIN EN 10083-3.

The main experimental steps are summarized in table 3.8ty ithe billets are preheated
and homogenized in a separate oven at a constant tempes&fiii@°C for 8 hours. The han-
dling of the specimen during insertion into the press talgs@aimately2 min while the billet
temperature decreases 1y°C which is monitored by applied thermo-elements. The dieze
trusion process is sketched in Figure 3.2 and tgkas for the billets of the EN AW-6060 and
6068 but4 min for the EN AW-7075 billet with a constant ram speed)éfmm/s in all three
experiments. In the beginning, the billet diameter widensifthe initial diameter ot39 mm
to the inner diameter of the container whichli mm. Afterwards it is extruded through a
die with a diameter 086.5 mm (extrusion ratio 16) and a bearing lengthl@fmm finally re-
sulting in a solid rod o86 mm in diameter after cooling. During the extrusion procéssdie

container| die
billet die holder
_— ———— 3
A rod
punch
dummy block"

Figure 3.2: Schematic direct extrusion process.
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Table 3.2: Temperature profile during direct extrusion psscaccording to Schikorra et al.
(2007).

process description time [min] | billet temperature

preheating in separate oven 480 550°C

handling, billet insertion into press 2 550°C — 540°C

extrusion process 4/7 540°C — 450°C

billet removal from extrusion press 15 450°C — 400°C

air cooling to room temperature — 400°C — 20°C
=

10 mm
[t

LOM EN AW-6060

Figure 3.3: Etched cross section of a partly extruded kottdiN AW-6060. Underlying LOM
image by courtesy of the Institute of Forming Technology aigthtweight Construction (IUL),
TU Dortmund University.

temperature is permanently monitored showing value®06fC for EN AW-6060,380 °C for

EN AW-6082 and365 °C for EN AW-7075. Sporadic temperature measurements aéxiimg
profile near the die show that the material temperature te/iao more than °C from the

die temperature. Before the billet can be released from ttres®n press, the die and the die
holder have to be removed. During themin needed to open the press, the billet temperature
remains at an elevated level and continuously decreases4f50 °C to 400 °C. Finally, the
retrieved profile cools down to room temperature on ambient a

To allow an investigation of the microstructure at differstages of plastic deformation, the
process is stopped when approximately 40 % of the originietbength has been extruded. A
partly extruded billet is exemplarily given in Figure 3.3dashows distinct areas of different
material flow history which are discussed in detail laterhis tchapter. From left to right
the image shows the billet, the die region with a funnel-gldagie inflow and the extruded
solid rod. The die inflow acts as a welding chamber for comtirsubillet-on-billet extrusion.
The outer shape of the partly extruded billet is influencedekgerimental conditions. The
bulge on the initially plane front surface results from fioo during the ejection of the billet
from the container after removing the die and die holder. dtwcentric kink located on the
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front face~ 10 mm from the outer billet diameter originates from the dieiglef the die
which facilitates the use of replaceable containers witfedint diameters. Due to the design
of the used press, it is not possible to quickly unload thélyaxtruded billet after stopping
the process and the billet remains heated by the surrourdinginer forl5 min at elevated
temperatures abov®0 °C. Depending on the alloy composition and deformation hystt this
temperature level SRX effects may occur and falsify the gsene and misorientation statistics.
These influences on the microstructure are not evident gltiim active extrusion process since
the profile continuously leaves the die and cools down in antlair.

3.3 Sample preparation
3.3.1 Light optical microscopy

Following the extrusion and the cool-down process, thelypaxtruded billets of the different
alloys are prepared for microstructure investigationseylare cut along the symmetry axis
in direction of extrusion to provide access to the micragtice at different zones inside the
billet and extruded rod. A constant water cooling in comborawith a reduced cutting speed
minimizes the thermal and mechanical influences of thergufirocess on the microstructure
at the section surfaces. The possibly affected top laydreagurface of the cut specimen is then
removed by wet-sanding. One cross section of each billetdpgred for LOM investigation
by mechanically polishing and chemically etching the stefas described in Schikorra et al.
(2007). The etching reagent consist8af% concentrated hydrofluoric acid solution arti’%
concentrated hydrochloric acid solution in water accaydim Flick (1925). The etching time
varies between 5 angimin at room temperature to reveal a high-contrast micrdgnabich
allows to destinguish individual grains. Finally the sedds sealed with transparent varnish
to prevent oxidation and staining. A sample LOM image of apred partly extruded billet is
given in Figure 3.3.

3.3.2 Electron Backscatter Diffraction

The EBSD measurements require small specimens, the sizeidi alfow a placement inside
the vacuum chamber of the used Philips XL 40 ESEM with tungftament operating at a
nominal acceleration voltage @b kV. Therefore, small parts of 20 mm x 20 mm x 12 mm
are cut out at points of interest from the mid-plane surfacthe partly extruded billet. As
discussed in Section 1.6.4, the EBSD technique requiresheshiiface quality to ensure a cor-
rect orientation determination. The necessary surfagegpagion includes several mechanical
polishing steps with increasing abrasive grain sizes dawnum. The cutting and polishing
processes are performed under special considerationwneg any undesired thermal and/or
mechanical effects. Subsequently, electro-polishing ¥aperchloric acid solution in water
under an applied potential 8DV at —25 °C is performed to remove the mechanically influ-
enced atomic layers at the specimen’s surface. A furthdingeaf the surface with transparent
varnish is not possible.

All EBSD measurements presented in this work and the correbpg sample preparations
have have been performed at the LehrstiinM/erkstoffkunde (Materials Science) at the Uni-
versity of Paderborn. The scan area size varies bet@sepm x 250 um and1200 pm x
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1200 um depending on the expected grain size for the differenyslénd deformation zones
inside the billet. The used scan raster is a regular hexagoidavith variable number of steps

and step sizes. EBSD measurement results obtained from pleeimental samples discussed
in the previous section are also presented in Schikorra €2@08).

3.3.3 Scanning electron microscopy

The SEM device Philips XL 40 ESEM used for the EBSD measuresneant also be applied
to generate images of the precipitate distribution. Thepdaipreparation is basically the same
as described in the previous section. By using the backsoalttetrons (BSE mode) the image
contrast depends on the material density at the measurgmiens. Since the precipitate parti-
cles have a significantly higher density than the aluminurrimydahey can be identified with a
good contrast. Furthermore, the intensity of the BSE sigih@alva to draw conclusions on the
elemental particle composition.

3.4 Characterization of EN AW-6060

3.4.1 Deformation zones and mesoscopic microstructureloement

Figure 3.4 shows a scanned half section of a partly extrutleddf EN AW-6060 with an over-
layed5 mm raster. During preparation this specimen was~cut mm from the symmetry axis
to preserve the microstructure of the other half sectiontferEBSD sample preparation. The
experimental conditions of the direct hot extrusion pre@asd cooling conditions can be found
in Section 3.2. In the remaining billet, three different esmf microstructural development are
evident which are separated by the black lines in the updéoh&igure 3.4. The forming of
deformation zones according to the plastic deformatiomsisugsed by Valberg (1992) who per-
formed direct extrusion experiments with marked billetsigualize the material flow. Further
information is also given by Bauser et al. (2006).

In the Dead Material Zone (DMZ) which forms a cone at the frohthe block, friction
between the billet, container and die results in little mateleformation and concomitant mi-
crostructural development as shown by Misiolek and Kel§9@); Trogolo et al. (1996); Val-
berg (1992) and others. Under ideal conditions the mianosire in the DMZ remains almost
unchanged from its state after preheating (Saha, 2000).ekwdue to undesired loading of
the billet during release from the press, the material inDMZ is plastically deformed. This
is indicated by the bulk shape of the front face on the rigti¢ $h Figure 3.4. The influence
of the plastic deformation in this zone is discussed in $acd.4.2. In the neighboring Shear
Intensive Zone (S1Z) the material undergoes significant@edominantly shear deformation.
As a result, the microstructural evolution in this regiorgiste complex during both extru-
sion and cooling and can be influenced by various processngdeas as shown by Peng and
Sheppard (2004a,b). A visual comparison of the microgtinecof the SIZ compared to the
DMZ reveals that the grain size significantly decreases uskear load which is later statis-
tically evaluated based on the EBSD measurements. Gendhadlirigh stacking fault energy
of aluminum alloys and the high temperature conditionsrauthe extrusion process facilitate
dislocation climb resulting in DRV and GDX in the SIZ. Furtheore, friction and material
sticking between billet and container wall also produceim ldyer of shear deformed material
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die in detail

Figure 3.4: Half section of a partly extruded billet of EN A§@60 with overlayed mm raster.
Detail images of die and rod regions are contrast improveuledying LOM macro scan image
by courtesy of the Institute of Forming Technology and Lwgéight Construction (IUL) at TU
Dortmund University.

in the area beneath the billet's surface which is indicateéiension of the black line sepa-
rating DMZ and SIZ. The central region of the block is den@edaterial Flow Zone (MFZ).
Here, the material flows towards the center of the extruddd\iith decreasing distance to the
die the material is mainly stretched in direction of extomsand individual grains elongate into
a banded microstructure. A discussion on the grain miarogires in the different deformation
zones based on LOM images can be found in the work of Schilebah (2007).

The detailed view of the extrudate shown in Figure 3.4 ()ighveals that the grain size
distribution is not homogeneously perpendicular to theation of extrusion. Indeed, three
different axisymmetric zones labeled A, B and C are distéenivhich are comparable to the
zones observed by Ishikawa et al. (2006) during direct sidruof the aluminum-copper al-
loy EN AW-2013. The central zone C exclusively contains matérom the MFZ. Here, the
minimum stored energy needed to drive SRX upon extrusionngrmgdly not achieved. Con-
sequently, the elongated-grain fibrous texture developgohgl the extrusion process in this
region persists after the extrudate exits the die. In faRiX $ccurs only in a few isolated re-
gions near the middle axis. In contrast, the neighboringgZdrs characterized by larger grains
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material flow direction

Figure 3.5: Detailed view on die area of a partly extrudeakblaf EN AW-6060 from miniature
extrusion experiment. Dot-dashed line on the left markatimb symmetry axis. Underlying
LOM image by courtesy of the Institute of Forming Technol@g Lightweight Construction
(ITUL) at TU Dortmund University.

resulting from SRX. This material originates in the SIZ whetdficient energy is stored by
shear deformation during extrusion to facilitate SRX. Lyastl the outer zone A, a finer grain
microstructure develops. Both zones A and B contain matensnating from the SIZ. Zone
B material originates in the SIZ nearer to the MFZ whereaenaltof zone A has its source
near to the DMZ. Since the material in the DMZ does not flow &iSiZ material located near
the DMZ undergoes even more severe shearing in the dieidindbian material near the MFZ.
This results in a larger number of recrystallization nuiig¢he grains which store the deforma-
tion induced energy, finally leading to a smaller averagengsze (Humphreys and Hatherly,
2004). The smooth increase in mean grain size from zone A ® Bimarily related to the
varying deformation history inside the SIZ. However, thgngicant difference in grain size
between zones B and C results from the different origins @htlaterial involved (i.e., SIZ and
MF2).

A closer look at the microstructure near the die (see detaikw of die region in Figure 3.4)
reveals elongated, abnormally large recrystallized graarthis area (marked by arrows). Such
a microstructure is not expected to result from dynamicvegpand CDX/GDX. This is caused
by the special environmental conditions arising in thist péthe die. Indeed, this region re-
mains at high temperature and zero loadingfemin during removal of the partly extruded
billet. During this time, primary and secondary recrystaliion occurs in the SIZ material near
the die which already exhibits enough stored energy to &R¥. To determine the influence of
SRX on the final microstructure observed in the partly extdudidets, small scaled miniature
extrusion experiments were performed by . Here, the smadedsions of the billet (diameter
20 mm) combined with a disposable container allows water doiexgcof both parts directly
after interrupting the extrusion process. Afterwards thstainer with the remaining billet is
cut in along the direction of extrusion and prepared for LOdd@rvation. An LOM image with
polarized light of a partly extruded miniature billet of ENNAGO60 is shown in Figure 3.5. The
color contrast emphasizes the elongation of grains whilgifig towards the die o mm in
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'LOM EN AW-6060/

Figure 3.6: Half section of a partly extruded billet of EN A8060. EBSD measurement point
positions marked by circles. Black lines separate labeléarahation zones. Detailed view on
inflow region is contrast improved. Underlying LOM macrosaaage by courtesy of the Insti-
tute of Forming Technology and Lightweight Constructionl{)lat TU Dortmund University.

diameter during extrusion with a ram velocity ®mm/s. Only a few globular shaped grains
resulting from SRX can be found exclusively at the surfaceheféxtruded grains. The influ-
ences of the extrusion process parameters on the resultergstmucture of the related alloy
EN AW-6082 are described in detail in the work of Parviziamle{2011). The quick quench-
ing of the sample prevents further SRX and freezes the mracste at the die area during the
extrusion process. This proves that the oversized rediigsthgrains observed at the die areas
of the partly extruded large scale billets result from SRXmyithe resting time while opening
the press for release.

3.4.2 EBSD measurements in different deformation zones

In contrast to the LOM image previously presented, the EBS&lyars gives access to more
details of the evolving microstructure in the partly exeddillet. In a first step the evolution of
the subgrain structures and the orientation of individuairgs in the different deformation zones
are analyzed and discussed. Figure 3.6 shows half of theieropart of the partly extruded

billet also presented in Figure 3.4. Here, the cut of the $wdtion in direction of extrusion lies

exactly in the center of the billet, and the deformation zoB&1Z, SIZ and MFZ are defined

by black lines. Again, the detailed view with improved castrvalue at the inflow and die
area reveals large globular-shaped grain resulting from 8&¥g the resting time under high
temperature. The die area and the extrudate appear to bedsrig the LOM image due to

image improvement.

The grain microstructure evolution in the different zonegsliscussed for the six sample
points A1-A6 marked by circles in Figure 3.6. Point Al is l@zhin the outer corner of the
DMZ and is used as reference point showing the microstraétuthe most original state before
the extrusion process. The points A2, A3 and A4 approxirgdtdlow a streamline of material
flow inside the SIZ from billet over inflow into the extrudeddroFinally, the points A5 and
A6 are representative for the microstructure evolutiondeshe MFZ. The obtained EBSD



86 CHAPTER 3

results at the measurement points are summarized in Figingith marked grain boundaries.
HAGB are depicted by bold black lines and distinct individgeains with a misorientation
> 15°. For LAGB, indicated by narrow gray lines, the limit is set*03°. To emphasize the
underlying grain microstructure, grain fragments comsjsof five or less data points have be
removed from the micrograph. Corresponding to the expeataia gizes estimated from the
LOM images, the scale for the EBSD micrographs of points Al,aA8 A4 differs from the
others. All micrographs are rotated according to the bdletntation shown in Figure 3.6.

The grain microstructure of point Al located in the DMZ is g@eted in Figure 3.7a and
dominated by globular-shaped grains. There is also an ssprestructure of subgrain structure
which forms a banded structure with a tilt angle ¢3°. This subgrain structure evolves due
to the undesired plastic deformation also leading to thgdwshape of the front face while
the partly extruded billet is released from the press. Atdlevated temperature level in the
billet, the dislocations induced by plastic deformatioraage to LAGB by DRV processes. It
can be assumed that the forming LAGB are GNB which split thstiexg grains into smaller
fragments. A further increase in misorientation betweenniividual subgrains yielding newly
formed grains separated by HAGB due to CDX is not observediat pd. The color coding
of the grains according to the orientation triangle giverigure 3.7a shows no preferred grain
orientation which is supported by the misorientation asialyn Section 3.4.4. When excluding
grains which are not entirely placed inside the microgrdbl,mean subgrain size results in
~ 2035 un? and the mean grain size i&70 pme .t

In contrast to the globular-shaped grains in the DMZ, the EB&&ed micrograph at point A2
in Figure 3.7b reveals elongated grains and a distinct subbgtructure. The elongation of the
individual grains follows the direction of shear load whictduces the necessary energy to
drive the grain microstructure evolution inside the SIZtWespect to the image scale, the
mean grain size of 1590 un¥ at point A2 is significantly smaller compared to the more -orig
inal state observed in the DMZ. Due to DRV, the elongatedngraplit into several — in the
cut plane globular-shaped — subgrains with a mean size 6fl0 un?. The serrated shape
of the HAGB and the orientation of LAGB perpendicular to thraig’s long axes indicate the
influence of arising GDX at this measurement point. The celading of the EBSD micro-
graph at point A2 indicates a grain orientation alignmepeeglly towards the¢111) and(101)
directions.

As visible in the detailed view onto the inflow and die sectiorFigure 3.6, this region
is dominated by abnormally large grains compared to théalnifrain sizes observed in the
DMZ. Although the scanned area of the micrograph shown iufei@.7c is more than 30
times larger than for point A2 for example, the number of mggagntirely placed inside the
micrograph is too low for a statistical grain size analy$eking incomplete grains into account,
the mean grain size in the micrograph of point A3 is incredsed factor of more than 300
in comparison to the SIZ from which the material originatélhen the extrusion process is
interrupted the material located in the outer inflow regiontains enough energy — induced

1The results of the microstructure evolution along the médaitis and in the different deformation zones for
a partly extruded billet of EN AW-6060 are also presented ayser et al. (2010). However, due to applied grain
size filtering and the exclusion of incomplete grains at therograph’s edges, the obtained grain sizes differ from
the values reported here.
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(a) Point A1 - DMZ (b) Point A2 - SIZ

P i

(e) Point A5 - MFZ (f) Point A6 - inner rod

Figure 3.7: Restored EBSD based micrographs by Grainplotifiereint deformation zones in
partly extruded billet of EN AW-6060. See Figure 3.6 for m@asnent point positions. Grain
colors according to orientation triangle in subfigure a. Baktk lines indicatélAGB > 15°,
narrow gray lines indicattAGB > 3°. Minimum grain size filter iS55 un? in (a), 34 un in
(b), (e), (f) and3827 unt in (c), (d); minimum CI of 0.1.
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by the shear deformation in the SIZ — to drive primary nucksdd SRX. The resting time at
an elevated temperature then facilitates additional ggeomwth by secondary recrystallization
which is driven by the surface energy of the newly formedmgailn consequence, existing
subgrain structures inside the grains are mostly anndulaihe HAGB grain structure in the
SIZ mainly consists of elongated grains which channelizerdtrystallization by following
the present HAGB so that the elongated structure is partig@wed, but in a less distinctive
form. The region containing recrystallized grains extemds the SIZ as far as the grains
already contain sufficient deformation energy and disiooatto initialize nucleation and to
drive SRX. Since the nucleation of primary SRX starts insidetalg grains from the SIZ, the
aligned orientation observed at point A3 in Figure 3.7c neeather unaffected predominantly
towards the/111) and(101) directions.

The coarse grain structure of point A4, depicted in Figuif 3results from the same re-
crystallization mechanisms of primary and secondary aflyzation leading to the grain mi-
crostructure evolution acting at point A3. Here, the grdomgation rotates into the direction
of extrusion and the texture is weaker than found at point A3 scale of the micrograph of
point A4 is equivalent to the one also used for point A3. DuSRX only very few LAGB
remain.

In comparison to the material of the SIZ, the rate of plastimdnation of the material inside
the MFZ is significantly lower. Hence, the representativ@mgmicrostructure at point A5 in
Figure 3.7e shows elongated grains, the mean size of whicht0 un? under consideration
of incomplete grains at the micrograph’s edges. Since #dsices the effective mean grain
size, it can be expected that the true grain size lies somrewhéehe range of the initial grain
size obtained in the DMZ. In contrast to the observationshan $1Z, the subgrain structure
in the MFZ consists of GNB (mainly oriented parallel to theséing HAGB) and randomly
orientated LAGB fragments inside the grains which do nofgeh a closed subgrain structure
yet. According to the orientation triangle, the grain otaion varies betwee(®01) and(101).

A similar microstructure is found at the middle axis of thereged rod which is displayed
in Figure 3.7d. At this point the HAGB of the elongated graah®ady show the characteris-
tic serrated shape which indicates the presence of GDXhéumore, the LAGB are now less
fragmented and more oriented perpendicularly to the HAGRe [Bleation of point A6 leads
to the conclusion that the microstructure in the center efftitlet largely remains in this con-
dition since no further plastic deformation occurs. Durthg continuous extrusion process,
the decrease in temperature due to radiation and air coodingerves the microstructure when
the temperature falls below the activation temperatureRXX.SConsequently, on average, the
deformation-dominated, elongated-grain texture micuastire developed during the extrusion
process persists after the extrudate exits the die. Onlyféwasolated regions near the mid-
dle axis where the deformation induced energy reaches thessary level, some recrystallized
grains are found in the detailed view on the extruded rod gufa 3.4.

3.4.3 Microstructure evolution along middle axis

For a further investigation on the grain microstructureletion based on EBSD measurements,
a number of additional points along the symmetry axis in tnater of the billet are selected.
In this section the material faces a rather moderate pldsfarmation and it can be assumed
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Figure 3.8: Contour of half section of a partly extruded bibé EN AW-6060. EBSD mea-
surement point positions marked by circles. Black lines spdabeled deformation zones.
Dashed line marks zone of recrystallized grains at die infladl inside extruded rod.

that SRX caused by the experimental conditions has only amnifioence on the final mi-
crostructure. Exemplary of the general microstructuraketigment as a whole in this region,
the five measurement points are placed as follows: M1 is éocgi mm in front of the die
inflow according to the point of origin indicated in Figuré83M2 has a distance df) mm to-
wards the die inflow. Points M3 and M4 are located directlyrant of and inside the die inflow
respectively. The position of point M4 is shift8d> mm from the middle axis due to specimen
preparation but is still located in zone C introduced in Fgg8.4. Finally, M5 is located mm
away from the die inflow. Point M5 is identical to point A6, tB8SD based micrograph of
which has already been discussed in the previous section.

The grain and subgrain evolution along the middle axis obiliet is reflected by the EBSD
micrographs shown in Figure 3.9. Grain fragments smalken the threshold of five data points,
i.e. 34 un?, and data points with @ < 0.1 are filtered. The microstructure at point M1 in Fig-
ure 3.9b is still dominated by grains with a moderate elangabwards the die. The subgrain
structure evolution is in an early stage and theGBs > 3° do not form a generally closed
mesh. There is a weak tendency of the LAGB arranging parallgie direction of extrusion.
With increasing deformation the misorientation of thesedBA\continuously increases, finally
leading to an assembly of parallelly aligned thin elongajeains separated by HAGB due to
CDX. The majority of grains show an orientation towakd81) but a number of grains with
random orientation can be found as well. The mean grain sige¢30 pun¥, if including incom-
plete grains, so that the effective grain size is comparahtlee initial grain size.

At point M2 the elongation of the existing grains proceeds l@ads to a banded microstruc-
ture shown in Figure 3.9c. A distinct subgrain structureseallby DRV can be observed es-
pecially in the most elongated grains. Here, the LAGB areradad perpendicularly to the
longitudinal direction. In combination with the serratiohthe HAGB this leads to a detach-
ment of grain fragments when the opposite HAGB get in contdtth represents the GDX
mechanism. Detached grain fragments with an approximatertiion of the former subgrains
are marked by arrows in Figure 3.9c. Additionally, evolvidgGB parallel to the HAGB are
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(a) Color map

(f) Point M5 - inner rod

Figure 3.9: EBSD based micrographs by Grainplot at measurepwnts following a path
along the middle axis of a partly extruded billet of EN AW-80&ee Figure 3.8 for measure-
ment point positions. Grain colors according to orientatidangle in subfigure a. Bold black
lines indicateHAGB > 15°, narrow gray lines indicateAGB > 3°. Minimum grain size filter

is 34 pm?; minimum CI of 0.1.
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Figure 3.10: Restored and filtered EBSD micrograph by Gratragigoint M4 in partly ex-
truded billet of EN AW-6060. See Figure 3.8 for measuremembtppositions. Grain colors
according to orientation triangle in Figure 3.9 a. Bold bléinks indicateHAGB > 15°, nar-
row gray lines indicaté.AGB > 3°. Only closed LAGB shown. Minimum grain size filter is
34 un?; minimum Cl of 0.1.

found which start to lengthwise split the existing grainsheTorientations of the individual
grains vary between several directions.

In the micrograph of point M3 given in Figure 3.9d a similaaigr microstructure to the
one at point M2 can be observed. The grain elongation is listisctive, but again numerous
LAGB split the existing grains into subgrains. The graireatations now tend more t001)
and(101) directions.

The microstructure of point M4 in Figure 3.9e shows that theds of parallel HAGB be-
come finer. A large number of small scale LAGB fragments isitbinside the existing grains.
A further comparison with a filtered micrograph depicted igufe 3.10 reveals a subgrain
structure inside the grains which is however comparableototep M3 and M4, though. The
serrated shape of the HAGB and the LAGB structure indicageirifiluences of GDX. In the
upper quarter of the micrograph a detached fragment andeitléng of the originating grain
are marked by arrows.

After passing the smallest diameter of the die, the grainresicucture is not affected by
dynamic processes such as DRV/GDX or CDX. Therefore, theasiarcture consisting of
elongated grains and globular-shaped subgrains at poirai8&emains preserved in point M5
as shown in Figure 3.9f. Nevertheless, at this temperagwe,| SRX may occur if sufficient
energy is stored inside the grains due to the previous pldstormation.
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Figure 3.11: Mean grain area size at different measuren@ntgin partly extruded billet of
EN AW-6060. See Figures 3.6 and 3.8 for measurement poiitigqos  Statistics by Grainplot
include grains and subgrains which are not completely &statside the micrographs.

3.4.4 Microstructure statistics
Grain size evolution

The micrographs of the different deformation zones andgtbe middle axis shown in Fig-
ures 3.7 and 3.9 already indicate a significant reductiorramgsize while the material moves
towards the die. The grain size evolution inside the billdEN AW-6060 during extrusion is
statistically summarized in the diagram in Figure 3.11. Tignet gray bars represent the mean
grain area size of grains separatedtby¥GBs > 15° and the dark gray bars indicate the mean
area size of subgrains separated ByGBs > 3°. The mean grain area in the diagram includes
grains and subgrains which are not completely located entsid micrograph. Especially large
and elongated grains at the outer regions of the micrograplt. Thus, the grain size is
generally underestimated and the variance in grain sizediisated by the standard error bars.
Nevertheless, the tendency of grain refinement during ttres®n process can be clearly seen
in Figure 3.11. The grain areas of the static recrystalladts A3 and A4 are not included in
this discussion since their microstructure results froatistrecrystallization processes which
occurred after interrupting the extrusion process.

The mean grain size af710 un¥ at point Al in the DMZ is comparable to the initial grain
size in the billet before starting the extrusion processcdntrast to this, the mean grain area
size1587 u? of point A2 reflects the significant grain refinement by a facfo4.85 in the SIZ
due to DRV and GDX processes. The other points are all loéatdst MFZ in decreasing dis-
tance to the die. Starting with moderately elongated graitisa mean grain size @432 punm?
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Figure 3.12: Normed grain boundary fraction developmeme@isurement points in different
deformation zones of partly extruded billet of EN AW-606GeS-igure 3.6 for measurement
point positions inside billet.

at point M1, the mean grain area continuously decreases &tua vf2777 un? at point M5.
Only in point M2 a reduced mean grain size is observed whielire&ady at a level comparable
to point M6. This also corresponds to the distinct subgraincsure observed in the micro-
graph of this point in Figure 3.9c which indicates preserfay/oamic microstructure evolution
processes. Generally, the tendency of decreasing areadstabe observed for subgrains in
Figure 3.11. The smallest subgrain size is found at pointrAthe SIZ with a mean area of
614 un?. In the MFZ the subgrain evolution starts with a mean sizé4afl un¥ at point M1
and quickly saturates at a mean subgrain siz€@funy which is detected at the points M2 —
M5.

Besides the grain size development, the evolution of graimBaries can also be analyzed
on the basis of EBSD data. The normed grain boundary fractiepgted in Figure 3.12 are
obtained from the EBSD micrographs shown in Figure 3.7 wiipeet to grain size filtering.
The fractions of LAGB and HAGB contained in the micrographesseextracted and normalized
according to line thickness and micrograph dimensions.ndmmed grain boundary fraction is
generally influenced by the grain shapes, since elongatedsgwith jagged boundaries have a
longer grain boundary as a globular-shaped grain of eqaal grea size. A detailed description
on the generation of normed grain boundary fractions isrgimeSection 2.2.3.

The grain boundary fractions determined from the microlgsap Figure 3.7 have to be an-
alyzed group-wise since different evolution processegltr@s incomparable microstructures.
The points Al and A2 located in the DMZ and SIZ respectiveyeéha comparable normed
HAGB fraction of ~ 0.063, although the mean grain size of point A2 is less thafit com-



94 CHAPTER 3

0.20 ‘ ‘
[ 1 HAGB > 15°
B 3° < LAGB < 15°

0.15}

0.10}

normed grain boundary fraction (—)

| |—I |—I
0-00 M1 M2 M3 M4

measurement points

M5

Figure 3.13: Normed grain boundary fraction developmentedsurement points along middle
axis of a partly extruded billet of EN AW-6060. See Figure f&il8measurement point positions
inside billet.

pared to point A1l. Both micrographs differ in scaling but amfjuiences caused by this disap-
pear during normalization according to the micrograph.sizerthermore, the micrograph of
point Al given in Figure 3.7a contains a number of small ggavhich compensate the increase
of the normed HAGB fraction due to grain elongation obsernvetthe micrograph of point A2
in Figure 3.7b. Although the shear deformation in the Sid$et® distinct subgrain structure at
point A2, the large number of partial LAGB at point Al resutisa normed LAGB fraction of
0.126 which is almost three times higher than the valu®.087 observed at point A2.

The coarse grain microstructure at points A3 and A4 in therdiew and die region devel-
ops during nucleation based grain growth SRX which consuhesubgrain structures in the
initial grain interior. Only at point A3 some LAGB remain wéithe micrograph of point A4 in
Figure 3.7d is almost free from LAGB which is reflected by a#/lnormed LAGB fraction of
0.004. The influence of a different scaling is again suspended byalization. Since both mi-
crographs consist of only a few large globular-shaped graire correspondig normed HAGB
fraction of 0.04 is significantly lower compared to point A2, for example. e bne hand
the microstructure at point A5 in the MFZ mainly consists lmingated grains with a compa-
rable low normed HAGB fraction 0f.035. On the other hand the subgrain structure features
a large number of short partial LAGB which is expressed byhigé normed LAGB fraction
value0.106. The proceeding GDX leads to more serrated shape of thesgaaid to partial
fragmentation which increases the normed HAGB fractiona.@46. At the same time the
partial LAGB attach, and separate subgrains which are fféAGB evolve. In consequence
the normed LAGB fraction drops t@047.
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Figure 3.14: Evolution of misorientation at measuremetmsan different deformation zones
in partly extruded billet of EN AW-6060. See Figure 3.6 forasarement point positions inside
billet.

With a coincident decrease in mean grain and subgrain azeagsien in Figure 3.11, the
grain boundary fractions tendentially increase for bathGB > 15° and3° < LAGB < 15°.
The weakly distinctive subgrain structure in the micrograpown in Figure 3.7a, obtained at
point M1 in the MFZ, is reflected by the significantly smallermed LAGB fraction 0f).024.

In the micrograph of point M2 in Figure 3.7c several detachedn fragments due to GDX

can be found which are partly marked by arrows. The compgatagh number of these small
grains additionally raises the normed HAGB fraction of pdi2 to 0.05. In contrast to this, the

micrograph of point M4 in Figure 3.7e shows a subgrain stmgctontaining a large number
of short LAGB which do not entirely enclose subgrains. Néweless, these partial LAGB
contribute to the normed LAGB fraction 6f1 obtained at point M4,

Misorientation evolution

The orientation information offered by the EBSD techniquesied to determine the misorienta-
tions between each data point and its neighbors. The meamiemtation for each measurement
point in the different deformation zones of the EN AW-606thgée is given in Figure 3.14 for
LAGB < 15° only, as well as for HAGB> 15°. Generally, for microstructures with large
homogeneous orientated grains with no or only weak subgtairctures, both misorientation
values tend towards low values. This is evident for the rtaitiized microstructures of both
points A3 and A4, the mean misorientation values of which2a269° and2.54°. Since the
formally existing subgrain structures mostly vanishedrySRX, the mean misorientation of
LAGB only stagnated at significantly lower levels@808° for A3 and0.423° for A4.
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Figure 3.15: Evolution of misorientation at measuremenntscalong middle axis of partly
extruded billet of EN AW-6060. See Figure 3.8 for measurermemt positions inside billet.

The mean misorientation valué228° and2.045° of the initial microstructure at point C1
in the DMZ are comparably high due to the large number of paltAGB inside the existing
grains. The reorientation of the grains during plastic skeformation in the SIZ then reduces
the mean misorientation th198°. The main contribution here is the large number of HAGB
between the elongated and partially refined grains. The ruiwibLAGB is now significantly
lower leading to a mean LAGB misorientation of only % compared to point A1. Regarding
the mean misorientation angle, the points A5 and A6 in the MFZhe billet show similar
values of~ 3.50°. A significant reduction of LAGB from point A5 to A6, howevdeads to a
decrease in the mean LAGB misorientation of more th@tt from 1.903° to 1.102°. A large
difference in the orientation is only expected at the graith subgrain boundaries. As shown in
Figure 3.12 the maximum fraction of boundaries in the mictasure lies betweeh) ~ 15 %.
Therefore the variance and the derived standard error ohtberientation is one to two orders
of magnitude smaller than the observed misorientationeglu

The misorientation evolution at the measurement pointscatoiddle axis of a partly ex-
truded billet of EN AW-6060 summarized in Figure 3.15 regeab clear tendency if taking
HAGB into account. Depending on the measurement point thennmeisorientation angles
vary betweent.00° and2.56°. The mean LAGB misorientation angle slightly increasesrayu
the material flow from the billet center towards the die fro4° at point M1 up tol.102°
at point M5. Since the micrograph of point M4 contains a higkGB fraction according to
Figure 3.13, an increased mean misorientation angle ofstl2ias also observed. The mean
values of the misorientation are derived from the corredp@nmisorientation histograms of
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each measurement point. All misorientation histogram#efioints A1-A6 and M1-M5 can
be found in Section B.1 in the appendix of this work.

Inverse pole figures

For a correct interpretation of the IPFs the directions ND, &1 TD have to be defined in
the corresponding micrographs. In the following, the RD poto the right of all EBSD mi-
crographs, and therefore the impact of grain orientatiggnedent on the microstructure, can
be most significantly determined at measurement pointseérMkZ and especially along the
middle axis of the billets where the material flow is paralteRD. In order to obtain a right-
hand orthorgonal sample coordinate system, TD points usvarthe micrographs while ND
is orientated perpendicularly to RD and TD pointing out of itnage plane. All discrete IPF
plots presented in this chapter are produced by Grainpiogubke algorithmic implementation
described in Section 2.2.3.

A representative selection of IPFs of the different defdramazones in the partly extruded
billet of EN AW-6060 is depicted in Figure 3.16. Smearingloé usually concentrated pattern
in all IPFs in Figure 3.16a is caused by the subgrain straablnserved in Figure 3.7a. The
resulting homogeneous shading of the IPFs proves the ramgdaim orientation of the initial
microstructure in the DMZ at point A1. The IPFs of point A2 ilg&re 3.16b reveal the starting
texture development during plastic deformation in the Sifhough the EBSD based micro-
graph in Figure 3.7b contains a large number of elongateidgrthe evolving texture due to
grain alignment is rather diffuse. For point A2 it has to besidered that the RD is rotated by
an angle ot~ 45° related to the direction of material flow.

Representative for the MFZ and the measurement points atengniddle axis of the billet,
the IPF of point A6 located in the center of the exiting rodhswsn in Figure 3.16c. The IPF
related to RD shows a strong texture in the directioit¥)) and (111), found with different
intensities for all points in the MFZ and the exiting profikenter. According to Bunge (1971),
this kind of texture is typical for rotationally symmetritagtic deformation in RD which can be
expected in the MFZ nearby the middle axis of the billet. Tomplete collection of discrete
IPFs obtained for the points A1 — A6 and M1 — M4 can be found egppendix in Section C.1.
Here, especially the recrystallized grain microstrucue to SRX at points A3 and A4 lead
to less distinctive texture. Since the recrystallizationsumed almost all LABGs in the grain
interiors, the stereographic projections of the individyrains produce sharp patterns.

3.5 Characterization of EN AW-6082

3.5.1 Deformation zones and mesoscopic microstructurelojement

The half section of the partly extruded billet of EN AW-60&2depicted in Figure 3.17. The
general shape is comparable to the partly extruded bill&NdAW-6060. The differences in
contrast in the scanned image allow to identify the threemedtion zones DMZ, SIZ and MFZ
which are labeled and indicated by black lines in Figure 3Tffe brightness of the die area
and the extruded rod makes it hard to recognize the micrdsteliespecially at the die inflow.
Nevertheless, the rod shows a banded texture of elongaddusghroughout the complete di-
ameter. In contrast to the sample of EN AW-6060 no individiades with different grain sizes
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Figure 3.16: Selected discrete inverse pole figures by @lainf measurement points in differ-
ent deformation zones in partly extruded billet of EN AW-60&ee Figure 3.6 for measurement
point positions.
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]
EN AW-6082

Figure 3.17: Half section of a partly extruded billet of EN A8U82. Black lines separate
labeled deformation zones. Underlying LOM macro scan intageourtesy of the Institute of
Forming Technology and Lightweight Construction (IUL) at Ddrtmund University.

Figure 3.18: Contour of half section of a partly extrudedabitsf EN AW-6082. EBSD mea-
surement point positions marked by circles. Black lines spdabeled deformation zones.

or shapes are visible. Large grains indicating the appearahSRX and secondary recrys-
tallization are not found at the observed cutting surfacthefextruded profile and remaining
billet.

3.5.2 EBSD measurements in different deformation zones

The positions of the EBSD measurement points in the partlyidet billet of EN AW-6082 are
given in Figure 3.18 which shows the outline of the billet &mel deformation zone boundaries
for orientation. Point B1 is located inside the deformatiome with a distance of 13 mm
towards the SIZ. The points B2 and B3 are located in a distanee f mm following the
material flow from the SIZ into the die inflow. Furthermoree thoints B4 and B5 are located
at a stream line segment with 15 mm in length inside the MFZ.

The EBSD results obtained at the five measurement points ohffeeent deformation zones
in partly extruded billet of EN AW-6082 are presented in FgB3.19. Instead of undeformed
globular-shaped grains, the microstructure of point Blated inside the assumed DMZ, shows
a banded structure of elongated grains. The longitudired akthe grains point towards the die



100 CHAPTER 3

[111]
J -
[001] [101] ‘ f:() pm

l"l

(a) Color map

(e) Point B4 - MFZ f) Point B5 - inner rod

Figure 3.19: Restored EBSD based micrographs by Grainpldifferent deformation zones in
partly extruded billet of EN AW-6082. See Figure 3.18 for mi@@ment point positions. Grain
colors according to orientation triangle in subfigure a. Baktk lines indicatélAGB > 15°,
narrow gray lines indicateAGB > 3°. Minimum grain size filter isl7 pn?; minimum CI of

0.1.
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inflow and the distinct subgrain structure implies the pneseof plastic deformation. Although
located in significant distance to the SIZ as identified in kM macro scan image of the
billet, the characteristic influences of material flow on grain microstructure can be found
at the position of point B1. In contrast to the subgrain strreeidentified at point Al in the
DMZ of the billet of EN AW-6060, this deformation is primayicaused by shear during the
extrusion process and does not result from the extractidimeobillet from the press. The grain
microstructure evolution induced by the plastic deforomatat point B1 prohibits its use as
undeformed reference microstructure. According to thercobding of the orientation triangle
given in Figure 3.19a, the grain orientation of point B1 is deaied by the direction&l01) and
(111) as well as variations in between.

The grain microstructure inside the SIZ is exemplarily shdwy the micrograph at point B2
in Figure 3.19. The vast majority of grains separated by HA®® characterized by an elon-
gated shape with longitudinal axes orientated parallehé&odirection of shear. The subgrain
structure consists of several GNB which lie parallel to thegiitudinal axes to compensate the
shear deformation. Furthermore, the existing stretchathgiare split into subgrains by LAGB
perpendicular to the direction of elongation. Togethehwiite observed serrated shape of the
HAGB this indicates the influence of DRV and GDX on the graircrostructure evolution.
The fragmentation of the existing grains leads to signitiggain area size reduction of approx-
imately two-thirds compared to point B1.

With further material flow inside the SIZ, the process of GDgeeds which leads to the
grain microstructure of Figure 3.19d observed at point B3hm outer region of the die in-
flow. The former microstructure consisting of elongatedrggat point B2 now evolves into
an assembly of moderately elongated grains of half mean &eains which are not already
fragmented show a sub structure of numerous subgrains déssize. The orientation of the
majority of grains tends towards directighl 1). The grain microstructure observed at point B3
significantly differs from that found at point A3 in the EN ABB60 alloy shown in Figure 3.7c.
In contrast to EN AW-6060 the experimental conditions in ¢lger region of the die inflow
of the partly extruded billet of EN AW-6082 do not facilita®RX. In consequence the refined
microstructure at this point remains conserved.

The EBSD based micrograph of point B4 in the MFZ depicted in E@u19e reveals a grain
microstructure quite similar to the one found at point B1 ia #ssumed DMZ. This includes
comparable sizes in grain and subgrain sizes and the tepdég@in orientation towardd 11)
as discussed in the following microstructure statistictisa. The similarity of the microstruc-
tures of points B4 and B1 suggest that both points experiensaahikar deformation history
although located in different deformations zone with aatise of more than0 mm as shown
in Figure 3.18.

The primary characteristic of the micrograph in Figure 8.b®served at point B5, is the
distinct subgrain structure. Existing elongated graimmsgted by HAGB are split into several
subgrains which are also predominately elongated in dineaif material flow to the right.
Especially in the lower section of the micrograph, the LAGBned into HAGB due to CDX
leading to a significant reduction in grain size.
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Figure 3.20: Mean grain area size in different deformationes in partly extruded billet of
EN AW-6082. See Figure 3.18 for measurement point positi@tatistics include grains and
subgrains which are not completely located inside the rgienohs.

In contrast to the samples of EN AW-6060, the EBSD based miapdt obtained from the
partly extruded billet of EN AW-6082 show no significant esicte of SRX during the resting
time in the heated press until release of the billet. Themaigelongated grain shapes as well as
the subgrain structures inside the existing grains ared@ireach of the measurement points.
The absence of SRX is also reflected by the grain size stat@iscussed in the following.

3.5.3 Microstructure statistics
Grain size evolution

The mean grain sizes depicted in Figure 3.20 are obtainedtfie micrographs in different de-
formation zones shown in Figure 3.19. Generally, the meamg@rrea sizes in the partly extrude
billet of EN AW-6082 are25 % of the size found at the comparable measurement points in the
EN AW-6060 billet. Point B1 in the DMZ shows the largest graiaasize of~ 1950 un? but
the elongated grain shapes in the micrograph in Figure Bnpfies the occurrence of signifi-
cant plastic deformation in the proximity of this measuratymint. The plastic deformation is
also responsible for the evolution of subgrains with a meean aize of~ 460 un¥. In the SIZ
at point B2 the grain elongation is even more evident and tbhegsses of DRV and GDX lead
to a reduction of grain and subgrain size dowit36 um? and205 pun?, respectively. This ten-
dency proceeds during the material flow towards the die tiaguh a minimum grain area size
of 335 un? at point B3 located in the die inflow. Coincident with the meaaiigarea reduction,
the subgrain area size also decrease2tqun?. A saturation of minimum grain and subgrain
area size can be expected in the order of the values obtaamgmbint B3. The mean grain
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Figure 3.21: Normed grain boundary fraction developmeuliffierent deformation zones of a
partly extruded billet of EN AW-6082. See Figure 3.18 for si@ment point positions inside
billet.

and subgrain area sizes determined at point B4 in the MFZ anpar@ble to those obtained at
point B1 but approximately decreased Xy% and15 %, respectively. Due to DRV and GDX
the grain and subgrain sizes in MFZ evolve similarly to th& Sbo that the mean grain area
size reduces t660 um? and the mean subgrain area size decreas&&3tpn? at B5 at the die
inflow region. Due to the large variation in grain size esgligbf the elongated grains at points
B1, B4 and B5, the mean grain area sizes show a comparably higihestberror indicated by
the black bars in the diagram in Figure 3.20. This effect enewmtensified by also taking the
incomplete grains which are cut at the micrographs edgesaittount.

The grain microstructure evolution based on the fractidiggain and subgrain boundaries in
the micrograph depicted in Figure 3.19 is summarized by idigrdm in Figure 3.21. Obviously
no SRX takes place after interrupting the extrusion procéedsedEN AW-6082 billet. Accord-
ingly, the development of the normed grain boundary fratimside the different deformation
zones is more comparable to the fraction evolution alongriuglle axis of the EN AW-6082
billet shown in Figure 3.13 than inside the deformation zogigen in Figure 3.12.

The microstructure of point Bl is already affected by plasgtormation predominantly
leading to elongated grains similar to those observed inlMR&. Therefore, the points B1,
B4 and B5 are handled as a group of points with decreasing destmvards the die. This
grouping is also based on the results of the mean grain azeasitistics in Figure 3.20. In
this case, the normed HAGB fraction continuously incredsas 0.044 at point B1 t00.048 at
point B4 and finally up t@.065 at point B5. This fraction growth results from the grain refine
ment and the more serrated shaped grain boundaries due to GigXhormed LAGB fraction
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Figure 3.22: Evolution of misorientation at measuremetmsan different deformation zones
in partly extruded billet of EN AW-6082. See Figure 3.18 foeasurement point positions
inside billet.

correspondingly increases fropr)45 to 0.057 and finally t00.089. At all the points there is a
distinct subgrain structure inside the grains, the fractbwhich is constantly higher than the
normed HAGB fraction. A comparable tendency in the grainfutauy fraction development is
also evident for the remaining points B2 and B3 both located stnemm line of material flow
inside the SIZ. Here the shear deformation already lead®tous grain structure with small
globular-shape grain fragments due to GDX. In consequetheenormed HAGB fraction at
these points 0.08 and0.107 is significantly higher than in the MFZ. Also the normed LAGB
fraction increases from.056 at point B2 t00.064 at B3 but remains lower than the normed
HAGB fraction due to the comparably small mean grain areassiz

Misorientation evolution

The evolution of misorientation in the different deforneatizones in the partly extruded billet
of EN AW-6082 in Figure 3.22 shows a different behavior théaserved for EN AW-6060 in
Figure 3.14. The absence of SRX preserves the evolved satsgracture after interrupting the
extrusion process so that the mean subgrain misoriensagioall points lie betweef9° at B1
and1.37° at point B5.

Basing on the same grouping of points used in the discussidheograin size evolution
in EN AW-6082 during extrusion, the mean HAGB misorientataf the points B1, B4 and
B5 continuously increase from90° to 3.62° and finally to4.61°. This misorientation growth
goes along with the HAGB newly formed during grain refinemeéné to GDX. The plastic
deformation in the SIZ intensifies the grain refinement atpgbiats B2 and B3 which is also
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reflected in the increase of the mean HAGB misorientatiomf§ol1° to 6.84° on a comparably
high level. The misorientation histograms of the measurgmpeints B1-B5 which are the basis
of the mean misorientation angles presented here can bd foBection B.2 in the appendix
of this work.

Inverse pole figures

The texture development inside the different deformatiomes in the partly extruded billet of
EN AW-6082 is depicted in the IPFs in Figure 3.23. In comparito the observed random
microstructure at point Al in the DMZ of the EN AW-6060 speem the microstructure at
DMZ point B1 in Figure 3.23b already shows a weak texture towat01) and(111) so that
the IPF in RD is more similar to the one found at point A2 in Fg8r16. Furthermore the
direction of material flow and related grain elongation imparable at these two points.

Focussing on the RD IPF, the texture at point B2, located in th®@&he billet and presented
in Figure 3.23b, forms in the directiond00) and (111). This tendency is more evident in
Figure 3.23c which depicts the IPFs of point B5 located at timeii rod near the die orifice.
The points B3 and B4 show a less distinctive texture evolutioiineéir RD IPFs which can be
found in the appendix Section C.2.

3.6 Characterization of EN AW-7075

3.6.1 Deformation zones and mesoscopic microstructurelojement

Figure 3.24 shows a scanned LOM image of the half sectioneptrtly extruded billet of
EN AW-7075 which has the same diameters for the billet anduded rod as the billets of
EN AW-6060 and EN AW-6082. The initial billet length is shemed to140 mm, which is
almost half the length of the other billet, to keep the rantésrduring the extrusion process
inside the limits specified by the used press. The reducefHent the billet does not influence
the general development of the deformation zones whichadreléd and separated by black
lines in Figure 3.24. Position and shape of the deformatmreg are both comparable to the
other experiments discussed in the sections before. ThHeeddme overlaying the extruded
rod marks the transition between two zones with differeairgmicrostructure in the profile.
The outer zone is characterized by small scaled fine graitiseasurface, the size of which
continuously increases until a depth-of5 mm inside the profile. The microstructure inside
a diameter oft5 mm around the symmetry axis of the extruded rod is dominayeal tmixture

of globular-shaped recrystallized grains and elongatathgy the fraction of which increases
towards the rod center. The detailed view of the die inflonaasyeals no evidence of SRX
which massively influences the grain microstructure of EN-BU60 in this region as visible in
the detailed view in Figure 3.6. The cross section reducidhe die leads to the development
of a miniature DMZ and SIZ which are marked by arrows in theadled view. A similar
development of secondary deformation zones inside thenfiani is not evident in the partly
extruded billets of EN AW-6060 and EN AW-6082.
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Figure 3.23: Selected discrete inverse pole figures by @latinf measurement points in dif-
ferent deformation zones in partly extruded billet of EN A082. See Figure 3.18 for mea-
surement point positions.
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Figure 3.24: Half section of a partly extruded billet of EN AXW75. Black lines separate
labeled deformation zones. Detailed view on inflow regionastrast improved. Underlying
LOM macro scan image by courtesy of the Institute of Formieghhology and Lightweight
Construction (IUL) at TU Dortmund University.

3.6.2 EBSD measurements in different deformation zones

In Figure 3.25 the positions of the EBSD measurement pointarpartly extruded billet of
EN AW-7075 are marked by black circles. Point C1 is placedlimthe DMZ and has a distance
of ~ 20 mm to the border between DMZ and SIZ. Inside the SIZ the poinh@i3e outer region
of the die inflow follows point C2 in a distance ef 45 mm. Taking the secondary deformation
zones inside the die inflow into account, the position of C3 2 quivalentinside. The points
C4 and C5 are both placed inside the MFZ with a distance &0 mm from each other. As
indicated by the dashed line at the die inflow, C5 is placed eg#on in which predominantly
globular-shaped recrystallized grains are found in theoswspic LOM image in Figure 3.24.

The grain microstructure at point C1 in the DMZ of the partlyreged billet of EN AW-7075
in Figure 3.26b consists of globular-shaped grains with amyggain area size of 1200 pne.
The subgrain structure is only weakly developed which iatdis the absence of plastic defor-
mation in this region. According to the color coding in théeatation triangle in Figure 3.26a,
the grains at point C1 are randomly orientated.

The mean grain and subgrain sizes at point C2 in the SIZ as showigure 3.26¢ are
approximately half the size compared to the initial mianosture in the DMZ. Except one
large elongated grain in the micrograph center, all othaingrare significantly smaller and
only slightly elongated. The arrangement of the subgraiurcsires indicate that this decrease
in grain size is a result of DRV and GDX. The subgrain strueianside the single, still existing
large elongated grain sketches this process of grain fragatien. The grains observed at
point C2 have only a weak orientation preference and varydatp01) and(111).

At point C3 in the die inflow region in Figure 3.26d the obsergeain microstructure is very
similar to the one obtained at point C1 in the DMZ regardingdhserved grain and subgrain
sizes. The majority of grains is characterized by a globsite@pe and a sporadic distribution of
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Figure 3.25: Contour of half section of a partly extrudedaitsf EN AW-7075. EBSD mea-
surement point positions marked by circles. Black lines sepdabeled deformation zones.

few subgrains. The missing subgrain structures and thenabs# grain elongation suggest the
occurrence of SRX in this region. The preferred grain origona tend towardsl11).

The EBSD measurements at the points C4 and C5, depicted in EigLa@e and 3.26f, are
showing a coarse grain structure with significant largernmszes than observed in the DMZ.
The grains at point C4 are all elongated in direction of matdlow, whereas some grains at
point C5 show a globular shape. At both points only few sulbgsaiuctures are found which
affiliates the general occurrence of SRX in the MFZ. This agdion is supported by the fact
that no strongly preferred orientation is found at point C5.

The recrystallization in the partly extruded billets of ENVA’075 affects the MFZ and
the die/die inflow region but not the SIZ at point C2 under theegiexperimental conditions.
This situation is totally different from the recrystallizan observed in EN AW-6060, where all
regions undergoing significant plastic shear deformafmints A3 and A4, die inflow region)
contained sufficient energy to drive SRX after interrupting éxtrusion process.

3.6.3 Microstructure statistics
Grain size evolution

The grain size evolution in the three deformation zoneserpértly extruded billet of EN AW-
6082 shown in Figure 3.27 varies from the one observed fobilhet of EN AW-6060 and
EN AW-6082 due to a different occurrence of SRX. Here, the 18088 in the MFZ, as well
as C4 and C5 in the die inflow region, show a grain coarseningedaog SRX which comes
along with a significant reduction of subgrain structuresida the grains. According to the
determination method of the subgrain sizes as discussegtiing 2.2.3, the obtained subgrain
sizes are heavily overestimated for these three points@r@¥. Therefore, only the grain size
evolution of these grains is discussed here while the tddilAGB development follows in the
description of the normed LAGB fraction below. With respecthe observed maximum mean
grain area sizes, the results of EN AW-7075 aré0 % of the size obtained for EN AW-6060
but ~ 200 % compared to EN AW-6082.
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o N

(b) Point C1 - DMZ

(d) Point C3 - die inflow

(e) Point C4 - MFZ (f) Point C5 - inner rod

Figure 3.26: Restored EBSD based micrographs by Grainpldifferent deformation zones in
partly extruded billet of EN AW-7075. See Figure 3.25 for si@@ment point positions. Grain
colors according to orientation triangle in subfigure a. Buaktk lines indicatdlAGB > 15°,
narrow gray lines indicateAGB > 3°. Minimum grain size filter isl7 pn?; minimum CI of

0.1.
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Figure 3.27: Mean grain area size in different deformationes in partly extruded billet of
EN AW-7075. See Figure 3.25 for measurement point positi@tatistics include grains and
subgrains which are not completely located inside the rgienohs.

The grain size found at point C1 in the DMZ has a mean grain azea$§1222 un?. In the
micrograph of point C2 located in the SIZ, the grain refinentkre to GDX leads to a grain
size reduction ofv 42 % of the initial value. The evolving subgrain structure résih a mean
subgrain area size @ft7 unm? which is similar to the subgrain size determined at the aymale
point B3, though which is located closer to the die inflow. Ttatisally recrystallized grains at
point C3 have an almost identical mean area as found for thalimicrostructure at point C1
in the DMZ. This also includes the size variance displayethieystandard error bar. At points
C4 and C5 in the MFZ the SRX generates larger grains with only & welagrain structure and
mean grain area sizes 8668 un? and2969 un?, respectively. Since most of the large grains
observed at these points are not completely located inseladcording micrographs, the mean
grain area sizes of C4 and C5 are surely underestimated. Toa¢de influence of incomplete
grains in the micrograph on the grain size statistics, &ttt EBSD measurements covering
a four times larger area 660 um x 500 um have been performed near points C3, C4 and C5.
The mean grain areas determined at C4 then increag9qun? while the result ofl 100 pm?
at point C3 remains at the same level as for the measuremestayfeompatible with the grain
size statistics of the other points, incomplete grainsanticrograph’s edges are also included
again. At point C5 the number of low quality data points with a<C0.1 is too large to perform
a reliable micrograph reconstruction and - in consequertoedetermine the microstructure
statistics.

The normed grain boundary fraction diagram in Figure 3.2@cts the grain size and grain
boundary evolution due to SRX at the measurement points. gE*xeeC2 in the SIZ, none of



3.6 Characterization of EN AW-7075 111

0.20

[ 1 HAGB > 15°
B 3° < LAGB < 15°

0.15f

normed grain boundary fraction (—)

0.10}
0.05]
00071 02 C3 4 5

measurement points

Figure 3.28: Normed grain boundary fraction developmentifferent deformation zone of a
partly extruded billet of EN AW-7075. See Figure 3.25 for si@ment point positions inside
billet.

the micrographs of EN AW-7075 in Figure 3.26 show elongated fsagmented grains from
GDX. Accordingly, the highest normed HAGB fraction@f72 is found here. Furthermore the
distinct subgrain structure evolving during shear defdromdeads to a normed LAGB fraction
of 0.045. Comparable to the grain area sizes determined for EN AW-70&se values lie
between the fraction of EN AW-6060 and EN AW-6082. The almdsntical grain sizes of
C1 and C3 also lead to similar normed HAGB fractions~0f0.04. However, the subgrain
structure in point C1 is more evident so that its normed LAG&fion of 0.02 is twice as
high as determined for point C3. The recrystallized micradtires at points C4 and C5 are
characterized by a similar HAGB fraction ef 0.025. A more obvious difference is revealed
by the normed LAGB fraction which is extremely low at point dBcge almost no subgrain
structure is evident. In contrast to this, the partial LAGEBIfid in the micrograph of point C4
still show a significant normed LAGB fraction 6f015.

Misorientation evolution

The misorientation angles determined in the different deédion zones in the partly extruded
billet of EN AW-7075 are depicted in Figure 3.29. Taking iatocount the HAGBS> 15°, the
level of misorientations is comparable to the one obtaimetthé different deformations zones
in the EN AW-6060 billet in Figure 3.14. The maximum misot&ion angle ofl.8° is found
at point C2. Here, the grain refinements due to GDX increasatmeber of grains in the
micrograph which causes the raise of the misorientatioe. milcrostructures of point C1 in the
DMZ and point C3 in the SIZ at the die inflow are similar regagdmean grain area size and
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Figure 3.29: Evolution of misorientation at measuremeitmsan different deformation zones
in partly extruded billet of EN AW-7075. See Figure 3.25 foeasurement point positions
inside billet.

grain boundary fraction. This also holds true for the misotations angles which aged° and
2.7°. The misorientation angles obtained for the recrystadlipoints C4 and C5 both located in
the MFZ have a lower value of 1.85° although the micrographs reveal no distinct orientation
texture in the micrographs. The comparably low misorieotaaingle rather results from the
fact that only a few large grains can be evaluated which arglgnbomogeneously orientated
and contain no distinct subgrain structures.

The absence of distinct subgrain structures in the miarogtres of points C3, C4 and C5
after SRX is responsible for the stagnation of the relativé&sBAmisorientation at- 0.5°. The
weak initial subgrain structure at point C1 in the DMZ with $atve LAGB misorientation
of 0.711° evolves to a distinct network of LAGB splitting the elongdtgrains in the SIZ into
several subgrains which comes along with an increase of therientation td).908°. Refer to
Section B.3 in the appendix of this work for the misorientatiestograms of the measurement
points C1-C5 from which the mean misorientation angles argetéer

Inverse pole figures

Although a microstructure of rather globular-shaped grambserved in the EBSD micrograph
for point C1 in Figure 3.26b, the according RD IPF in Figure a.3@dicates a significant
texture varying between the directiofig)0) and (111). At least for the IPFs related to TD
and RD a quite similar texture is found in the recrystallizethpC5 in the inner rod at the die
orifice as shown in Figure 3.30c. Due to SRX the grains at C5 adlynivee of LAGB and
the resulting projection pattern are much sharper. In t@ecbthe EN AW-7075 billet a grain
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(c) Point C5 - inner rod.

Figure 3.30: Selected discrete inverse pole figures by @iatiof measurement points in dif-
ferent deformation zones in partly extruded billet of EN A075. See Figure 3.25 for mea-
surement point positions.
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(@) Assembly of globular- and(b) Assembly of predominantly(c) Assembly of predominantly
needle-shaped precipitates iglobular-shaped precipitates imeedle-shaped precipitates in
EN AW-6060. EN AW-6082. EN AW-7075.

Figure 3.31: Precipitates in the DMZ of the different pattruded billets. Courtesy of the
Institute of Forming Technology and Lightweight Constrant{lUL) at TU Dortmund Univer-
Sity.

elongation in the microstructure is found which is likewisand at the SIZs of the other billets.
However, a distinct texture evolution cannot be found inlfPlés of point C2 in Figure 3.30b.
For completeness, the IPFs of the points C3 at the die inflowCanid the MFZ are attached in
the appendix in Section C.3. At point C3 a texture is only founthe ND based IPF pointing
towards(111) while the coarse recrystallized microstructure contaimy @ small number of

grains which is not sufficient to pronounce a significantuest

3.7 Precipitations in partly extruded billets

Since the EBSD measurements offer no information on the pitat? evolution, single BSE
SEM images have been recorded at the Lehrstuti\ferkstoffkunde (Materials Science), Uni-
versity of Paderborn. The SEM measurement points are ldcatthe DMZ near point No. 1
marked in each of Figure 3.6 for EN AW-6060 and in Figures &d8vell as 3.25 for EN AW-
6082 and EN AW-7075, respectively.

A comparison of the precipitate distribution and their shég the different alloys is shown
in the BSE SEM images in Figure 3.31. The precipitates in theZDd EN AW-6060 in
Figure 3.31a have an almost equal fraction of globular- amedle-shaped particles with a
distance of5 ~ 10um. The needle-shaped particles have a lengtB.®of~ 4.0 um and a
diameter ten times smaller in size. The mean diameter ofltieitar-shaped precipitatesis-

4 um which is almost the same dimension as the needle diam@éteegprecipitate distribution

of EN AW-6082 is given in Figure 3.31b with a different scalifactor. Note that this image

is tilted by 5°. The particles are predominantly globular shaped with anrgistance of ~

10 um comparable to that of EN AW-6060. The mean size of the pitatés varies between
0.5 ~ 3 um which is slightly smaller than in Figure 3.31a. Figurel®.8howing the precipitate
distribution of EN AW-7075 is dominated by a needle-shapestsized particle ot4.5 um in
length and2.9 um in diameter. The size of the other predominantly neeldégpad precipitates
varies between.5 um and5.0 um. On average, the corresponding diameters of the neadles a
one tenth of their length. Compared to the alloys of the 600@seEN AW-7075 shows a
significantly higher density of precipitates with a meartighe distance of1.0 um. Studies on
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precipitate evolution due to thermo-mechanical procgsamd its modelling are carried out by
of a number of different work groups.

The works of Myhr et al. (2001) and Myhr et al. (2004) desctite general modelling of
precipitate evolution for Al-Mg-Si alloys. Although deadj with EN AW-6022, some of the
results of Miao and Laughlin (1999) can also be adopted teradioys of the 6000 series.
Chang et al. (2009) focused on the effect of natural pre-agmiipe age hardening of EN AW-
6060 while Bergsma et al. (1998) investigated the strengitlgeof a related alloy EN AW-
6069. Particle morphology and distribution in EN AW-6082svetiscussed by Dadbakhsh et al.
(2010) on the basis of TEM images, whereas the evolutionedipitates on atomic level was
investigated by Marioara et al. (2001).

Due to its content of zinc, precipitate evolution and agelaaing behavior of EN AW-7075
differ from the alloys of the 6000 series. The precipitatmhavior during heat treatment of
raw billets of EN AW-7075 produced by squeeze casting werestigated by Kim et al. (2001).
The distribution of precipitates along grain boundaries wavered by the work of Park and
Ardell (1986) and the relationship between particle disttion and grain boundary structure
was investigated by Cai et al. (2007). However, the evolutiggrecipitates in the SIZ and MFZ
strongly depends on the thermo-mechanical conditionsndufie extrusion process. These
influences are not sufficiently reflected by the precipitateserved in the rather undeformed
DMZ. Further investigations, especially under considerabf the precipitation mechanisms,
are necessary in order to describe the mechanical proparttee extrudate depending on the
extrusion parameters.






Chapter 4

Summary and outlook

Abstract — This work presents the results of a visual and statisticatastructure analysis of
the aluminum alloys EN AW-6060, EN AW-6082 and EN AW-7075afthermo-mechanical
processing by direct hot extrusion. In order to captureedifit stages of plastic deformation
of the material, the aluminum billets were partly extruded @ut along the middle axis in
direction of extrusion to reveal the material flow and theoagded microstructural evolution.
Based on macroscopic LOM images, different deformation g@a@ be identified which are
comparable in size and position for each of the partly exddubillets. A conical DMZ forms
along the front face where the material only shows venrlitticrostructure evolution due to the
absence of plastic deformation in this region of the billéte neighboring SIZ is characterized
by a significant grain refinement caused by shear deformatibereas the microstructure of the
MFZ in the billet center consists of elongated grains whi@ha@iented in direction of material
flow towards the die.

Depending on the aluminum alloy, the microstructure insideextruded solid rod signifi-
cantly differs due to recrystallization effects. For EN AAW60 three zones of microstructure
are evident. In the rod center the fibrous grain structur@®MFZ mainly remains except for
a few statically recrystallized grains. The material in thuter zones of the rod originates from
the SlZ, and the stored energy of the plastic deformatioititietes a complete recrystallization
due to SRX. Here, the material of the boundary layer betweZma8tl DMZ which flows to
the rod’s surface shows finer globular grains than the mirotire located more towards the
center line which is due to a larger number of recrystali@anuclei. This leads to a continuous
gradient in grain size in this part of the extrudate. In casitto this, the complete cross section
of the EN AW-6082 extrudate shows no evidence of recrygailbn so that the fibrous grain
microstructure is preserved. The grains inside the rod ethird investigated alloy EN AW-
7075 have completely recystallized to a globular shape. Goatybe to EN AW-6060 the grains
at the rod surface have a smaller mean diameter which cantstyiincreases with larger dis-
tance to the surface. In the region around the center lindibtheus grain structure remains
preserved. Due to the experimental setup, the partly estrimllets rest for~ 10 min in the
heated press until they are released and cooled down to mopetrature. Under these condi-
tions SRX is also facilitated inside the billet, and recrilgtad grains are observed in the die
and die inflow regions as well as in parts of the SIZ of partlyreded billets of EN AW-6060
and EN AW-7075. In the billet of EN AW-6082 no recrystallizgdhins are found at all.

For a more in-depth analysis of the microstructure in thiecght deformation zones, EBSD

measurements were performed at representative pointg dfilitat. The visualization and sta-
tistical analysis of the EBSD data acquired by the commesoéivare OIM is done by the
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newly developed in-house program Grainplot. The impleu@n of the basic concepts and
algorithms is presented as pseudo-code. The generatedtandigely commented Python code
allows full access to every step of micrograph generatiahsatistical evaluation. A special
focus of the software presentation lies in the grain ideraifon and the handling of missing
data points and those points with a low CI. The produced mreqggs, IPFs and microstructure
statistics are independently verified by comparison withrsults of the commercial product
OIM Analysis and the open source Matlab toolbox MTEX.

The EBSD based micrographs generally reflect the same redfultee global grain mi-
crostructure evolution in the different deformation zonéthe partly extruded billet. Further-
more, the EBSD data allows a distinction between grain andrsirb structures with flexible
misorientation threshold values. For the investigatedhalum alloys the LAGBs are defined
in the misorientation thresholds ~ 15° and for HAGBs> 15°. The development of GNBs
and LAGBs due to DRV is observed at measurement points witlolawoderate plastic defor-
mation throughout all investigated alloys. With incregsstrain the evolution of a serrate grain
boundary shape during grain elongation is found which is@dent with the theory of GDX. In
some micrographs the fragmentation of banded grains byhpigoff leads to a characteristic
chain of small scale, globular-shape grains of almost eguahtation which is typical for the
grain refinement by GDX.

The grain and subgrain size distribution for each measunepeint is presented in his-
togram plots. The evolution of the mean grain and subgraessinside the billets allow to
qguantify the dynamic and static recovery and recrystalbraprocesses for further material
modeling which is beyond the scope of this particular worke Texture evolution and grain
alignment during plastic deformation and material flow igegi by discrete IPFs. Furthermore,
the relative misorientation distributions between adjdata points of the EBSD measurement
are visualized by corresponding histograms. The evoluifdhe relative mean misorientation
can be quantitatively derived from the given bar diagrans.cpture the evolution of grain
and subgrain structures during the thermo-mechanicakgsneg, the normed grain boundary
fraction is introduced which is independently evaluatad #8GBs and HAGBs.

This work is embedded into the Collaborative Research Cenéeistegio TR 30, financially
supported by the German Science Foundation (DFG). Thetsesulhe statistical microstruc-
ture characterization of the aluminum alloys EN AW-6060,/8M-6082 and EN AW-7075 flow
into material modeling for a thermo-mechanically coupledudation of the extrusion process,
the results of which are published by Parvizian et al. (2040d Parvizian et al. (2010b).

Both EBSD based or synthetic micrographs are used as inputfatatifferent types of
microstructure simulations. Figure 4.1 exemplarily shdies results of a phase field based
simulation of grain growth based on a real grain microsteetvisualized by Grainplot. An
adaptive meshing of the real or synthetic micrographs aegrto the grain boundaries can
be used for simulations, for example in combination withstay plasticity models. An exem-
plary crystal plasticity simulation result of a deformeccnoistructure is depicted in Figure 4.2.
Due to their periodic conditions, the synthetic microgmglan serve representative volume
elements (RVES) for simulations based on homogenizatichoads.
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(a) Initial micrograph by Grainplot. (b) Simulated grain microstructuregc) Simulated grain microstructure
after 1 time step. after 6 time steps.

Figure 4.1: Simulated grain growth of a EBSD based grain msicucture based on a phase
field model implemented in DEAL Il. Grain colors correspamglito grain ID. Courtesy of S.
Gladkov.
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Figure 4.2: Von Mises stress distribution after elongatmplacement of 0.285% simulated by
a crystal elasticity model. Grain boundary adaptive megbhiran EBSD based micrograph and
extension to third dimension. Courtesy of B. Klusemann.
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Since the complete codes of Grainplot and Graingen are sibte$or the user, further im-
provements can easily be implemented. This includes festsmch as statistical analysis or
image processing of already present microstructure imagesieccessarily obtained by the
EBSD technique (Wiederkehr et al., 2010).
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Grain size histograms of all measurement points

A.1 EN AW-6060
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Figure A.1: Grain and subgrain area histograms of measurgpoits at different deformation
zones in partly extruded billet of EN AW-6060. See Figuref8réneasurement point positions.
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Figure A.2: Continuation - Grain and subgrain area histografmeasurement points at differ-
ent deformation zones in partly extruded billet of EN AW-60&ee Figure 3.6 for measurement

point positions.
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Figure A.3: Grain and subgrain area histograms of measurepwnts along middle axis of
partly extruded billet of EN AW-6060. See Figure 3.8 for m@asnent point positions.
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A.2 EN AW-6082
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Figure A.4: Grain and subgrain area histograms of measurepaénts at different deforma-
tion zones in partly extruded billet of EN AW-6082. See Frg3:18 for measurement point
positions.
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Figure A.5: Continuation - Grain and subgrain area histograirmeasurement points at dif-
ferent deformation zones in partly extruded billet of EN A882. See Figure 3.18 for mea-

surement point positions.
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A.3 EN AW-7075
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Figure A.6: Grain and subgrain area histograms of measurepaénts at different deforma-
tion zones in partly extruded billet of EN AW-7075. See Fg&:25 for measurement point

positions.
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Misorientation histograms of all measurement

points

B.1 EN AW-6060

bt
o
=

Frequency
(=]
o
=]

0.15
0.10
0.05
0.00 10 20 30 40 50 60
Misorientation angle (°)
(a) Point A1 - DMZ.
0.40

0.35

0.30

Frequency
e e o
= b e
ot =1 (=i

e e
o =
S o

e
o
S

10 20 30 40 50
Misorientation angle (°)

(c) Point A3 - die inflow.

60

Frequency
SO v
S B = e
i (=] 53 =] (=

e
1=}
S

10 20 30 40 50
Misorientation angle (°)

(e) Point A5 - MFZ.

Frequency

Frequency

Frequency

o
b
S

o
=
=

=]
[
=)

o
1=}
&

o
o
S

10 20 30 40 50 60
Misorientation angle (°)

(b) Point A2 - SIZ.

0.40

0.35

0.30

s o o o
Z 2 2 &
=] t =] ot

o
=)
&

2
o
S

10 20 30 40 50 60
Misorientation angle (°)

(d) Point A4 - outer rod.

20 30 40 50
Misorientation angle (°)

(f) Point A6 - inner rod.

Figure B.1: Misorientation histograms of measurement gantifferent deformation zones in
partly extruded billet of EN AW-6060. Minimum misorientati threshold 3°. See Figure 3.6

for measurement point positions.
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Figure B.2: Misorientation histograms of measurement gaadng middle axis of partly ex-
truded billet of EN AW-6060. Minimum misorientation threst 3°. See Figure 3.8 for mea-
surement point positions.
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Figure B.3: Misorientation histograms of measurement gantifferent deformation zones in
partly extruded billet of EN AW-6082. Minimum misorientaii threshold 3°. See Figure 3.18
for measurement point positions.
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B.3 ENAW-7075
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Figure B.4: Misorientation histograms of measurement gantifferent deformation zones in
partly extruded billet of EN AW-6082. Minimum misorientati threshold 3°. See Figure 3.25
for measurement point positions.
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Discrete inverse pole figures of all measurement
points

C.1 EN AW-6060
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Figure C.1: Discrete inverse pole figures of measurementgatrdifferent deformation zones
in partly extruded billet of EN AW-6060. See Figure 3.6 forasarement point positions.
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Figure C.2: Continuation - Discrete inverse pole figures of sneament points at different
deformation zones in partly extruded billet of EN AW-606G2eS~igure 3.6 for measurement
point positions.
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Figure C.3: Discrete inverse pole figures of measurementgaiong middle axis of partly
extruded billet of EN AW-6060. See Figure 3.8 for measurerpemt positions.
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C.2 EN AW-6082
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Figure C.4: Discrete inverse pole figures of measurementgatrdifferent deformation zones
in partly extruded billet of EN AW-6082. See Figure 3.18 fogasurement point positions.
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Figure C.5: Continuation - Discrete inverse pole figures of sneament points at different
deformation zones in partly extruded billet of EN AW-6082e3-igure 3.18 for measurement
point positions.
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C.3 ENAW-7075
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Figure C.6: Discrete inverse pole figures of measurementgatrdifferent deformation zones
in partly extruded billet of EN AW-7075. See Figure 3.25 foeasurement point positions.
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Figure C.7: Continuation - Discrete inverse pole figures of sneament points at different
deformation zones in partly extruded billet of EN AW-707®eS-igure 3.25 for measurement
point positions.
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