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Abstract

The use of aluminium in the automotive industry has increased during the last decades,
since aluminium alloys show some advantages compared to more traditional structural
materials. Their light weight can result in a total vehicle weight reduction and enhance
the reduction of CO; emissions and fuel consumption. Extrusion is a leading process

for wrought aluminium alloys, capably to provide finished or semi-finished components.

The effect of preferred crystallographic orientation (texture) on rolled aluminium alloys
has been widely studied, but there is limited literature on extruded materials. Moreover,
since extrusion is a complex procedure, involving various parameters, there is still a
lack of understanding of how these parameters affect texture and final mechanical
properties. In this thesis a deeper understanding of this effect is attempted. An industrial
high strength 6xxx aluminium alloy, provided by Constellium, was extruded and
investigated. Microstructure and texture were studied with the use of EBSD, OIM and

XRD. Mechanical properties were obtained by standard tensile testing.

Experimental results showed the role of extrusion speed and extrusion exit temperature.
It was shown that the increase of speed, and furthermore the increase of exit
temperature, increased the average grain size. The overall texture was not affected by
the speed, but the changes of the amount of various texture component was noticed.
The decrease of Cube and increase of S component resulted in an increase of 13 MPa

in yield strength.

The effect of extrusion geometry on microstructure, texture and mechanical properties
was found to be significant. Four profiles were chosen, a flat bar, a hollow rectangle, a
round bar and a tow nut, based on their different extrusion ratios (ER). It was found that
both microstructure and texture were grouped into two profiles with low ER (round bar
and tow nut) and the two profiles with high ER (flat bar and hollow rectangle). The
texture of the higher ER profiles resembled rolling texture with a combination of Brass,
S and Cube components while for the lower ER profiles, the texture was reported Cu-
Brass-Cube. Moreover, the mechanical properties followed the same division, with the

strength of round bar and tow nut being higher than the other two.

To decouple the effect of geometry from that of ER, two investigations were introduced.
An investigation of same geometry with various ER using different diameter of round

bar was performed. Another investigation of similar ER with various geometries using



small/large round bar, flat bar and tow nut was performed. For the first investigation, it
was discovered that the effect of ER on the three round bars was limited to small
microstructural changes, while the overall texture remained the same. On the other
hand, the comparison of different geometries with similar ER resulted in completely
different microstructure and texture for the profiles with high ER. These differences were

also reflected on the mechanical properties.

The investigation of a complex profile, a hollow rectangle with fins at the bottom, showed
that observed strength differences from side to side are related to differences in

crystallographic texture and grains morphology.

The effect of further thermomechanical treatment (aDA) after extrusion on texture was

found to be limited and it was mainly resulted from the deformation part of the aDA.
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ER

Extrusion ratio

SFE Stacking fault energy
HAGB High angle grain boundaries
LAGB Low angle grain boundaries
GND Geometrically necessary dislocations

oM Optical microscope

SEM Scanning electron microscopy
EBSD Electron backscatter diffraction

FIB Focused ion beam
TEM Transmission electron microscope
ODF Orientation distribution function
XRD X-ray diffraction
FCC Face-centred cubic
KAM Kernel average misorientation

YS Yield strength
UTS Ultimate tensile strength

EL Uniform elongation

GDRX Geometric dynamic recrystallization
TMA Thermomechanical processing
aDA Pre-ageing, deformation, post-ageing

Cu Copper
CTE Columnar to equiaxed transition

dc Particle’s critical diameter

C Geometrical factor

Oy Yield strength

G Shear modulus

b Burgers vector

a Form of alumina
DC Direct chill casting

PCG Peripheral coarse grain
AMCC Advanced metal casting centre
IQ map Image quality map
SDAS Secondary dendrite arm spacing

GP zone Guinier—Preston zone
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Chapter 1 Introduction

1.1 Background

Aluminium is a light metal with a density of 2.7 g/cm? and moderate strength, which
varies between 40-700 MPa, depending on the alloying additions and the processing
conditions. Its high strength to weight ratio makes it a metal with great opportunities for
use and at the same time is fully recyclable and nontoxic. It has applications in
packaging, containers, electrical conductors and household appliances [1]. Its durability
and light weight make it the perfect candidate for many industries, such as aerospace,
automotive and infrastructures. It is a material that can be processed in a variety of
ways, with many possibilities of final surface finish. In addition to that, its natural oxide
coating provides it with good corrosion resistance, which can be further enhanced with
specific surface treatments [2-4].

In recent years, the use of aluminium in the automotive industry has increased, as
shown in Fig. 1.1 and 1.2. Aluminium alloys have some advantages compared to more
traditional structural materials, such as steel. Their light weight can result in a total
vehicle weight reduction of up to 28% [5]. In an era with the trend of increasing number
and size of vehicles, aluminium alloys can help to reduce CO; emissions and fuel
consumption.
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Fig 1.1 Evolution of average aluminium content per car produced in Europe [6].



System PPV 2016 2020 2022

110 104 103

Transmissions & Drivelines 83 85 86

All others 5 5 5

Total 411 459 471
2020 | 459 LBS. 2022 | 471 LBS.

Fig 1.2 Evolution of aluminium content in car per application in North America [7].

Extruded aluminium parts are widely used in the automotive sector. The preferred
crystallographic orientation (texture) of the extruded grains is linked to the mechanical
properties [8]. A lot of work is focus on the texture of rolled aluminium but the increased
need for extruded parts makes the fundamental understanding of these parts’ texture

necessary.

1.2 Research Aim

The overall aim of this research is to extend the fundamental understanding of
microstructure property relations in an extruded high strength Al-Mg-Si-Cu automotive

alloy through the extruded procedure developed within Constellium. This is achieved by



understanding: 1) The effect of various extrusion parameters (extrusion speed,
extrusion exit temperature, geometry and extrusion ratio) on the development of texture.
2) The relationship of produced microstructure and texture. 3) The effect microstructure
and texture have on mechanical properties. 4) The role of texture on the ageing-

deformation-ageing (aDA) thermomechanical treatment response.

1.3 Outline of the thesis

The thesis is divided into 9 chapters. Chapter 2 is an introduction to aluminium alloys
and their division to cast and wrought classifications. The processing of wrought
aluminium alloys, starting with direct chill casting followed by hot extrusion is described.
In addition, the strengthening mechanisms of aluminium are presented. Finally, 6xxx
aluminium alloys are presented. Chapter 3 describes the materials and the
methodologies used in the production and characterization of the investigated profiles.
Chapter 4 presents the results and discussion of the effect of extrusion speed on a
hollow rectangle profile. Chapter 5 is focused on the studies of different geometry and
extrusion ratio profiles. Chapter 6 consists of two parts, in order to decouple the effect
of geometry from that of extrusion ratio. The first one is focused on the effect of extrusion
ratio for a given geometry while the second is focused on the effect of geometry on a
given extrusion ratio. Chapter 7 presents the results and discussion of a complex profile,
as a case study, trying to apply the understanding from the previous chapters. Chapter
8 is focused on the effect of further thermomechanical treatment after extrusion on
texture. Finally, in Chapter 9, the main conclusions of the whole study are summarized

and suggestions for future work are presented.



Chapter 2 Literature review

2.1 Introduction to Aluminium alloys

Aluminium alloys are usually divided in two major categories, cast and wrought. Most
aluminium alloys are used as wrought, with these alloys being based on a-Al solid
solution phase. Usually wrought alloys are used as foils, sheets or plates. Aluminium
casting alloys contain the same alloying elements as typically found in wrought alloys
but in greater amounts. With the use of different types of casting, such as sand casting,
high-pressure or low-pressure die casting, they are made into components with required
shapes. Both wrought and cast alloys are further subdivided into heat treatable and

non-heat treatable categories.

2.2 Cast aluminium alloys

Cast aluminium alloys are well known for their relatively low melting temperatures, small
solubility for gases, except hydrogen, and good surface finish. There is a wide range of
cast Al alloys but the most commonly used are the Al-Si, Al-Si-Cu and Al-Si-Mg. Also,
there are many different casting processes such as sand casting, gravity die casting,
hot chamber and cold chamber pressure die casting. Despite the many advantages of
Al casting, e.g. formation of complex geometries, the high shrinkage during solidification
is a major problem. Also, it is usual for cast Al alloys to have inferior mechanical
properties than the wrought alloys [9]. Table 2.1 presents the designation of the different

series for cast aluminium alloys.



Table 2.1 Designation of cast aluminium and its alloys [3].

Alloying elements Series designation
Pure aluminium AAIXXX
Copper AAZXXKX
Silicon, with copper and/or magnesium AAZXKX
Silicon AA4NKX
Magnesium AASKXX
Zinc AATEXX
Lithium AABXNKX

2.3 Wrought aluminium alloys

Wrought alloys (extruded, rolled, bended, wired or forged) are strengthened either by
work hardening and/or by heat treatment depending on their chemical composition. Fig
2.1 presents a summary of the relationships between the different wrought alloy
systems. Also, Table 2.2 presents the designation of the different series for wrought

aluminium alloys.



Age hardening alloys

alloys

Nonage hardening

Fig 2.1 Representation of alloying addition relationships summarized in major wrought

aluminium alloys [9].

Table 2.2 Designation of wrought aluminium and its alloys [3].

Alloying elements Series designation
Pure aluminium AAIXXX
Copper AA2XXX
Manganese AAIXXX
Silicon AALXXX
Magnesium AASXXX
Magnesium and silicon AABXXX
Zinc AATXXX
Lithium AABXXX

10



Temper designation refers to variations of the physical properties that are achievable
within an alloy. There are five basic temper designations for aluminium alloys, which
appear as a hyphenated suffix to the alloy number. The temper designation for both

wrought and cast alloys is as presented below, Table 2.3.

Table 2.3 Temper designations for cast and wrought aluminium [1].
F As fabricated (by cold, hot working or casting)
O Annealed (from cold worked or cast state)
H Strain hardened by cold working (for wrought products)
T Heat treated

w Solution treated (unstable temper)

2.4 Processing of Al wrought alloys

2.4.1 Direct chill casting

Direct chill (DC) casting is one of the oldest methods of large-scale casting, started used
in the ‘30s, producing cylindrical (billets or logs) and rectangular ingots of non-ferrous
billets. In aluminium industry, DC casting is the most popular process of casting for

billets and ingots further to be extruded or rolled.

Usually, the DC casting procedure is vertical and semi-continuous. The molten alloy is
poured into one or more fixed, bottomless, initially closed by a dummy block, water
cooled moulds. The ram is lowering as the melt increases in the mould and the solid
billet is obtained downwards. A schematic representation of the process is presented in
Fig 2.2.

There are two stages of solidification: first the outer layer of metal solidifies within the

water-cooled mould. After that, the solid part starts to develop through the bottom of the

11



mould. Water is directly sprayed on to the produced ingot to remove heat and to

continue the solidification of its remaining molten cross section [10].

Liquid metal
(Melt temperature)

Mould
{prln;ary cooling)

/
\Water jets

(secondary
cooling)

Solid ingot

l Casting speed

Fig 2.2 Schematic representation of DC cast process [11].

2.4.2 The effect of DC casting on the solidified microstructure

The liquid and solid regions during DC casting will be determined by the process
variables and the alloy composition. The different zones during solidification include the
liquid pool, the transition region, and the mushy zone. The sum of liquid pool depth and
transition region is called the sump and its depth is one the DC casting characteristic

features, Fig 2.3.
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Fig 2.3 Schematic representation of the transition region (a) illustration of the liquidus
(L) and solidus (S) isotherms in a typical DC cast round billet. Coherency isotherm is
marked as 30 %. The liquid pool depth (1), transition region (2), mushy zone (3), and
the sump depth (1+2) are indicated in the diagram, and (b) regions in which different

macro-segregation mechanisms are opening [11].

Cooling rate is fundamentally important for DC cast process. It is correlated to heat
extraction and affects the final structure of the as-cast material. Other important

variables are casting speed and melt temperature.

The solidification microstructure strongly affects the quality of the DC cast billets. There
are two main parameters for this: the grain size and secondary dendrite arm spacing

(SDAS) and the second phase particles (size, shape, and dispersion).

Grain size depends on alloy composition and cooling rate. The mechanism controlling
grain structure is heterogeneous nuclei and growth. Grain refinement has a major effect

on grain size and morphology.

Secondary dendrite arm spacing is a parameter of local solidification conditions and
depends on the billet’s size. Non equilibrium solidification within the dendrites will result
to micro-segregation. Final mechanical properties are affected by SDAS, with fine

dendritic structure improving final strength.

The main two defect formations during solidification of DC cast billets are macro-
segregation and hot tearing. Macro-segregation is attributed to the existence of coarse

cell grains in the centre of the DC cast billets. These coarse grains are often called

13



floating grains, indicating the way they form. Their nucleation starts at an area of the
sump, then they flow and grow in the slurry zone and finally locate in the mush. Hot
tearing or hot cracking occurs when the semi-solid material fails and loses its integrity
due to inadequate compensation of solidification shrinkage and melt flow. Hence, pores
can develop into cracks under the presence of thermal stresses. Hot tearing will not
occur if there is enough amount of non-equilibrium in the alloy. So, the alloy composition
as well as the casting parameters that affect the non-equilibrium amount are very

important.

Grain refinement can be described as the deliberate suppression of columnar grain
growth and the formation of fine, equiaxed, solidification structure in castings [12]. In
general, grain refinement is desirable in DC casting since it can improve the properties
and characteristics of the billet. Commonly, Al-Ti and Al-Ti-B master alloys are added
to the aluminium alloys in order to refine the grains by chemical inoculation. Grain
refinement is directly connected to the nucleation and grain growth. The potent
nucleation sites that are inserted into the melt increase the heterogeneous nucleation
of primary a-Al grains and enhance the columnar to equiaxed transition (CTE). The

refined microstructure reduces the probability of hot tearing and macro-segregation.

2.4.3 Extrusion

The process of aluminium extrusion is one of the most important in metallurgical
industry since it can produce a variety of profiles with different shapes and complicated
geometries. There are different types of extrusion and they can be classified according
to the metal flow direction or according to the process temperature. Direct, indirect,
hydrostatic and lateral extrusion are extrusion types regarding the material flow, with
most common the direct one. Regarding the process temperature, there is hot and cold
extrusion [13]. In direct extrusion a billet that is in the extrusion container is forced
through a die. It can be carried out at room temperature (cold extrusion) or higher
temperatures (hot extrusion), depending on the material’'s properties." Hot
extrusion occurs at temperatures above the material’s recrystallization temperature,
preventing work hardening. The advantage of hot extrusion is that the elevated
temperature makes it easier to push the material through the die. At the same time the
high temperatures and pressures are detrimental to die life. Cold extrusion occurs at
room or near to room temperatures. By this way cold working takes place, leading to
high strength. Also, compared to hot extrusion, there is lack of oxidation and better
surface finish. The disadvantage of cold extrusion is the lack of shape complexity,

higher loads, and the extensive lubrication. The most important extrusion parameters

14



include the extrusion ratio, material’s flow stress, strain rate distribution, extrusion speed

and thermal conditions [14].
The necessary force, F, for extrusion to happen is given by equation 2.1.

F = AgkIn22
Af

(2.1)
where
Ao, Ar are the cross-sectional areas of billet and extruded profile.
K'is the extrusion constant.

High strains and significant friction occur during extrusion process, in particular in direct
extrusion, causing various defects, with the most important being surface and internal
cracking and pipe. Hence, aluminium flow pattern is an important process factor since
it influences the mechanical properties and further the final quality of the extruded
product. Different types of metal flow are presented in Fig. 2.4, depending on the level

of friction during the extrusion process [1].

Dead Dead
(a) (b) zone (c) zZone
F 7 N I

|t

Fig 2.4 Types of metal flow in square die extrusion, a) Low friction flow pattern, or
indirect extrusion b) High friction pattern at the billet-chamber interface c) High friction

and/or cooling at the outer skin of the billet [1].
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2.4.3 Hot extrusion

Hot extrusion is one of the most popular extrusion methods. The extrusion process
takes place at elevated temperatures (below solidus temperature of the alloy), resulting
in reduced necessary extrusion force and it is preferred for materials with insufficient
ductility at room temperature. Simultaneously, it is a way of keeping the material away
from work hardening but it also raises some problems. Inhomogeneous deformation
can result because of the hot billet cooling in the cooler die. Moreover, heating of the
billet results in an oxide layer that can increase the friction and leads to unacceptable
surface finishes for many applications. Good lubrication and pre-heating of the die are

necessary in order to avoid die wear [1].

2.4.4 Texture

Crystallographic orientation is the positioning of atomic planes of a crystal relatively to
a fixed reference. In polycrystal materials grains orientation is rarely random and a
tendency of crystallographic preference exists. This preferred orientation of the grains
is called texture. Texture is important in materials because a lot of material properties
are connected with it. Some of the properties that are texture dependent are strength,

ductility, young’s modulus and Poisson’s ration [8].

Texture may significantly influence the final mechanical properties of a material. The
final microstructure, consequently mechanical properties, mainly depends on the
deformation and recrystallization processes during the hot extrusion process. The
crystallographic textures are split into two categories, deformation and recrystallization
textures. Subsequently, the final product’s texture depends on the fabrication procedure
[15]. The role of the texture in determining the microstructure property relationship is

important. But this has not been investigated fully in details.

There is a strong dependence of the deformation textures on the stacking fault energy
(SFE) for many FCC metals and alloys. The SFE depends on the material and is
affected by the alloying elements. Moreover, it affects the deformation mechanisms, for
example deformation twins and dislocation slip. At materials with low SFE, twinning is
the predominant deformation mechanism since the critical twinning stress decreases
along with SFE. Materials with high SFE are more prone to cross-slip at dislocations.
Recrystallization is accomplished by the nucleation of new grains and their subsequent

growth into the matrix. Dynamic recrystallization occurs during deformation, while static
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after deformation. Also, recrystallization can occur continuously or discontinuously,
depending on the evolution of microstructure. For high stacking fault energy materials,
like aluminium, recovery occurs immediately and subgrains surrounded by low angle

grain boundaries will form from the free dislocations’ rearrangement [16].

Deformed metals exhibit recrystallization by nucleation and growth of new, undeformed
grains [17]. New high angle grain boundaries will form and start moving into the matrix
resulting to changes of the crystallographic orientation, thus, the texture of the material
[8]. The literature reported that the main deformation texture components are: Copper
{112}<111>, Brass {110} <112> and S {123}<634> and the main recrystallization
textures are Cube {100}<001>, Goss {110}<001>, R {124}<211> and P {011} <122>,
Table 2.4 [18,19]. In many cases the description of texture with ideal components is not
possible but it can be described as a “tube” running through specific texture
components. These orientation tubes are commonly called texture fibres. For FCC
metals the most usual fibres are a and B. Fibre a runs from Goss to Brass and usually
appears at lower deformations and for higher deformations, 8 fibre is predominant which

runs from Copper to S and then to Brass, Fig. 2.5.

Table 2.4 Miller indices and Euler angles of the most important orientations of Al and

Al-alloys.
Texture Miller Indices Euler angles
component {hkl}<uvw> 01 O @
Brass {110} <112> 35°45° 0° /90°
S {123} <634> 59° 37° 63° Deformation
texture
Copper {112} <111> 90° 35° 45° components
Cube {100} <001> 0° 0° 0°/90°
Goss {110} <001> 0° 45° 0° /90° Recrystallization
texture
CG26.5 {021} <100> 0° 26.5° 0°
components
R {124} <211> 25°64° 14°
P {011} <122> 65° 45° 0°/90°
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Fig. 2.5 Sketch of the position of a and (8 fibres in Euler space [20].

Table 2.5 Characteristic fibres in FCC metals and alloys.

Fibre Fibre Axis Euler Angles

a <011>//ND 0°,45°,0°- 90°,45°,0°

Y <111>//ND 60°,54.7°,45°- 60°,54.7°,45°

T <011>//TD 90°,0°,45°- 90°,90°,45°

B 90°,35°,45°- 35°,45°,90°

Materials that are highly textured will develop anisotropy. Extruded aluminium alloys
usually develop <111> and <100> fibre textures [21]. Palmer et al. have shown that
yield strength will increase while the amount of the <111> fibre increases and that was
achieved by decreasing the extrusion aspect ratio [22]. Fortunier and Driver showed

that texture has a dominant influence on the strength anisotropy [23, 24].

Also, the ratio of width to thickness strain depends on texture [25]. Finally, texture,
through anisotropy, results in strength variations through thickness for thick sections

[26,27]. In general, the precise mechanisms involved in order to produce specific
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textures are not completely understood, from empirical validation some processes have

been established as commercial practices [8].

2.4.5 Electron backscatter diffraction (EBSD) technique

Electron backscatter diffraction (EBSD) is a scanning electron microscope (SEM) based
technique, used to obtain crystallographic information, regarding the microstructure,
phases and texture of the examined material. The technique is based on the analysis
of the Kikuchi patterns, which are obtained after an electron beam hits the surface of a
tited sample and the scattered electrons are collected at a phosphorous screen. The
advantage of this technique compared to the traditional approaches is the direct
connection between microstructure and orientation. Microtexture is the combination of
microstructure and texture and correlates the microstructure with local texture analysis.
Moreover, EBSD microtexture information allows us to understand the local distribution
of texture than merely a macro texture with texture components as available through X-
ray diffraction-based textures. Using EBSD we can get a better understanding of how
the texture components are distributed through the microstructure [28,29].
Crystallographic texture affects a series of properties in a material, such as its strength,
Young’s modulus, Poisson’s ratio, ductility and toughness. Manipulation of the texture

can lead to tailored materials [8].

2.5 Strengthening mechanisms in aluminium alloys

2.5.1 Introduction

Deformation of perfect defect-free aluminium crystals can result in an increased number
of dislocations. As dislocation density increases, the mean free path between
dislocations decreases, leading to a higher tendency of interactions between
dislocations. The interaction of dislocations can lead to entanglements, cells, subgrain
walls or annihilation which finally leads to an increase in strength. Deformation
increases the amount of dislocations and develop deformation zones in the matrix with
large local misorientation gradients due to dislocation cell formations. In these zones

even relatively low strains can produce new high angle boundaries [9].
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2.5.2 Solid solution strengthening

The strength of a material can be increased with the addition of solute atoms other than
the base metal. The additional atoms occupy substitutional or interstitial positions in the
solvent crystal lattice, causing a stress field around them, which can obstruct the

dislocation movement. The types of lattice distortion are presented in Fig. 2.5.

There are two factors affecting the solid solution strengthening: the concentration of the
additional solute atoms and the size ratio between solvent and solute atoms. There are
many types of interaction between the solute atoms and the dislocations, such as,
elastic, modulus, long-range order, short-range order, electrical and stacking fault
interaction. Elastic interaction happens from mutual interaction of elastic stress fields.
A modulus interaction occurs when a solute atom alters the modulus of the crystal.
Long-range order interaction occurs in alloys with super-lattices, where the long pattern
of atoms gets disturbed from dislocation motion. Short-range order interaction occurs
when solute atoms arrange themselves in a way of having more dissimilar neighbours
than the equilibrium number. Electrical interaction happens when solute atoms interact
with dislocations that have electrical dipoles. Stacking-fault interaction occurs when
solute atoms segregate to the stacking faults, resulting to lower stacking fault energy.
Elastic, modulus and long-range order interactions are relatively insensitive to

temperature and continue to act until about 0.6 Tr, [17].

Fig 2.5 Lattice distortion by interstitial and substitutional atoms in a solid solution. a)
Perfect crystal, b) large interstitial atom, ¢) small solute atom and d) large solute atom
[30].
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2.5.3 Work hardening

The phenomenon where a material’s strength is enhanced due to plastic deformation is
called work hardening or strain hardening. The energy that is applied to the material
moves the existing dislocations and results in producing new ones. The new
dislocations generate by Frank-Read mechanism, leading to higher dislocation density.
The dislocations will interact and move along the slip planes until either being pinned or
tangled. Higher deformation leads to more dislocation’s entanglement. During work
hardening, the strength and hardness of the material increase, but usually ductility
reduces at the same time. The reason for this is that is easier for a crack to develop and

grow at the dislocation entanglements, which are also called dislocation forests.
The strength of dislocation can be calculated [31]:

T =1y + Gabp, '/?

(2.2)
where,
T is the intrinsic strength of the material with low dislocation density
p. is the dislocation density
a is a geometrical factor
b is Burgers vector

G is the shear modulus.

In addition to mechanical properties, physical properties such as electrical and thermal

conductivity also change [1].

Work hardening introduces thermodynamic instability since it is a condition of higher
internal energy than the undeformed material. Annealing can revert the material to its

strain-free state [3].
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2.5.4 Grain boundary strengthening

In polycrystalline materials, crystallographic orientation can change sharply from one
grain to the next one. The grain boundary strengthening mechanism is based on that,
since a dislocation cannot easily move from a specific slip plane to another one of the
next grain, especially if those two are very different. Moreover, grain boundaries
commonly have atomic disorders, which increase the probability that dislocations will
be forced to stop there. More effective are the high-angle grain boundaries since they
contain a ledge of immobile dislocations. In addition to that, grain size is very important
at this type of strengthening. A small grain size leads to dislocations more easily being

trapped at grain boundaries.

The Hall-Petch relation shows the relationship between yield strength (oy) and grain

size (d).
gy, =0; + kyd_l/z
(2.3)
where,
o; is the internal stress.
ky is the strengthening coefficient.

d is the average grain diameter.

It must be noted that the above relation is not valid for very small or very large grains
as well as for deformed metals [32,33]. In deformed materials the effective grain size

may be described more by the dislocation cell size and not the actual grain size [34].
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2.5.5 Precipitation hardening

Second-phase particles can increase the strength of aluminium by obstructing the

dislocation motion. That can happen by precipitation hardening.

Precipitation hardening, or otherwise called age hardening, is induced by solution
treatment and quenching. A supersaturated solid solution is formed by the solution
treatment and quenching before the formation of the precipitates during artificial ageing.
The dislocation that moves into the matrix can either cut through the precipitates or
bypass them. The force that a precipitate particle can withstand depends on its internal
strength and diameter [32]. Fig 2.6 shows the relationship between strength and particle
size. The hardening precipitates in Al-Mg-Si systems during heat treatments are
enabled due to the addition of Mg and Si. In such systems, the minimum free energy
occurs when the shape of the precipitate and its orientation to the matrix give the lowest
total interfacial free energy. Interphase boundaries can be divided through their atomic

structure into coherent, semi-coherent and incoherent.

A coherent interface occurs when two crystals match perfectly at the interface plane.
For this to happen the two crystals have to be oriented relative to each other, so the

interfacial plane has the same atomic configuration.

For sufficient large atomic misfits, the coherent interface is being replaced with a semi-
coherent where the disorder is occasionally taken up by misfit dislocations. In this case,

there are continuous planes combined with regions of discontinuity.

Finally, when the interface plane has very different atomic configuration at the two

crystals the interface is incoherent [35].

For coherent particles, the critical diameter, d;, to promote looping of dislocations

without being sheared is:

Gb?

YapB
(2.4)

where,

G is the shear modulus.

b is the modulus of Burgers vector.
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varg is the energy of the antiphase domain boundaries.
And C is the geometrical factor.

For semi-coherent or incoherent particles this equation is modified by an interface and

volume strain energy term [36].

For non-coherent particles:

__AmbG,
= »

(2.5)
where,
Gq is the shear modulus of the precipitate phase.

And Gg is the bulk modulus of the matrix [37].
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Fig 2.6 A schematic illustration of the strengthening increment observed as a function
of precipitate size at a given volume fraction of precipitates, together with the

strengthening mechanism operated at a given precipitate size [37].
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2.5.6 Precipitation sequence in the binary Al-Cu system

In binary aluminium alloys, maximum solid solubility occurs at eutectic temperatures as
shown in Fig. 2.7.
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Fig 2.7 Aluminium-rich corner of the Al-Cu eutectic diagram. The positions of the

solvus lines for GP zones and the other metastable precipitates are also shown [37].

When a composition of Al-4 wt% Cu (1.7 atomic %) is heated above 570°C for solution
treatment, the copper is in a stable FCC a-phase solid solution, and it is retained almost
unchanged upon quenching rapidly to room temperature. This results in the formation
of a supersaturated state and if the alloy is now aged annealed at 170°C (artificial
aging), the first precipitate to nucleate will be Cu-rich GP zones and not the equilibrium
8 (CuAl). This is because of the barrier to nucleation of GP zones, which is less than
that of 6 phase [38].

Precipitations of the transitional (metastable) phases follow the formation of GP zones.
The precipitation process can be written [38]:

SSSS —- GP zones - 0"— 60— 6
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The transitional phases 8" and 0 are less stable than the equilibrium 6 phase and have
higher free energies. The transitional phases form because they have a lower activation
energy barrier for nucleation than the equilibrium one. The phases 6°°, 8" and 6 have
an approximate composition CuAlz but different structures: 8" and 6" have a tetragonal
unit and plate-like morphology while 8 has a complex body-centred tetragonal structure
and a rod-like morphology [35]. Fig 2.8 presents the variation of strength on ageing time
for an Al-Cu alloy. The GP zones are the initial formed precipitates during artificial
ageing, transitional precipitates 6” and 6’ follow and finally equilibrium precipitates 6

form.

Loss of coherency

N\

Equilibrium
precipitate

Aging time —»
(Particle size —» )

Fig 2.8 A schematic illustration of the strength variation as a function of ageing time

(particle size) in an Al-Cu alloy [39].

2.5.7 Precipitation sequence in Al-Mg-Si system

In Al-Mg-Si alloys the precipitation sequence usually follows the pathway below, which

can be altered due to temperature, Mg and Si percentages and additional elements [40].
SSSS — Atomic clusters — GP zones — ”—f’, U1, U2, B'—p, Si

An overview of the known precipitation phases of the Al-Mg-Sl systems, their shape

and composition are presented in Table 2.5.
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Table 2.5 Overview of known precipitation phases in the Al-Mg-Si system [40].

Phase Shape Composition
GP zones Needle M@2:+xAl7xxSiz+y;
1<X+y<3
B Needle MgsSie
B’ Needle Mg1.eSi
U1 Needle MgAl,Si,
u2 Needle MgAISi
B’ Lath MgoAlsSi7
B Plate Mg.Si

For the Al-Mg-Si-Cu alloys the precipitation sequence changes to [40]

SSSS— Atomic clusters— GP zones —p”, L/S/C, QP, QC —- f’,Q'— Q

For Si-rich alloys, GP zones and ” have similar unit cells and structures. An overview
of the known precipitation phases of the AI-Mg-Si-Cu systems, their shape and

composition are presented in Table 2.6.
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Table 2.6 Overview of known precipitation phases in the Al-Mg-Si-Cu system [40].

Phase Shape Composition
QP Needle Unknown
QcC Needle Unknown

C Plate Unknown

L Needle Unknown

Q’ Needle Probably
Al3Cu2MgseSiz

Q Needle Probably
Al3CuzMgeSiz

2.6  6xxx Aluminium alloys

2.6.1 Introduction

6xxx aluminium alloys (Al-Mg-Si) can be traced back to the very early 20" century. They
have many attractive characteristics, such as medium to high strength, especially after
heat treatment, good formability, corrosion resistance and surface finish [41]. Their
suitability for a range of applications has made them the most extrudable products in
the market. Al-Mg-Si alloys are heat-treatable Al alloys as a result of the formation of
magnesium silicide (Mg.Si), the primary hardening phase. An increase of Mg.Si in the
alloys results in higher tensile properties but is detrimental to extrudability. Moreover,
controlling the ratio between Mg and Si, a range of strength levels may be achieved in
the 6xxx series alloys which will be exploited to provide a strength level required for a

range of applications which is inherent to the system, Fig. 2.9 [42,43].

Dispersoids form during the homogenisation of billet at temperatures from 450°C to
600°C. They are intermetallic compounds that commonly contain Zr, Cr, Mn, Fe and Sc.
Their sizes are comparable and even finer than precipitates. Dispersoids can control

the grain structure during thermomechanical processing, such as extrusion. A fine
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distribution of dispersoids can control the microstructure by delaying static

recrystallization [13,44].
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Fig 2.9 Compositional limits of common 6xxx alloys and their typical yield stress levels
in the peak aged condition (T6) [43]

2.6.2 AI-Mg-Si-Cu system

The addition of copper in 6xxx series enhances the strength and ductility due to the
influence that Cu has on the precipitation behaviour of the material during the heat
treatment. Cu increases the precipitation kinetics of B” during artificial aging and
modifies the precipitates in the material [45,46]. The three-phase field of Al-Mg-Si
systems converts into a tetrahedron space with the addition of Cu. The four-phase field
of Al-Mg-Si-Cu alloys consists of the primary aluminium (Al) and the quaternary
intermediate Q phase and two of the other three phases (8, 8 and Si), depending on the

alloy composition as shown in Fig. 2.10 [47].

The principal precipitation hardening reactions arise from the ternary Al-Cu-Mg system.
The primary intermetallic phases of these systems are the CuAl; (6 phase), CuMgAl,,
Mg2Si and Q phase (AlsCuMgsSis or AlsCu>MgsSis) [47,48].
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Fig 2.10 AI-Mg-Si—Cu alloys grouped by phase field occupancy on a pseudo-
projection of the four-phase-field tetrahedrons. The vertical line represents alloys with
Mg/Si=1 [47].

2.6.3 Effect of ageing and deformation on 6xxx

Fallah et al. [49] investigated the early-stage precipitation in Al-0.8Mg-0.8Si and Al-
0.94Mg-0.47Si. Through high resolution electron microscopy, they discovered that the
initial spherical FCC-structured clusters (C1) developed into elongated clusters, firstly
on {111} a (C2) and then on {100} a planes and along <100> , directions (C3). Three
different types of precipitates were documented from Esmaeili et al. [50] for AA6111
during aging at 180°C, namely, GP zones, ” and Q’. They reported that 8 phase was
the one responsible for high hardening rate. Ding et al. [51] found that L, Q" and B” were
the main precipitate phases in an Al-Mg-Si-Cu system after peak-ageing at 180°C for
30 minutes. Also, it was noticed that the level of Cu changes the alloy dependence on
the Mg/Si ratio. Three types of precipitates were also reported for A6061, from Buha et
al. [52]: GP zones, B” and fine structured Mg-Si(-Cu) co-clusters were detected in the
peak-aged microstructure. The effect of Cu addition in Al-Mg-Si alloys was investigated
by Marioara et al. [40] as well. The overall hardness of the Cu-containing alloys was
higher than the Cu-free ones. Moreover, the Cu addition made the alloys less sensitive
to the Mg/Si ratio, in relation to hardness evolution. Finally, it was found that the §” and
pre-B” phases only contribute to a maximum of 30% to the precipitates in the peak-aged
material, which leaves the Cu accountable for the rest of them. Wang et al. [53]
developed a thermomechanical process for 6061 Al sheets, consisting of pre-ageing,

cold rolling and peak-ageing. Specifically, the pathway was pre-ageing at 180°C for 2h,
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75% reduction with cold rolling and peak-ageing at 100°C for 48h. This procedure
showed to greatly improve the mechanical properties. The mechanism responsible for
this strength enhancement was found to be a combination of precipitation hardening,

dislocation hardening, sub-structure hardening and high Taylor factor value.

The composition and density of the 3” phase change accordingly to Si content in 6xxx
alloys [54]. Gupta et al. [55] showed that excess of Si improves the ageing response
and strength by enhancing B” precipitations, but not for over-aged alloys, which will
have a decline in strength due to unstable precipitations with reduced Mg/Si ratio.
Murayama and Hono [54] suggested that the GP zones formed during pre-ageing are
responsible for the (” precipitations in peak-aged material as the former act as

nucleation sites for the latter.

Perovic et al. [56] showed the different precipitating phases that occur in two Al alloys,
i.e. AA6016 and AA6111, after following the same heat treatment path. Both alloys were
pre-aged at 180°C for 0.5 hour and then peak-aged at 180°C for 11 hours. In the
microstructure of AA6016 only B” was identified while in AA6111 3” and Q phase were

present.

A mechanism of vacancy diffusion on demand, with the addition of a microscopic
amount of Sn, was proposed by Pogatscher et al. [57]. By this way, the problem of
natural ageing of long-time storage Al-Mg-Si alloys can be controlled. Also, Jia et al.
[58] showed that the combination of pre-straining and pre-ageing enhances the
precipitation of §” phase by originating C2 and dislocations while inhibiting natural
ageing. The great effect that deformation has on the precipitation evolution of AAG6060
was also shown by Teichmann et al. [59]. Their HRTEM study showed that pre-
deformation causes a heterogeneous precipitation, only on dislocations. In another
study [51] it was found that 2% of pre-deformation is the optimized percentage for
drastic increase of material’'s hardness and simultaneously supressing natural ageing.
The addition of Cu can further enhance these results. In addition, Bryant [60] showed
the importance of pre-ageing treatment immediately after quenching. A finer distribution
of precipitates, resulted by changes of metastable phases, enhanced the mechanical
properties. Birol [61] investigated the importance of pre-ageing after a period of natural
ageing. Short time heat treatments between 200°C and 250°C before a standard paint-
bake treatment improved the hardness of AA6016. The heat treatments showed to

enhance the formation of stable GP zones.
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Trivedi et al. [62] investigated the microstructural evolution during deformation in a
series of Al alloys. For all the alloys, deformation increased the density of substructural
dislocations and fraction of low angle boundaries. AA6022 had the greatest increase of
grain orientation spread and it was contributed to the coarse Mg.Si particles that were
observed. Also, an interesting observation was that for grains/subgrains with cube

orientation the distribution of sub-structural dislocations was inhomogeneous.

Mirzakhani and Payandeh [63] investigated the influence of severe plastic deformation,
such as equal channel angular pressing (ECAP), of AA6063 on natural and artificial
ageing. Their conclusion was that the combination of the above, ie. a
thermomechanical process, can improve the overall material’s mechanical properties.
The effect of artificial ageing was also studied by Osterreicher et al. [64]. It was found

that mechanical properties can vary even with small differences of artificial ageing.

Moreover, Engler et al. [65] investigated the effect of deformation (stretching) and
natural ageing on the properties of AA6016 and showed that their combination has a

great effect on the material’s mechanical properties.

Pedersen et al. [66] investigated the texture and grain structure of extruded AA6063
and 6082, as well as their formability. The two alloys were investigated in the as-
extruded condition as well as after a thermomechanical process. A combination of cold
rolling and annealing was used to deform and heat treat the alloys. The final four
materials (as-extruded AA6063 and 6082 and deformed-heat treated AA6063 and
6082) had different texture. For the as-extruded materials, the AA6082 had a B-fiber
texture while AA6063 had predominantly cube texture. After the thermomechanical
process the texture was almost random for both alloys. Regarding formability, it was
found that cube texture had the higher formability while the lowest formability values
were associated with the B-fiber texture of the as-extruded AA6082. Between the two
deformed and heat-treated alloys there was no significant difference in formability, even
though AAG6082 had higher strength. Another study showed that ductility decreases in

the presence of coarse precipitates, as they enhance crack nucleation [67].
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Chapter 3 Experimental techniques

3.1 Alloy composition

The chemical composition of the billets used in all the investigations is presented in

Table 3.1.

Table 3.1 Chemical composition (wt.%) of the investigated and the most similar

AAGxxx alloys used in automotive industry.

Alloy Si Fe Cu Mn Mg Cr Zn Ti

Max. Max. Max. Max. Max. Max. Max. Max.
Investigated

0.8 0.3 0.8 0.6 0.7 0.1 0.1 0.1
0.4- 0.15- 0.8- 0.04-

6061 <0.7 <0.15 <0.25 <0.15
0.8 0.4 1.2 0.35
0.7- 0.6-

6082 13 <0.5 <0.1 0.4-1 19 <0.25 <0.2 <0.1

3.2 Direct Chill (DC) Casting

DC cast billets of a high strength Al-Mg-Si-Cu alloy, produced at Advanced Metal

Casting Centre (AMCC), Brunel University London, were used. The composition was

provided by Constellium. After casting, the 152 mm diameter and 2 m long logs were

homogenized. The logs were further cut into smaller billets of 420 mm, which were used

for the extrusions.
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3.3 Extrusion

All the extrusions were performed at the AMCC, Brunel University London. The DC cast
billets were direct extruded in a horizontal extrusion press of 35 MN maximum press
capacity. The container was held at 420°C during the whole procedure. As a final step
after extrusion, the material was immediately quenched with an agitated water wave
combined with sprays. The extruded material was either investigated as extruded or
was further heat treated and deformed. In the next chapters it is clearly stated the

condition of the material presented.

3.3.1 Extruded profiles

The profiles used in this thesis as well as some of the extrusion parameters are
presented in Fig 3.1-3.3 and Tables 3.2-3.3.
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Fig 3.1 Hollow rectangle profile (dimensions in mm).
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Table 3.2 Extrusion parameters for the two extrusion recipes of hollow rectangle.

Extrusion
Container
Billet Exit T (°C) Speed
T (°C) .
(m/min)
A 420 540 6
B 420 550 9
44,33
$31.84,
a 1 b .
i . J B ’
1] » k0
Fi]
58,8 |

@ 48

d ¢ 222 e |
= '

Fig 3.2 a) Medium round bar, b) flat bar, c) tow nut, d) small and d) large round bar

profiles (dimensions in mm).
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Table 3.3 Extrusion parameters and ER for the three round bars, flat bar and tow nut.

Profile Extrusion Ratio Extrusion exit Exit T (°C)
(ER) speed (m/min)
Small round bar 55 9.3 548
Flat bar 50 9.6 540
Medium round bar 20 8.5 560
Big round bar 10 5.8 553
Tow nut 10 7 552
—— ]

Fig 3.3 Complex profile for side impact beam application (dimensions are not

disclosed in this thesis due to commercial confidentiality).

3.4 Thermomechanical Treatment

The subsequent thermomechanical treatment of the extruded samples involved a
combination of heat treatments and induced deformation and is referred as aDA (pre-
ageing, deformation, post-ageing). Specifically, the material was subjected to an initial
heat treatment (pre-ageing), then it was stretched along the extrusion direction, and
finally it was subjected to another heat treatment (post-ageing). The specific processing
conditions of aDA thermomechanical treatment are commercially sensitive and

therefore cannot be disclosed in this thesis.
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For the heat treatments a Carbolite electric resistance furnace with fan convection for
rapid heating and cooling was used. The accuracy of the furnace temperature was
measured with a K-type thermocouple (+ 2 °C). After the heat treatments, the material
was immediately quenched in room temperature water. For the stretching an Instron
5500 Universal Electromechanical Testing System, equipped with Bluehill software and

a 50 kN load cell was used.

3.5 Material characterization

3.5.1 Optical microscopy (OM)

The extruded material was investigated with the use of a Zeiss Axioscope optical
microscope (OM). Samples were taken from the extrusion-normal plane. The material
was sectioned and cold mounted in polyester resin. The standard metallurgical grinding
steps were followed and then polished to a 0.04 um finish with the use of OPUS non-
crystallising colloidal silica suspension (Metprep Ltd.). Because of the nature of the
material and since the goal of the investigation was the depiction of the grains and PCG
layer the polarized mode was preferred in some cases and the material was anodized.
For the etching, Baker’s reagent (5 mL HBF4, 200 mL H2O) was used, and the material

was immerged in it for 1 min at 15V.

3.5.2 Electron Backscatter Diffraction (EBSD)

The microstructure and texture of the extruded material was studied with EBSD.
Samples were taken from the extrusion-normal plane, Fig 3.4. The preparation for
EBSD analysis included the standard metallurgical grinding steps, and then polished to
a 0.04 um finish using an OPUS non-crystallising colloidal silica suspension (Metprep
Ltd.), following by electropolishing as a final step. For the electropolishing, a mixture of
30-70% nitric acid-methanol was used and the samples were immersed into it for 1

minute at 12V.

EBSD analysis was performed on a Crossbeam 350 FIB-SEM (Carl Zeiss AG) equipped
with a Hikari Plus EBSD camera (EDAX Inc.). The samples were 70° tilted from

horizontal and a 20 kV accelerating voltage was used. In most cases the scan step size
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was set to 0.5 ym. The scanned EBSD data were analysed with TSL-OIM Analysis
software (EDAX Inc.). An average of three maps per presented condition was
performed, at different locations. For the calculation of the orientation distribution
function (ODF) the harmonic series expansion method was used, with Lmax=22 and a

Gaussian half-width of 5°. A triclinic sample symmetry was assumed.

End of SEM column
Axis 2
EBSD camera ‘
Phosphorus screen | specimen

Axis 1

Fig 3.4 Schematic of the SEM-EBSD set up and the direction of the sample (Axis
1=ND, 2=ED and 3=TD).

3.5.3 X-Ray diffraction pattern (XRD)

In some cases, samples investigated by EBSD were further studied with X-ray
diffraction for texture analysis. These studies were carried out at

Constellium Technology Center, at Voreppe France.

For the thin profiles (e.g., hollow rectangle and flat bar) a sandwich structure was
preferred during the sample preparation while for the bulk profiles (e.g., bars and
bumper tow nut) a slice was sufficient, as shown in Fig. 3.5. The measurements were
conducted in the normal-transverse plane. A Panalytical X’Pert Pro goniometer with
Copper ceramic X-ray tube and flat graphite monochromator was used. The goniometer
is equipped with a collimator with parallel slit at 0.27° and polycapillary lens, @ 14 mm,

calibrated with crossed slits. A voltage of 45 KV and a current of 40 mA was used.
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Fig. 3.5 A photograph showing the specimen for texture analysis using XRD.

3.6 Tensile test

Tensile tests were performed following ASTM E8 standard, using an Instron 5500
Universal Electromechanical Testing System, equipped with Bluehill software and a 50
kN load cell. All the tests were performed at room temperature at a dual strain rate of
0.015 min-' up to 1% strain and 0.4 mm" up to failure. Standard dog-bone and subsized
round samples were used depending on the geometry of each profile, as shown in Fig.
3.6. For the thin profiles, standard dog-bone samples were machined and their
thickness was the same with that of each profile. For the bulk profiles, subsized round
samples were machined with critical diameter of 6 + 0.02 mm. All the samples were
machined parallel to the extrusion direction. For each condition presented, six tensile
samples were tested. The exact positions where the tensile samples were taken for
hollow rectangle, flat bar, bumper tow nut and the three round bars are presented in
Figs 3.7 and 3.8.
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Fig.3.6 A schematic diagram of a) dog-bone and b) subsized round tensile test

specimens.
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Fig. 3.7 Photographs showing various extrusion profiles with indication of the location

where specimens were made for tensile testing.

Fig 3.8 Schematic of the tensile samples position for each profile of round bar.
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Chapter 4 Effect of the extrusion speed on

resultant microstructure and properties

4 1 Introduction

Extrusion is a complex procedure that involves different parameters. This includes billet
homogenization, preheating time and temperature, quenching and others. It is well
known that final properties reflect the parameters of the extrusion process. Extrusion
speed, extrusion ratio and extrusion temperature are the factors that can be controlled
during the process. In practice, the extrusion ratio usually is determined by the industrial

need, so the only values that can be controlled are speed and temperature.

Extrusion speed and temperature are linked through pressure. Speed affects the metal
flow, the final surface quality and the mechanical properties. In reality, the extrusion
speed is determined based on the extruded alloy and the practical experience from the
extrusion press [68]. For better productivity, a good control of the extrusion parameters
is necessary [13]. Moreover, optimized extrusion parameters can lead to increased
productivity and better final products. Therefore, the understanding of their effect on
microstructure, texture and mechanical properties of the final extruded product is

essential.

This chapter is concerned with the study of the effect of extrusion speed of a fixed hollow
profile on the resultant microstructure, texture and mechanical properties using a

combination of EBSD and tensile testing methods.

Two different extrusion speeds were used for this extrusion speed investigation; billet A
was extruded with 6 m/min and B with 9 m/min. The extrusion parameters are presented
in Table 4.1. Even though the aim was to keep all the rest of the parameters constant,
the change of the extrusion speed results in a change of the exit temperature. A hollow
rectangle profile with external dimensions 65 x 65 mm and 2.5 mm thickness was used

for this extrusion trial.
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4.2 Microstructure

For this investigation the EBSD scans were performed on the normal-extrusion plane
(ND-ED). Fig 4.1 shows the inverse pole figures (IPF) of the material extruded at low
speed (A) and high speed (B). In both cases, grains are elongated along the extrusion
direction with a small amount of recrystallized grains. Moreover, subgrains inside the
thicker grains can be detect in both cases. Morphologically, the profiles appear to be
very similar, but an intense difference of the colour can be observed. This colour
variation indicates a difference of the crystallographic texture found in samples
processed under different extrusion speed. The grain size increased with increasing
extrusion speed. The average grain size was found to be 4.2 ym for sample A and 6.1
pm for B. Furthermore, both high and low angle grain boundaries were similar for both

samples, Table 4.1.

Fig 4.1 IPF maps of samples extruded at a) low and b) high speed.
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Table 4.1 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)

angle grain boundaries of the two samples.

Extrusion
Av. Grain HAGE LAGB
Sample speed size (um) (Fraction)
(mimin) M (Fraction)
4.23
A 6 0.57 0.24
(0.010)
6.13
B 9 0.51 0.25
(0.012)

4.3 Effect of extrusion speed on the texture of extruded samples

Fig 4.2 shows the Orientation Distribution Function (ODF) of the two samples. As it can

be observed in both samples, the texture is mainly Brass-S and Cube and looks similar

to rolling texture. The intensity (19.05) of sample extruded at 9 m/min is stronger than

the intensity (13.78) of sample extruded at 6m/min.

o1 (0.0°-90.0%)

SIS
R ;

max = 13.786
— 8903
e 5, 750

3713

2398

1548
— 1,000
— ().646

45°

max = 19.053
— 11,658
— T 134

4.365

2671

1.634
— 1.000
—).612

Fig 4.2 ODF sections (¢2 = 0°, 45° and 65°) of samples extruded at: a) low and b)

high extrusion speed.
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In order to have a better understanding, the volume fractions of the main texture
components appearing in the samples were calculated by integrating the ODF within
15° of the ideal component, as shown in Table 4.2. The volume of Brass was found to
be comparable for these two extruded samples. However, sample extruded at 9m/min,
exhibits increased amount of S component (43.1%) as compared to sample A, extruded
at 6m/min. Moreover, the increased extrusion speed decreased the total Cube fibre
(Cube-Goss-CG26.5) volume from 24.9% to 12%. Finally, a similar small amount of

Copper component is observed for both samples.
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Table 4.2 VVolume fraction of the main texture components of A) low and B) high extrusion speed sample.

Sample Cube Goss Total Cube fibre
CG26.5 {021}<100>
{001}<100> | {011}<100> (Cube-Goss-CG26.5)
A 22.3 6 30.1 13.1 1 10.8 24.9
B 24.5 53 431 3.6 2.5 59 12
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4.4 Effect of extrusion speed on the mechanical properties of extruded samples

Table 4.3 shows the properties of the two extruded samples. Comparing the strength
difference between extrusion speeds we can notice that the extrusion speed increase
had an effect on yield strength (~ 12 MPa). In detail, sample A, extruded with the low
speed (6 m/min) reached 334.8 £ 1.62 MPa, while sample B, extruded with the high
extrusion speed (9 m/min), reached 346.7 + 5.9 MPa. Furthermore, the change of the
exit temperature while changing the extrusion speed should also be taken under
consideration. Finally, the n-value (strain hardening exponent) did not change
significantly between the two extrusion speeds, 0.085 and 0.088 for low and high speed

respectively.

Table 4.3 Tensile properties of the two samples extruded at different speeds in T6

condition.
Extrusion
Sample YS (MPa) UTS (MPa) EL (%) n-value
speed (m/min)
A 6 334.83+£1.62 374.03+£3.13 9.23+0.81 0.085
B 9 346.76 £5.91 387.93+6.38 9.83+1.06 0.088

4.5 Investigation of different sides

Significant variations of strength differences between the different sides of the profile
were noticed, which even though axisymmetric was showing these irregularities. In
theory, the material flow through the extrusion should be symmetrical, based on the
profile’s symmetry. Moreover, if all the processes through the extrusion were accurate,

we would not expect to see these strength differences from side to side.

An investigation of the sides of the high extrusion speed was proposed, trying to explain
these strength differences based on the crystallographic texture. From the four sides of
the profile, the top and the side were chosen for this investigation. Table 4.4 gives a list

of tensile properties of top and right-hand side of extrusion fabricated at high speed.
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These two sides were the ones showing repeatedly lower and higher yield strength,
335.8 +4.27 MPa 348.6 + 5.25 MPa respectively.

Table 4.4 Tensile properties of the top and side samples extruded at 9 m/min, in T6

condition.
Extrusion
Sample YS (MPa) UTS (MPa) EL (%) n-value
speed (m/min)
Top 9 335.8+4.27 384.03+1.34 10.2+0.98 0.09
Side 9 348.6 +5.25 389.5+247 9.31+1.12 0.087

4.5.1 Microstructure

The microstructure of both sides is similar, with thin grains elongated through the
extrusion direction and some recrystallization, Fig 4.3. Closer investigation shows that
the average grain size at the top is 6.1 ym while for the side 3.8 ym; there are no

significant differences at the amounts of high and low grain boundaries, Table 4.5.

& # alsahe
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Fig 4.3 IPF maps a) of the right-hand side and b) the top of the hollow rectangle
profile extruded in the high speed.
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Table 4.5 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)

angle grain boundaries of the side and the top of the extruded profile.

Av.Grain HAGB LAGB
Sample . i )
Size (um) | (fraction) | (fraction)
3.81
Side 0.47 0.21
(0.017)
6.12
Top 0.42 0.21
(0.012)

4.5.2 Texture

The ODFs at 0°, 45° and 65° of the side and the top of the profile are presented in Fig
4.4. The areas of the scans were close to the center of the cross section, in the same
plane as all the other investigations. From the ODFs we can notice that the texture is
the same in both sides, with higher intensity for the side sample, at 22.18. Brass and S
texture components appear with higher intensity, but also Cube and CG26.5 are
present. Looking closely at the volume fractions, Table 4.6, differences between the
main components can be noticed. In detail, the S component is higher for the side
sample rather than the top, with volume fractions 42.9% and 34% respectively, while
Brass amount is almost similar between them (27.9% and 30.1%). Moreover, the Cube
fibre fraction (Cube-Goss-CG26.5) is higher for the top sample by 47.4%, reaching from
9.7% for the side to 14.3% for top.
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Fig 4.4 ODF sections (92 = 0°, 45° and 65°) of the side and the top of the extruded

profile.
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Table 4.6 VVolume fraction of the main texture components of the side and the top of the extruded profile.

Total Cube
Cube Goss CG26.5
Sample fibre (Cube-
{001}<100> {011}<100> {021}<100>
Goss-CG26.5)
Side 27.9 5.3 42.9 5.7 1.1 2.9 9.7
Top 30.1 8.4 34 8.2 1.2 4.9 14.3
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4.6 Discussion

The determination of the right extrusion parameters can crucially affect the final
microstructure and properties.

The increase of extrusion speed from 6 to 9 m/min resulted in an increase of the exit
temperature by 10°C. Higher extrusion speeds result in generating more heat, by plastic
deformation, friction between the billet and the container and shearing at the dead metal
zone. Extruding at higher temperatures reduces the flow stress and therefore
deformation is easier [69]. That can also be translated in larger section reductions and

higher productivity.

The Zener-Hollomon parameter is a temperature-compensated strain-rate that often is

defined as:
Z==¢Eexp (%)
(4.1)
where,
¢ (s) is the mean equivalent strain rate.
R is the universal gas constant (8.314 J/ K mol).
And Q (kJ mol") the activation energy for deformation.

Z increases with the increase of € or the decrease of T. Microstructure changes that are

deformation induced can be interpret by this parameter.

The flow stress during the steady state of the extrusion is then:

1 7 l/m [ (7 2m
og=— L — +/ =] +1
F ; H (A) \. (/—! )

(4.2)

where A, a and n are constants within the extrudable temperature range.
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The increase of extrusion speed, and furthermore the exit temperature, had as an effect
the increase of the average grain size from 4.23 pm to 6.13 pym. Similar increase can
be found in the literature for extruded Al-Mg-Si-Cu rods [70]. Park et al. reported that
high Z resulted in finer microstructure and weaker texture. Moreover, in the same study
was shown that textural strengthening can be achieved by increasing ram speed [71].
In the literature there are connections made between extrusion speed and mechanical
properties. Karabay et al. reported that increase of extrusion exit speed, of different
diameter rods, resulted to increase of UTS [72]. Moreover, Aytac et al. showed that
increase of extrusion speed from 3 mm/s to 6 mm/s led to hardness increase but further
increase to 10 mm/s had an opposite effect [73]. Rahim et al. showed that for a constant
extrusion temperature, speed affects the inhomogeneity of the final product [74]. Thus,
higher ram speed leads to higher inhomogeneity for the extrudate. As reported from
Zhang et al. extrusion speed and temperature have a great impact on microstructure
through the cross section of the extrudate [75]. During extrusion of AA6NO1, the initial
coarse equiaxed grains transformed into fine equiaxed grains as a result of dynamic
recovery and dynamic recrystallization. Moreover, extrusion speed affected the surface
layer, making it thicker with increase of speed, and high extrusion speed and
temperature resulted into a coarse surface layer. Wang et al. showed that for an Al-Mg-
Si-Cu alloy, grain size had a slight effect on strength, but precipitation hardening was
the main strengthening mechanism [76]. Furthermore, Zhang et al. investigated the use
of numerical simulations. It was shown that the increase of stem speed led to an
increase of the extrusion strain and temperature that indicated better weldability [77].

Texture for both extrusion speeds was similar, Brass-S and Cube fibre (Cube-Goss-
CG26.5). This texture resembles the rolling texture, usually forming at large rolling
deformation stages of cold rolling [19,77,78]. The increase of extrusion speed affected
S component which increased by 43.1%. At the same time Cube fibre (Cube-Goss-
CG26.5) decreased by 48%. Brass seemed not to be affected by the extrusion exit

speed. Moreover, the yield strength increased by 12 MPa.

From investigation of right-hand side and top of the profile fabricated at high extrusion
speed (B), the yield strength difference between side and top was found to be ~13 MPa.
Top side, with the thicker grains, showed the lower mechanical performance. The
comparison of texture components volume fractions of the top and side indicated the
effect of each component on mechanical properties. S component was 26.1% higher
for the side, while Cube fibre was 47.4% higher for the top. Cube {001}<100>
component was the main component of the Cube family. S and Cube orientations have

a 40° <111> orientation relationship and in many cases, S had been considered
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responsible for the formation of Cube texture. Moreover, S and Cube, belonging in
different <uvw> direction families have different effect on mechanical properties. The
Taylor factor, which is applicable for multiple slip in at least five independent (111)<110>
slip systems has been studied in the literature. The S component has been found to
have higher Taylor factor than Cube component for alluminium subjected to uniaxial
tension [79,80].

4.7 Conclusions

e The increase of the extrusion exit speed, from 6 m/min to 9 m/min, and
furthermore the increase of exit temperature, increased the average grain size
of the extrudate by 44.8% and resulted to a 12 MPa increase.

e The overall texture of the extruded hollow rectangle was Brass-S-Cube for both
extruded speeds. The increase of extrusion exit speed resulted to a 43.1%
increase of S and a 51.8% decrease of Cube fibre, while Brass remained
consistent.

e A 13 MPa yield strength difference between the sides of the profile was noticed.
From the texture analysis, a 26.1% increase of S component, and a 32.1%
decrease of Cube fibre, of the side of the profile was reported.

e The strength difference both between the different extrusion speeds and
between sides can be explained by texture. The increase of S component and

simultaneously decrease of Cube fibre resulted to the increase of yield strength.
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Chapter 5 Effect of extrusion profile

5.1 Introduction

The extruded products can take different profile shapes, such as solid or hollow
rectangles, bars and flat bars, depending on the applications. For their production
various extrusion parameters are involved, such as extrusion ratio, extrusion speed and
temperature. The extrusion processing conditions have a significant influence on the
resultant microstructure (grain size and texture) and the mechanical properties. This
chapter is concerned with the study of the microstructure, texture and mechanical
properties of extrusion as a function of extrusion profile, extrusion ratio, extrusion speed
and extrusion exit temperature using a combination of EBSD, XRD and tensile testing

methods.

Four different die shapes were used for this investigation. A hollow rectangle, a solid
bar, a flat bar, and a bulk bumper tow nut. The profiles except their geometry had also
different extrusion ratio, Fig 5.1. The extrusion ratio (ER) is defined as the initial cross
section area (A1) over the final cross section area (Az), as given by equation 5.1.
Ay
ER = A_z
(5.1)

Moreover, the introduced effective plastic strain (ger) is defined as follows in equation
5.2:

Al
Seff = ln(ER) =In {E}

(5.2)

The extrusion ratio indicates the amount of plastic deformation introduced to the
extrusion [81]. A high extrusion ratio results in high mechanical work since excessive

pressure is necessary to force the metal through the die.

In order to keep these four extrusion trials as similar as possible, they were all extruded
with the aim to reach a comparable extrusion exit temperature by using different

extrusion speeds, as listed in Table 5.1.
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Hollow rectangle

Round bar

Flat bar

Profile | Hollow | Flat | Round | Tow
rectangle | bar bar nut
ER 30 50 20 10

Tow nut

Fig 5.1 Images and extrusion ratios (ER) of the four extruded profiles.

Table 5.1 Extrusion parameters of the 4 profiles.

Extrusion exit
Profile Exit T (°C)
speed (m/min)
Flat bar 9.6 540
Hollow rectangle 6.2 551
Round bar 8.5 560
Tow nut 7 552

All EBSD scans have been produced on the ND-ED plane and the results are presented
in respect of the normal plane (ED-TD) for comparison reasons, as shown in Fig 5.2.

By this way, the “pancake” effect of the grains is observed, which was expected for the
extruded material.
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Fig 5.2 Schematic representation of the plane used for EBSD scans of all the four
profiles.

5.2 Microstructure of the various extrusion profiles

The IPF maps of the four profiles in the as-extruded condition are presented in Fig 5.3.
The areas being presented here were taken at the middle of the half cross-section,
except the tow nut that it was taken at the centre of the cross-section. These scans
were obtained from the ND-ED plane and the data were plotted according to the normal
plane (ED-TD). As it is clear, the four profiles can be grouped at those with high
extrusion ratio (ER) and microstructurally their grains are thinner (flat bar and hollow
rectangle) and those with small ER and thicker grains (round bar and tow nut). In detail,
the average grain size as well as the high and low angle grain boundaries can been
found in Table 5.2. Moreover, colour gradient can be observed inside the grains from
all four IPF maps. This colour change indicates a misorientation inside the grains due

to remaining strain from defects piled up during extrusion.

The amount of HAGB and LAGB between flat bar and hollow rectangle is comparable,
with the hollow rectangle having 15% and 22.5% higher HAGB and LAGB than the flat
bar. Between round bar and tow nut the amount of LAGB is the same but the amount
of HAGB for the tow nut is 82% higher than the round bar’s.
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Table 5.2 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)

angle grain boundaries of the four profiles.

Av.Grain Size HAGB LAGB
Sample
(hm) (fraction) (fraction)
Flat bar 5.45 (0.015) 0.44 0.20
Hollow
6.13 (0.125) 0.51 0.25
rectangle
Round bar 17.17 (0.009) 0.23 0.16
Tow nut 14.97 (0.026) 0.42 0.16
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Flat bar

Round bar

Fig 5.3 IPF maps of the extruded profiles in the as-extruded condition: a) flat bar, b)

hollow rectangle, c¢) round bar and d) tow nut.
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5.3 Development of grain structure through thickness of the profile studied by

multiple EBSD scans

Apart from the smaller areas presented previously, the investigation of the grain
structure development through thickness of extrusion profile was found particularly
interesting. Figs 5.4 a-c, show IPF maps of hollow rectangle taken from the inner to the
outer side, flat bar taken from the top to the bottom and round bar taken from the centre
to the edge, respectively. The tow nut was split in three areas, as shown in Fig 5.5 a
and b, and multiscans were performed on samples taken from the top edge to the centre
of area a, the middle of area b and ¢ and the very edge of c, as shown in Fig 5.5 d.
Subsequently, from the 54 mm length of the profile, approximately the 33 mm were

scanned.
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e

Fig 5.4 IPF maps of the whole cross section of a) hollow rectangle and b) flat bar and c) half cross section of the bar.

61



The hollow rectangle and the flat bar showed a similar, strong morphological symmetry
at the centre of the cross section. It is particularly interesting to note that the peripheral
coarse grain (PCG) layer at the inner side of the hollow rectangle was 2.45 times thicker
than that of the outer side, with an average PCG layer thickness of 91 um for the outer
and an average PCG layer thickness of 224 ym for inner side. This can be attributed to
the lower quenching rate at inner side of the hollow rectangle. Moreover, similarities of
the microstructure can be observed also for the round bar and the tow nut. The grains
of round bar and tow nut once more were elongated along the extrusion direction but
were coarser than the flat bar and hollow rectangle ones. Additionally, for round bar and
tow nut an important change of the grain size from edge to centre can be noticed, with

the increasing grain size from the edge to the centre.

44,33

EEPS
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Fig 5.5 Tow nut profile: a) separated in three areas, b) indicating the plane of the through thickness EBSD scans, c) dimensions and d) IPF
maps of area a, b, c and edge of ¢
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To be able to investigate the through thickness grain size distribution, the half cross
sections of these four profiles were divided into three equal areas, starting from the
edge and moving to the centre; the PCG layer observed at the hollow rectangle and flat
bar was avoided at this point. In all cases, the grains were found to be finer at the edge
of the cross section and became coarser towards the centre of the extrusion profile. But
the through thickness grain size distribution was different between profiles with small
and large ER, as shown in Table 5.3. For profile with ER between 30-50, the grain size
increment between the edge and centre of the extrusion profile seemed to be inversely
proportional to ER. For example, the flat bar profile with the highest ER of 50, had a
19% increase of the grain size between the edge and the centre, while hollow rectangle
profile with ER of 30, had a 37.5% increase in grain size from the edge to the centre.
For the profiles with ER between 10-20, the grain size increment between the edge and
centre of the profile appeared to be proportional to the ER. For example, the tow nut
profile with ER of 10, had a grain size increment of 71.2% as compared to the three

times grain size increment in the round bar profile with ER of 20.

Table 5.3 Average grain size (um) and standard deviation in parenthesis from edge to

centre.
Grain size
A B C increment
Area
(edge) | (intermediate) | (centre) | (%) (edge
to centre)
Hollow 3.47 3.95 477
37.5
rectangle | (0.022) (0.020) (0.020)
4.41 4.63 5.25
Flat bar 19
(0.096) (0.008) (0.008)
Round 4.89 7.94 14.40 194
bar (0.005) (0.004) (0.003)
7.58 10.80 12.98
Tow nut 71.2
(0.004) (0.012) (0.006)
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5.4 Texture of various extrusion profiles

The four extrudates can, once more, be classified into two groups: those with higher ER
(hollow rectangle and flat bar) and those with lower ER (round bar and tow nut) profiles,
this time based on their textures. As it can be observed from the ODF maps, Fig 5.6,
for the middle of the half cross sections (same areas as previously presented the
microstructure), the texture of the higher ER profiles resembled rolling texture with a
combination of Brass, S and Cube components while for the lower ER profiles, the

texture was extruded with Cu, Brass and Cube.

As a result of the size of the tow nut, Fig 5.4 c, a scan at the centre of each of the three
areas was performed, for the better understanding of the texture through the cross
section. Texture was similar for areas a and c, with rotated Brass being the predominant

component, while for area b, Cu and P are present, as shown in Figs 5.6 (d-f).

These results were further compared with XRD texture analysis, and the results are

being presented below.
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Fig 5.6 ODF sections (92 = 0°, 45° and 65°) of a) Hollow rectangle, b) Flat bar, ¢) Round bar, d) Tow nut taken from area a in Fig 5.5, e) Tow

nut taken from area b in Fig 5.5 and f) Tow nut taken from area c in Fig 5.5.

66



For the hollow rectangle and the flat bar, the predominant texture component was found
to be S, with volume fractions 43.1% and 41.5% respectively, as shown in Table 5.4.
Brass was the second major texture component, with 24.5% for hollow rectangle and
20.8% for flat bar. Cube fibre (Cube-Goss-CG26.5) texture was found to be 22.6% for
flat bar and 12% for the hollow rectangle. Both profiles contained a small amount of

Copper texture with 5.3% for hollow rectangle and 8.7% for flat bar.

Round bar showed an extruded texture, with Copper being the stronger component,
with 31.7% volume fraction, and Brass following with 23.3%. It must be noticed that
Brass was rotated by 20° and on the ODF map appears at 55° rather that 35°. The
volume fraction of Cube fibre (Cube-Goss-CG26.5) was 29.7%.

Tow nut’s areas a and ¢ had 37.1% and 14.6% Brass, rotated at 55° respectively.
However, Copper was present with 12.7% in area a and only 3.6% for area c. Moreover,
for area c, P texture component was present with 22.9%. Texture at the middle of tow
nut, area b, was different. The main texture components were Copper, with 35.1%

volume fraction, and P component, with 27.3%, as shown in Table 5.4.
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Table 5.4 VVolume fraction of the main texture components of the four extruded profiles.

Total Cube
Cube Goss CG26.5
Profile P {011}<122>| fibre (Cube-
{001}<100> {011}<100> {021}<100>
Goss-CG26.5)
Flat bar 20.8 8.7 41.5 11.6 0.7 10.3 - 22.6
Hollow
24.5 5.3 43.1 3.6 2.5 5.9 - 12

rectangle
Round bar | R(20°)23.3 31.7 5.9 5.8 13.7 10.2 0.7 29.7
Townuta | R(20°)37.1 12.7 2.1 12.2 11.9 11.5 1.6 35.6
T tb 35.1 0.3 5.7 2.2 6.5 27.3 14.4

ownd R(20°)0.4
Tow nutc | R(20°)14.6 3.6 0.3 0.8 2.3 10 22.9 13.1
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5.5 X-ray Diffraction analysis

As it can be observed from the XRD ODF maps, Fig 5.7, the hollow rectangle and the
flat bar demonstrated rolling texture, with Brass-S and some Cube texture components.
The round bar showed a strong extruded texture, with Copper-Brass and Cube fibre.
The Brass component was found to be strongly rotated, by 20° around ND, thus from

the 35° that normally appears here was at 55°.

The tow nut was divided into three areas, A, B and C, as it is presented in Fig 5.8. For
areas A and C, a similar, strong, extruded texture, with Copper-Brass and presence of
Cube fibre was reported. Again, Brass was rotated at 55°. For the middle of the tow nut,
area B, the texture resembles rolling S-Copper-Brass, also with presence of Cube fibre.
In this case, Brass was present at 45°, rotated by 10° from the ideal, a presentation of
Brass common for extruded material. Finally, a small amount of P component was
present in areas A and C, with their volume fractions being 7.9% and 11.8%

respectively.

69



A 1 &LEF& 1 &EF& 1
1.00 200 4.00 500 700 1120 160 200 300 500 1.00 200 4.00 500 700 1120 160 200 300 S00 1.00 200 400 500 700 w20 160 200 300 500
o L

Fig 5.7 ODF maps obtained from XRD of a) flat bar, b) hollow rectangle and c) round bar.
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Fig 5.8 Tow nut’s: a) cross-section for XRD texture analysis and the areas (A, B and C) that was devided, and the corresponding ODF maps
obtained from XRD of b) area A, c) area B and d) area C.
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In general, there was a good agreement between localized EBSD and macroscopic
XRD texture results. The texture presented for hollow rectangle, flat bar and round bar
was comparable. Some differentiations were noticed for the tow nut, especially for the
middle of the cross-section. Specifically, Brass and S were absent with EBSD, while
were present with XRD. At the same time, the presence of P component reported with
EBSD was confirmed by XRD.

5.6 Texture development through thickness of the profiles studied by multiple
EBSD scans

The texture deviation through thickness of each profile is presented here. The analysis
has been done at the same areas as the previous through thickness microstructural

analysis.

Fig 5.9 presents the deviation of the main texture components found in the profiles in
respect to the cross-section distance. Hollow rectangle had the same Brass-S-Cube
texture through the whole cross-section with some noticeable changes of texture
components. Brass component increased at the edge of the cross-section, reaching
36.5% volume fraction, while it was 28.6% at the centre. S component had similar
volume fractions for edge and intermediate areas, ~38.5%, but showed a small
decrease at the centre, reaching 31.4% volume fraction. Moreover, Cube fibre (Cube-
Goss-CG26.5) fluctuated from 10.4% for the centre, to 13.1% for intermediate area and
9.2% for the edge. Finally, a small amount of Copper was present at edge and

intermediate areas (5.5%) but decreased significantly (1.9%) reaching the edge.

For the flat bar, the Brass’s volume fraction increased from centre to the edge.
Specifically, it was 32.1% for the centre, 37.8% for intermediate area and 51.9% for the
edge. This is a 61.6% increase of Brass component. S component was at similar levels
for all the three areas, ~30%. Cube component increased importantly from the edge to
the centre, almost quadrupled the volume fraction. From 3.7% for the edge, reached

12.9% for intermediate area and 14.6% for the centre.

72



Round bar displayed a very interesting deviation of texture through cross-section. The
overall texture was Copper-Brass-Cube fibre. For centre and intermediate areas, Brass
was strongly rotated at 55°, a 20° rotation from its usual presence, with volume fractions
17.1% and 12.5% respectively. For the edge of the cross-section, Brass returned at 35°
and its volume fraction was 15.3%. Copper decreased significantly from centre to edge.
The volume fractions were 35.3% for the centre, 26.9% for intermediate area and 7.5%
for the edge. The amount of Copper at the edge is 4.7 times less than the centre.
Moreover, Cube fibre had a decrease from centre to edge. The volume fractions were
29.4% for centre, 18.1% for intermediate area and 13.8% for edge. Finally, a small
amount of P component was present at the centre (4.2%), decreased to 1.9% at the

intermediate area and 1.4% at the edge.

Deviation through tow nut’s cross-section was also present. Similar to round bar, Brass
component was rotated at the centre and the intermediate area, with the volume
fractions being 7.5% and 20.9% respectively. Copper component, similarly to rotated
Brass, was stronger for the intermediate area than the centre, with their volume fractions
being 34.7% and 25.7%. At the edge, Copper decreased significantly to 9.5%. Cube
fibre had similar volume fraction at the centre and the intermediate area, ~25%, while
decreased at 3.1% at the edge, 8 times less. P component had a 15.8% volume fraction
at the centre, decreased to 3.5% at the intermediate area and finally almost disappeared
at the edge (0.3%).
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Fig 5.9 Volume fractions of a) deformation (Brass, Copper, S) and b) recrystallization
(Cube, Goss, CG26.5) components for the four profiles in relation to the area of the

cross-section.

5.7 Study of Kernel average misorientation (KAM) of various profiles

EBSD analysis has a variety of tools for the investigation of elastic and plastic strains.
With the use of these tools, we can monitor the differences of orientation between

neighbouring points.

A common approach to investigate the stored strain energy is through Kernel average
misorientation (KAM). Using a kernel misorientation approach the local misorientation
of a point can be characterized, with respect to its nearest neighbours [82]. A maximum
misorientation (tolerance) is necessary and in this case was set at 5°. Usually, grains
that have been highly deformed have higher KAM due to higher dislocation density [83].

It should not be overlooked that KAM is affected by scan step and for maps with different
step size a compare of KAM is not feasible. For this investigation, the scan step size

was set at 0.5 ym for all the samples.
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As itis presented in Fig 5.10 the distribution for the hollow rectangle was relatively sharp
with small mean value of 0.62°. Round bar followed with 0.79° and almost the same
distribution was obtained for the flat bar, with 0.81° mean value. Lastly, tow nut's KAM
was widely distributed, with an average at 1.51 degrees. Moreover, the number fraction

more than 1°, fig~1) was 14%, 8%, 13% and 49% for flat bar, hollow rectangle, round

bar and tow nut respectively.
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Fig 5.10 Histograms of kernel average misorientation (KAM) for the a) flat bar, b)

hollow rectangle, c) round bar and d) tow nut profiles.

75



Geometrically Necessary Dislocations Geometrically Necessary Dislocations

0.3 0.8
0.7 0.7
0.6 0.6
§.. 0.5 é 0.5
2 8
L 0.4 * 0.4
A 2
j_ 0.3 E 0.3
0.2 0.2
0.1 0.1
0.0 . 0.0
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Dislocation Density Dislocation Density
Geometrically Necessary Dislocations Geometrically Necessary Dislocations
0.7 0.4
0.6
0.3
0.5
§ §
5 0.4 ]
& 0.2
203 3
5 g
Zz
0.2 o1
0.1
0.0 - 0.0 - -
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Dislocation Density Dislocation Density

Fig 5.11 Histograms of geometrically necessary dislocation (GND) for the a) flat bar,

b) hollow rectangle, c) round bar and d) tow nut profiles.

The histograms of geometrically necessary dislocation (GND) of the four profiles are
presented in Fig 5.11. The density of GND was calculated from the local misorientations
and it is given in terms of 1x10"?m2. The calculation method is according to D.P. Field
et al. [84]. Again, a maximum misorientation (tolerance) should be determined and in

this case is 5 degrees..

The mean GND density for the flat bar was found to be 36.31x10'?m2, the hollow
rectangle 32.37 x10'°m-2, the round bar 48.83 x10"°m2 and 75.08 x10'?m for the tow
nut, Table 5.5.
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Table 5.5 Mean GND density and extrusion ratio of the four profiles.

Mean GND
Profile ER

density (m)

Flat bar 50 36.31x10"2

Hollow
30 32.37 x1012
rectangle

Round bar 20 48.83 x1012
Tow nut 10 75.08 x1012

5.8 Mechanical properties

Uniaxial tension specimens were extracted from the extruded profiles along the
extrusion direction for mechanical testing. As is can been observed in Table 5.6, the
mechanical properties have a similar grouping of the profiles to microstructure and
texture. The two lower ER profiles showed the higher yield strength, with the round bar
reaching 408.1 + 3.4 MPa and the tow nut 400.1 + 8.4 MPa. From the two higher ER
profiles, the flat bar reached 362.6 + 0.6 MPa and the hollow rectangle 342.7 £ 6.8 MPa.
The ultimate tensile strength followed the same trend. Uniform elongation was higher
for hollow rectangle and flat bar (12.45 and 10.37), while it was lower for bar and tow
nut (8.61 and 8.37).
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Table 5.6 Tensile properties of the four extruded profiles in T6 condition.

Sample YS (MPa) UTS (MPa) EL (%) n-value
Flat bar 362.6 £ 0.58 413.4 £ 0.49 10.37 £ 0.42 0.14
Hollow
rectangle 342.6 +0.58 389.4 £ 5.26 12.45 + 0.49 0.086
Round bar 408.1 + 3.43 4485+ 2.24 8.61+£0.93 0.062
Tow nut 400.1+84 446.2 £ 4.1 8.37 £ 0.08 0.089

Moreover, the mechanical properties of tow nut were further investigated, for the centre

of each area, a, b and c. The results revealed a decrease of yield strength for area b,
reaching 386.4 + 4.1 MPa, while area a and c reached 406.2 + 5.64 MPa and 404 .4 +

5.3 MPa respectively. Ultimate tensile strength followed the same trend. Uniform

elongation followed the same trend as yield strength, with the higher elongation for area
a (8.15), followed by ¢ (7.75) and finally b (7.4), something that is not usual for this type

of alloys, Table 5.7.

Table 5.7 Tensile properties of the three areas of tow nut in T6 condition.

Sample YS (MPa) UTS (MPa) EL (%) n-value
a 406.5 + 5.64 448.4 + 217 8.15+0.05 0.078
b 386.4 +4.1 429 + 3.52 74+13 0.077
c 404453 446.4 + 2.6 7.75+0.15 0.079
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5.9 Discussion

5.9.1 Effect of extrusion profile geometry on grain size

Optimized extrusion conditions were used to produce the four profiles. This was
based on a combination of maximum productivity and final properties. As a result,
there were differences of the exit temperature. The bar had the higher extrusion exit
temperature, 560 °C, tow nut and hollow rectangle follow with 552 °C and 551 °C and
finally flat bar had 540 °C.

The average grain size close to the center of the cross-sections was higher for the
bar, with the tow nut, hollow rectangle and flat bar following. This comes in agreement
with the higher extrusion exit temperature. The same effect of extrusion exit
temperature on grain size was reported in Chapter 4. A proposed explanation to the
way exit temperature affects the grain size is that the grains transition from non-
dynamic recrystallized to dynamic recrystallized as the extrusion temperature
increases [85]. Comparing the average grain size of the profile with the smallest ER
(tow nut with ER 10) and the profile with the biggest ER (flat bar with ER 50) an
increase of 2.7 times was found. A small extrusion ratio would indicate smaller billet
surface in contact with the container and the die, resulting to less shear stress and
work hardening [86]. As a result, tow nut and bar had very different microstructure
than flat bar and hollow rectangle, with thick grains elongated through the extrusion

direction.

The microstructure was very similar for the hollow rectangle and flat bar. The grains
were flattened and elongated through the extrusion directions. Many grains with
serrated grain boundaries can been noticed as well as smaller grains that have been
pinched-off from bigger, initial ones. This phenomenon is attributed to geometric
dynamic recrystallization (GDRX), and it comes in agreement with the literature [87,88].
Bar and tow nut had a different microstructure. The grains were again elongated through

the extrusion direction, but they were much thicker than the other two profiles.

The differences of the strain distribution during extrusion process reflects on the
microstructural and textural deviation through the extrudate cross-section [81]. These
deviations resemble the rolling procedure [82]. For all the profiles, the grains were
thicker at the centre of the cross-section. This is evidential of the two mechanisms taking
place during extrusion. Closer to the edge shear stress is higher, leading to

recrystallization of the grains, while at the centre recovery is the main mechanisms.
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5.9.2 Effect of extrusion profile on the texture components

The effect of geometry on texture has been investigated. Typical texture for extruded
aluminium rectangles is a Brass-S-Copper texture, similar to rolling texture. For the
hollow rectangle and flat bar of this study, Copper is relatively weak compared to S and
Brass. Moreover, by increasing the ER, from 30 for hollow rectangle to 50 for flat bar,
the amount of S and Brass decreased while Copper increased.

The extruded bar of this study showed a strong preferred orientation, noticeable from
the IPF map. The texture was characterized by strong <111>//ED and <100>//ED fibers.
This duplex fibre texture comes into agreement with the literature for extruded and
drawn Al alloys [70,91,92].

Kaneko et al. showed that the strong <111>//ED texture of extruded Al-Mg-Si-Cu rods
significantly decreased by increasing the ER, while at the same time <100>//ED
increased [70]. In our study a comparison like this cannot be achieved. For example,
bar, with ER=20 had a 60.9% volume fraction of Brass, Copper and S, while flat bar,
with ER=50, had 71%. This is understandable, since the effect of geometry, hence

different strain paths, should not be overlooked.

The centre of the tow nut, area b, showed a significant increase of Copper component.
At the same time area b had the lowest yield strength, with 386.4 £ 4.1 MPa, ~19 MPa
less than areas a and c, that showed similar yield strength. Barlat and Richmond
investigated the effect of Brass, S and Copper textures on the yield surfaces of FCC
metal sheets [93]. Copper was found to create the most deformed yield surface.
Moreover, it has been reported that increased Copper component enhances the
strength anisotropy [94].

Furthermore, for tow nut, P component was reported, which was stronger at the centre
(15.8% volume fraction) and gradually decreased and eliminated at the edge. P
component {011}<122> is not a common texture component in 6xxx aluminium alloys.
Jung et al. investigated the nucleation mechanisms of P component and concluded that
during strain compression, stable P and near P orientations formed, that acted as nuclei
that recrystallized into P component [95]. Moreover, Huang et al. showed that
concurrent precipitation subdued nucleation at grain boundaries and allowed the growth
of P component [96]. Hu et al. showed that P, Goss and Cube oriented grains have
more {111} slipping planes participating in cycle plastic deformation, resulting to

reduced stress concentration [97].
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The use of XRD texture analysis was decided as a comparative tool. Many times,
differences of the texture components volume fractions between EBSD and XRD
method have been noticed. These differences arise from the characteristics of each
technique. X-rays have a deeper penetration capability (~ 20-30 um), while EBSD is
more surface sensitive since it has a penetration capability ~ 20-30 nm. Moreover,
based on the machines layouts, X-rays can scan bulk materials, resulting to measuring
more grains than EBSD is capable. For industrial extruded profiles, EBSD would be
more of a qualitative technique, while XRD quantitative.

For the flat bar, hollow rectangle and round bar, texture was reported similar with both
techniques. For tow nut, the overall texture was similar with both methods, but some
differences were noticed. In particular, for area ¢, XRD texture analysis reported a
strong Copper (27.8%) and some P (11.8%) component. EBSD analysis found a very
small amount of Copper (3.6%) and strong P (22.9%). Moreover, with EBSD for area b,
Brass was not present, and P had a significant volume fraction (27.3%), while with XRD,

P was not present and Brass was strong (20.1%).

Khadyko et al. investigated the grains and texture gradients through thickness of an
extruded AA6063 flat profile [98]. It was found that the grain size and texture displayed
variations through the thickness which is typical for such profiles. In more detail, at the
centre of the cross section the grains were smaller, with Cube texture, the following
layer had larger grains with random orientation and the outer layer had smaller grains
with Goss as the predominant texture. Finally, it was shown that the texture gradient
had a smaller effect on the mechanical properties than the global texture and the work
hardening. The same trend for Cube was also noticed in the case of the flat bar of our
investigation. Moreover, Cube and Brass seemed to develop vice versa through the

cross-section.

Anisotropy has been related to the development of specific texture components.
Specifically, Brass, S and Copper are the main texture components that their
development seems to affect mechanical properties. Wu et al. investigated the effect of
minor Zr/V additions in an Al-Si-Mg extruded alloy on texture and mechanical properties
[99]. He concluded that the development of Brass texture component is helpful for yield

strength.
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5.9.3 Effect of extrusion profile on mechanical properties

The yield strength was reported higher for the bar and the tow nut, then the flat bar

followed and the hollow rectangle had the lowest yield strength. The ultimate tensile

strength followed the same trend. The mean GND density was very similar between
hollow rectangle (32.37 x10'?m2) and flat bar (36.31x10"2m2). As the ER decreased to

bar’s 20, the mean GND density increased to 48.83 x10'?m-2and a further big increase

was noticed for the tow nut, reaching 75.08 x10'?m=2. These results confirm that the

decrease of ER results to severe pile-up of dislocations that enhances strength.

5.10 Conclusions

Morphologically the four profiles showed some differences. The effect of
extrusion exit temperature was once again noticed. For the profiles with low ER
the exit temperature was higher resulting to higher average grain size.
Moreover, since the contact surface between the billet and the container is less
for smaller ER, less shear stress and work hardening will occur. The two profiles
with high ER (flat bar and hollow rectangle) had overall thinner grains, with some
of them having serrated boundaries and other being pinched-off. This indicates
high geometric dynamic recrystallization.

During the through thickness investigation of the four profiles the grain size was
reported thicker for the centre and gradually became thinner closer to the edge.
This is evidential of the existence of two different mechanisms, higher recovery
at the centre and higher shearing closer to the edge of the profiles.

The extrusion geometry was found to be instrumental on the developed texture.
The four extruded profiles showed different texture and they were further
grouped into high and low ER, based on their texture. The profiles displayed the
typical texture for their geometry, with hollow rectangle been treated as flat bar.
The two profiles with high ER (flat bar and hollow rectangle) had Brass-S-Cube
fibre texture, bar had Copper-Brass-Cube fibre and tow nut had similar texture
with bar but with some differences at specific areas. The comparison between
EBSD and XRD texture analysis showed that the results were in general in good

agreement.
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Both EBSD and XRD texture analysis agreed that for the middle of tow nut
Copper was the predominant texture component. Moreover, a significant volume
fraction of P component was found through EBSD analysis. P belongs to
recrystallization components and it is easy to deform due to the {111} slipping

planes.
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Chapter 6 The effect of extrusion ratio

6.1 Introduction

Most studies in the past only looked at the effect of ER regardless geometry. But
extrusion geometry plays a tremendous role on the final microstructure, grain orientation
and mechanical properties. There is a gap in the understanding of individual extrusion

effect on final product and their interaction.

In order to decouple the effects of the extrusion geometry and the extrusion ratio, the
addition of two new extruded profiles was suggested. Both solid bars; one with smaller
and one with bigger diameter than the previously extruded solid bar (Chapter 5). The
addition of the new profiles lead to two new investigations, Fig 6.1. The first one is the
investigation of same extruded geometry, with different dimensions (investigation
between the three solid bars). The second investigation is between extruded profiles
with similar extrusion ratios but different geometries (comparison of flat bar-small solid
bar and tow nut-big solid bar). The extrusion details of the five profiles, as well as their

ER is presented in Table 6.1.

Same ER/Different profile shape

Same profile shape/Different ER— O Q Q

@ 22.22 mm @ 33.8mm @ 48mm
ER: 55 ER: 20 ER: 10

Tow nut :
FIaF bar ER: 10 |
ER: 50 -

Fig 6.1 Schematic of the two new investigations with the profiles and their ER.
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Table 6.1 Extrusion parameters and ER for the three round bars, flat bar and tow nut.

Profile Extrusion Ratio Extrusion exit Exit T (°C)
(ER) speed (m/min)
Small round bar 55 9.3 548
Flat bar 50 9.6 540
Medium round bar 20 8.5 560
Big round bar 10 5.8 553
Tow nut 10 7 552

6.2 Microstructure

The IPF maps of the three bars, obtained at the ED-ND plane, at the centre of the half
cross-section are presented in Fig 6.2. As expected, the grains of all the three solid bars
were elongated through the extrusion direction; moving from the smaller to the bigger
bar the thickness of the grains is getting significantly bigger. The average grain size, the
high and low angle grain boundaries of the three bars are presented in Table 6.2. The
average grain size for the small bar was 10.6 um, then increased by 61.3% for medium
bar, reaching 17.1 ym and decreased by 8.1% for large round bar, reaching 15.7 ym.
Moreover, at the IPF map of the large round bar, a cluster of recrystallized grains can

be observed.

The total amount of grain boundaries decreased from 0.49 for small round bar to 0.39
for medium round bar and then increased to 0.60 for large round bar. The HAGB of the
medium bar is lower than the other two profiles by ~32%. The LAGB were similar for
small and medium bar, but had a major increase, 68.5%, from medium to large round
bar. The ratio of LAGB to HAGB amount increased from 0.44 for small round bar to 0.76

for large round bar.

The clustered area of large round bar with the equiaxed grains was found to contain
mostly LAGB. In general, from Fig 6.3, most of the LAGB are located at grains within

the <100> direction.
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Fig 6.2 IPF maps of a) small, b) medium and c) large round bar and their extrusion

ratios.

Table 6.2 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)

low angle grain boundaries, total amount of grain boundaries and the ratio of low to

high angle grain boundaries for small, medium, and large round bar.

Av.
HAGB LAGB Total GB
Sample Grain LAGB/HAGB
. (fraction) | (fraction) | (fraction)
size (um)
Small 10.6
0.34 0.15 0.49 0.44
bar (0.013)
Medium 171
0.23 0.16 0.39 0.69
Bar (0.009)
Large 15.7
0.34 0.26 0.60 0.76

bar

(0.011)




Fig 6.3 Image quality (IQ) map (b) of large bar in comparison with its IPF map (a).

HAGB are presented with black and LAGB with red lines. Areas with increased

presence of LAGB are noticed with yellow circle and arrows.
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6.3 Texture

As it can be observed from the IPF maps the bars are strongly oriented. In all the cases
there is strong texture with <111> and <100> fibers. The texture is extruded with Cu-
Brass-Cube main components in all the three cases, with small differences at the
intensities. Specifically, intensity increased from the small to large round bar; it was
reported 14.8 for small bar, 16.3 for medium and 21.1 for large bar. The ODF maps (0°,
45°, 65°) of the three bars is presented in Fig 6.4.
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Fig 6.4 ODF sections (¢2 = 0°, 45° and 65°) of a) small, b) medium and c) large round

bar of the previous presented microstructures.

Furthermore, the volume fractions of each texture component were calculated and are
presented in Table 6.3. Copper is the predominant texture component for all the three
cases, but it is especially high for the small bar, reaching 47 volume fraction. As the ER
decreases Copper decreases as well. Specifically, from small to medium bar there is a
32.5% decrease and a further 21.1% from medium to big. The amount of Brass (rotated

at 55°) is similar for the three bars, ~23. Finally, the Cube fibre is getting higher moving
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from the small to the large round bar, with the volume fractions being 18.8 for the small,
29.7 for medium and 35.7 for large round bar. The increase of the volume of Cube fibre
from small to large round bar is 89.8%. Moreover, the total volume fraction of the <111>

and <100> fibres for each bar is presented in Fig 6.5.
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Table 6.3 Volume fraction of the main texture components of small, medium and large round bar.

Total Cube fibre

Cube Goss CG26.5
Sample (Cube-Goss-
{001}<100> | {011}<100> | {021}<100>
CG26.5)
Small bar| (R20°)23 47 0.6 7 5.7 6.1 18.8
Medium 29.7
(R20°)23.3 31.7 5.9 5.8 13.7 10.2
bar
Large bar| (R20°)22 25 1.1 7 13 15.7 35.7
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Fig 6.5 Pole figures (PF) and volume fractions of each fiber for a) small, b) medium and c) large round bar.
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6.4 Mechanical properties

The vyield strength is very similar for the three bars, with the medium bar reaching the
highest strength, 408.1 + 3.4 MPa. Small bar reported 403.7 + 2.5 MPa and large bar
401.2 + 2 MPa, as shown in Table 6.4. The ultimate tensile strength and uniform

elongation are also very comparable for the three bars.

Table 6.4 Tensile properties of the three extruded round bars in T6 condition.

Sample YS (MPa) UTS (MPa) EL (%) n-value
Small bar 403.7+25 443 + 1.89 8.82 +0.52 0.071
Medium bar 408.1+ 3.4 4485+ 2.24 8.61+0.93 0.062
Large bar 401.2+2 447.6 +2.28 9.01+£0.93 0.064

6.5 Effect of extrusion geometry on grain structure

After the study of the ER on the same extruded shape of different sizes the next
investigation was the comparison of different extruded profiles with similar ER. For this,
the flat bar and the tow nut from Chapter 5 were compared with the small and the large

round bar respectively.

6.5.1 Microstructure

Both the small bar, with 55 ER, and the flat bar, with 50 ER, had long, elongated grains
through the extrusion direction. For the flat bar many grain boundaries were serrated
and new small grains were created by pinch-off. For the small bar only few, distinct

areas of recrystallized or pinched-off grains could be observed. The extrusion ratio of
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both the large round bar and the tow nut was 10. Microstructurally, their IPF maps
looked similar with thick, elongated grains through the extrusion direction, with

exception some clusters of equiaxed grains in both profiles, Fig 6.6.

The average grain size of the small bar was almost the double of the flat bar’s; 10.6 ym
and 5.5 ym respectively. Moreover, the high and low angle grain boundaries of the flat
bar were ~ 30% higher that the small bar’s. The average grain size was similar for the
large round bar and the tow nut, with large bar’s being 5% increased, 15.7 ym, than tow
nut’s, 14.9 ym. The fraction of the HAGB was higher by 23.5% for the tow nut, while the

LAGB of the large bar were 62.5% increased from the ones of tow nut, Table 6.5.

Fig 6.6 IPF maps of a) small round bar, b) flat bar, c) large round bar and d) tow nut.
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Table 6.5 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)
angle grain boundaries, total amount of grain boundaries and the ratio of low to high

angle grain boundaries for small round bar, flat bar, large round bar and tow nut.

Av.
Grain HAGB LAGB Total GB
Sample LAGB/HAGB
size (fraction) | (fraction) | (fraction)
(Hm)
Small 10.6
0.34 0.15 0.49 0.44
bar (0.013)
Flat 5.5
0.44 0.20 0.64 0.45
bar (0.015)
Large 15.7
0.34 0.26 0.60 0.76
bar (0.007)
Tow 14.9
0.42 0.16 0.58 0.38
nut (0.025)

6.5.2 Texture

Comparing the texture of small round bar with the flat bar we can notice important
differences, as shown in Fig 6.7 (a-b). In detail, as presented earlier, small bar had an
extruded texture with Cu-Brass-Cube components, while flat bar had rolling texture with
Brass-S-Cube. On the other hand, large round bar and tow nut had similar extruded
texture with Cu-Brass and some Cube components, although tow nut showed a change
of texture at the middle of its cross-section. The texture components of each profile can
be found on their ODF, Fig 6.7(c-d) and their volume fraction in Table 6.6.
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round bar and d) tow nut.
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Table 6.6 VVolume fraction of the main texture components of small round, flat, large round bar and tow nut.

Total Cube
Cube Goss CG26.5
Sample fibre (Cube-
{001}<100> {011}<100> | {021}<100>
Goss-CG26.5)

Small bar 23 47 0.6 7 5.7 6.1 18.8
Flat bar 20.8 8.7 41.5 11.6 0.7 10.3 22.6
Large bar 22 25 1.1 7 13 15.7 35.7
Tow nut R(20°)37.1 12.7 2.1 12.2 11.9 11.5 1.6




6.5.3 Effect of geometry on mechanical properties of extruded samples

For a given ER of 10, the yield strength remained similar between large round bar (401.2
MPa) and tow nut (400.1 MPa), as shown in Table 6.7. However, for ER between 50

and 55, the yield strength of extruded sample increased from 362.6 MPa for flat bar to

403.7 MPa for small round bar. The ultimate tensile strength followed the same trend,

with those of large round bar and tow nut being similar (447.6 and 446.2 MPa), while

for small bar and flat bar a important difference was reported, 443 and 413.4 MPa

respectively.

Table 6.7 Tensile properties and extrusion ratios of the extruded profiles in T6

condition.
Sample ER YS (MPa) UTS (MPa) EL (%) n-value
8.82
Small bar 55 403.7+2.5 443 £ 1.89
0.52 0.071
10.37 =
Flat bar 50 362.6 +0.58 413.4+0.49 0.14
0.42
9.01
Large bar 10 401.2+2 4476 +2.28
0.93 0.064
8.37
Tow nut 10 400.1+84 446.2 + 4.1 0.08 0.089
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6.6 Discussion

6.6.1 The effect of extrusion ration on the same geometry

From the ER investigation, between the three bars with ER= 55, 20 and 10 a change of
microstructure was noticed. The average grain size was higher for the medium bar, 17.1
pm, which also reported the highest extrusion exit temperature, 560°C. Temperature is
one of the main factors affecting the shape and size of grains. Since the quenching was
optimized for every profile, the higher exit temperature resulted to coarser grains.
Moreover, for the large round bar, clusters of recrystallized grains, containing LAGB

was observed, resulting to a decrease of the average grain size.

The effect of ER on extruded rods has been investigated. Increase of ER has been
reported to decrease average grain size at the centre of extruded rods which comes in

agreement with the results of this investigation [70].

All the three bars exhibited strong <111> and <100> fibre texture. For axisymmetrically
extruded aluminium alloys this is a typical texture [99]. The texture intensity decreased
as the ER increased. The main texture components observed were Copper, Brass and
Cube fibre (Cube-Goss-CG26.5). The predominant component was Copper for the
three bars, with the volume fraction increasing significantly as the ER increased.
Specifically, an 88% increase from big to small bar was reported. Brass component was
not affected by the ER, keeping a similar average volume fraction ~23. Moreover, the
total Cube fibre volume fraction decreased with the increase of ER. Overall, increasing
ER resulted to increase of <111> and decrease of <100>. The transformation of the
<111> texture to <100>// ED has been reported in the literature due to recrystallization
[100].

There has been a big conversation in the literature regarding the source of Cube texture
in deformed high stacking fault energy metals (Al and Cu). Scientists are debating the
relationship between the major rolling texture components, Copper and S, and
recrystallization Cube texture. S component has a ~40° <111> orientation relationship
with Cube component and following the orientation growth theory it should be the
component accountable for Cube presence. Nonetheless, from the experimental data

Copper seems to be the texture component responsible for Cube [100-104]. From the
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trend appeared in this investigation we can conclude that Copper is responsible for

Cube and support the literature.

The strength results support the previous observations, that there is an optimum
combination of texture components and grain characteristics. The yield strength of the
three bars was very close to each other, but the best results were observed for the
medium bar with 408 + 3.4 MPa. The medium bar had a good combination of high
amount of strong <111> fiber and low amount of weak <100> fiber, while the average
grain size was 17.1 ym. The small round bar, with 403.7 £ 2.5 MPa, had a slightly better
combination of <111> and <100> fibers but the average grain size was 10.6 um. Finally,
the large round bar that had the lowest strength, 401 + 8.4 MPa, showed a high amount
of <100> fiber, mainly attributed to the recrystallization area and probably the big grain
size contributed to the lower strength. It has been reported that increase of ER resulted
to increase of ultimate tensile strength and hardness [72]. In this present study an
increase of ER from 10 to 20 resulted to a 7 MPa increase of yield strength, but the

further ER increase to 55 followed by a 4.5 MPa decrease.

Moreover, it has been reported that among different extrusion parameters (extrusion
ratio, billet and container temperature and ram speed) extrusion ratio has the biggest
effect on surface cracks initiations. Specifically, increase of ER resulted to less surface
cracks [89].

6.6.2 The effect of geometry on similar ER

Although small bar and flat bar had similar ER, 55 and 50 respectively, significant
differences were observed at their morphology and texture. The small bar’s average
grain size was double the flat bar’s, with some clusters of recrystallized grains. On the
other hand, flat bar had 40% more LAGB, with many thin, elongated, serrated grains
and others, equiaxed, that had been pinched-off. This indicates that geometric dynamic

recrystallization was higher for the flat bar.

Moreover, the texture was different for the two profiles. A rolling texture of Brass-S-
Cube components were found in flat bar and extrusion texture of Cu-Brass-Cube
components were found in small round bar. The amount of Brass component remained
similar for both small round bar (23%) and flat bar (20.8%), while S component
increased from the small round bar (0.6%) to flat bar (41.6%) at the expense of Copper

component, which decreased from 47% for small round bar to 8.7% for the flat bar. The
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total amount of cube fibre (Cube-Goss-CG26.5) increased from 18.8% for small round

bar to 22.6% for flat bar, due to the high amount of pinched off grains.

For ER of 10, a common extrusion texture of Cu-Brass and some Cube components
was found in both large round bar and tow nut profiles. The tow nut had a higher amount
of Brass and Copper than those found in big round bar but both had very little amount
of S component. However, the total amount of cube fibre (Cube-Goss-CG26.5)
decreased from 35.7% for big round bar to 14.4% for tow nut. This comes in agreement
with the higher amount of LAGB for the large round bar and the presence of

recrystallized areas.

For a given ER of 10, the yield strength remained similar between large round bar (401.2
MPa) and tow nut (400.1MPa), indicating that Cu-Brass-Cube texture results to high
mechanical properties materials. Moreover, the differences of the amount of the texture
components did not seems to affect strength. However, for ER between 50 and 55, the
yield strength of extruded sample increased from 362.6 MPa for flat bar to 403.7 MPa
for small round bar. This comes in agreement with the microstructural and textural

differences between the two profiles.

The effect of different extruded shapes was investigated by Qamar et al. They studied
a round, C-shape, cross, rectangle, square, triangle, I-shape, T-shape, and L-shape
profiles and concluded that metal flow inhomogeneity and extrusion pressure increase
with higher shape complexity. In addition, the importance of ER and geometrical
symmetry was pointed. It was suggested that complexity should include ER. Moreover,

dead metal zone was found to be affected by ER and symmetry [105].
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6.7 Conclusions

e The average grain size as a function of ER for a given round profile, increased
from high ER of 55 to similar size for both medium ER of 20 and low ER of 10
due to different strains and temperature effects.

¢ All the three round bars exhibited strong <111> and <100> fibre texture.

e For the three round bars, Copper was the predominant texture component, with
its amount increasing significantly as the ER increased. At the same time, the
amount of <111> increased at the expense of Cube <100> fibre texture with
increasing ER.

e For all round bar, the brass component seemed independent of ER, Copper
component decreased with increasing ER and total cube fibre increased with
increasing ER. Cube fibre will be higher at higher ER due to microstructural
changes and recrystallization resulting from higher strains.

e Similar ER can result to completely different microstructure and texture.
Between small round bar and flat bar, the average grain size decreased
significantly. Moreover, a rolling texture of Brass-S-Cube was found in flat bar
and extrusion texture of Cu-Brass-Cube was found in small round bar. The
different texture explains the 41MPa difference.

e Large round bar and tow nut, with ER of 10, exhibited similar microstructure and

texture, that were reflected to similar strength.
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Chapter 7 Case study of a complex extruded

profile

7.1 Introduction

So far, the investigations have been focused on simple geometries, such as hollow
rectangle, flat bar, round bar and tow nut. However, in automotive industry more
complex profiles need to be extruded. These complex geometries aim to provide

lightweight and strong parts of the final vehicles.

There are different approaches to define the extrusion complexity in the literature. Most
commonly the shapes are grouped according to the geometry similarity from simple to
more complex shapes. The easiest way of grouping extrusion profiles is by dividing
them into solids, semi-hollows and hollows, with increasing level of complexity from
solids to hollows [106]. Another way of separating the profiles is based on a quantitative
approach, since the extrusion pressure increases with increasing complexity of the
profile [105]. Finally, a third way is based on the effect the profiles have on tool failure
[107]. The geometrical symmetry of the extrusion profile is an important factor for
complexity. Bars, rectangles and I-shapes have a biaxial symmetry, while T or C-shapes

have only one axis of symmetry and many other industrial profiles have none.

After the initial investigations of the different extrusion geometries (eg. the different size
of the same geometry and the extrusion ratio), a complex profile was suggested for
investigation. This profile is a commercial car side beam and it is a combination of a
hollow rectangle with fins (flat bars) at the bottom side. The reason of investigating the
specific profile was, except the fact that it is a combination of two profiles that have
already been included in the previous studies, the inconsistency of mechanical
properties at different sides that had been reported in the past. Specifically, a difference
of ~25 MPa of strength had been reported between the stronger core (hollow rectangle)
and the weaker fins. It was suggested that the use of texture analysis could help to

explain the observed difference in strength at different sides of this complex profile.
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7.2 Extruded microstructure of complex geometrical profile

Fig 7.1 (a-d) show typical IPF maps, at the centre of the cross section, taken from four
sides of the complex profile (top, bottom, right-hand side (RF) and left-hand side (LF)
fin). From the colour coding and the grain morphology it can be observed that the four
sides can be grouped at top-bottom and right-left fin.

P

> g Ny =N

Fig 7.1 Typical IPF maps of the a) top, b) bottom, c) right hand side and d) left hand

side fins.
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Table 7.1 Average grain size (and standard deviation), high (15°-65°) and low (5°-15°)

grain boundaries, total amount of grain boundaries and the ratio of low to high angle

grain boundaries of the top, bottom, bottom, right-hand side and left-hand side fin.

Av.Grain
HAGB LAGB Total GB
Side size (pm) ] . . LAGB/HAGB
(fraction) (fraction) (fraction)
(dev)
4.04
Top 0.36 0.16 0.52 0.44
(0.053)
3.97
Bottom 0.69 0.06 0.75 0.08
(0.041)
3.63
Right fin 0.66 0.12 0.78 0.18
(0.023)
3.83
Left fin 0.61 0.14 0.75 0.22
(0.022)

The average grain size measured from various sides of the complex profile was found

to be similar, with the lowest of 3.63 um at the right-hand side fin and the highest of 4.04

pMm at the top side, as shown in Table 7.1. However, the total amount of grain boundaries
(HAGB + LAGB) was found to be lowest (0.52) for top side, while those for the other
three areas were found to be similar in the range between 0.75 and 0.78, as shown in
Table 7.1. The ratio of LAGB/HGAB was found to be 0.44 for the top side, 0.08 for the
bottom side, 0.18 for the left-hand side and 0.22 for the right-hand side fin.
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7.3 Development of grain structure through thickness of the complex geometrical
profile studied by multiple EBSD scans

Fig 7.2 (a-d) show through thickness IPF maps of various sides of the complex profile
taken by multiple EBSD scans. The right-hand side and left-hand side fins contained a
thick PCG layer, ranging from 400 to 450 ym, at both ends, as shown in Fig 7.2 (a-b),
respectively. These results come in agreement with similar flat profiles, such as the
hollow rectangle and the flat bar previously presented (Chapter 5). However, the top
and bottom sides contained a very thin PCG layer, ranging from 15 to 25 uym, at both

sides, as shown in Fig 7.2 (c-d), respectively.

Fig 7.2 IPF maps of the whole cross section for a) right-hand side, b) left-hand side

fin, c) top and d) bottom side.
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Table 7.2 Average grain size and standard deviation in parenthesis (um) from edge to

centre.
Grain size
increment
Side Edge Intermediate | Centre
(%) (edge
to centre)
5.54 6.08 9.7
Top 6.64 (0.007)
(0.013) (0.008)
4.33 5.41 24.9
Bottom 6.12 (0.013)
(0.001) (0.011)
4.03 4.75 17.8
Right fin 4.31 (0.013)
(0.019) (0.015)
3.043 3.92 28.8
Left fin 3.14 (0.029)
(0.025) (0.042)

Due to symmetry half of each four areas was investigated. The half cross-sections were
split into three equal areas. For the left-hand side and right-hand side fins, the PCG
layer was avoided. Table 7.2 gives a list of average grain size of the various sides of
this complex profile from edge, to intermediate, to centre along a given axis. The
measured average grain size increased from the edge (5.54 um for top side and 4.33
pum for the bottom side) to the intermediate position (6.64 um for the top side and 6.12
pm for the bottom side) and then decreased towards to the centre (6.08 um for the top
side and 5.41 uym for the bottom side). However, for the right-hand side and left-hand
side fins, the measured average grain size increased from the edge (4.03 uym, 3.04 pm)

to the centre (4.75 um, 3.92 um), respectively.
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7.4 Texture of complex geometrical profile

The EBSD texture analysis was performed at the centre of each side taken from the
same areas as IPF maps in Fig 7.2. The texture of the four sides, in the form of ODF

maps was investigated and is presented in Fig 7.3.
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Fig 7.3 ODF sections (¢2 = 0°, 45° and 65°) of a) top, b) bottom side, c¢) right-hand
side and d) left-hand side fin.

107



Fig 7.3 (a-d) shows typical ODF sections of top, bottom, right-hand side and left-hand
side fin of the complex extrusion profile, while Table 7.3 gives the volume fractions of
texture components determined by the texture analysis. It was found that both top and
bottom exhibited a mixture of texture comprising of deformation (Cu-Brass-S) and
recrystallisation (Cubic-CG26.5-Goss). The Brass component was rotated by 10° in
both cases. The total amount of Cube fibre (Cube-C(G26.5-Goss) was high in top
(50.5%) and bottom (32.6%) sides, as compared to right-hand side fin (8.8%) and left-
hand side fin (7.8%). In all the cases, the extruded material was found to be highly
textured. The right-hand side and left-hand side fins exhibited a strong Brass-S texture.
Both Bass and S components for right-hand side (43.9%,19.4%) and left-hand side
(41.9%, 30.3%) were found to be higher than the other two sides, while Copper
component was found to be higher for both top (8.8%) and bottom (6.9%) sides than

the other two sides.

An amount of Q {013}<231> texture component was found in both top (3.3%) and
bottom (9.5%) sides, whereas, CT texture component was found in top (3.7%), right-
hand side (2.2%) and left-hand side (1.2%) fins.
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Table 7.3 Volume fraction of the main texture components of the four sides through the EBSD analysis.

Total Cube
Sample Cube {001)<100>| ¢ 1?}";%0> {ogf;ﬁ':w Q {013)<231> {og1T}1 <83'?1N0> (::)bsr: ((:('é;uzt:;)
Top R(10°)12.7 8.8 9.9 27.9 1.1 215 33 37 505
Bottom | R(10°)25.1 6.9 10 1.4 11.7 11.4 9.5 0.8 24.5
Right fin 43.9 5.1 19.4 3.1 1.4 43 0.9 2.2 8.8
Left fin 41.9 3.5 30.3 3 0.4 4.4 0.4 1.2 7.8
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In Tables 7.4 and 7.5 the evolution of each texture component across the cross-sections
is presented. It is interesting to notice that Brass component had a significant drop for
all the four sides from edge to intermediate area. Specifically, a ~34.5% decrease was
noticed for the fins, while for top and bottom Brass was eliminated at the intermediate
and centre areas. At the same time, Copper and S component increased. For top and
bottom Copper increased from the edge to the centre by 2.3 and 3.6 times respectively.
As it can be seen, the evolution of texture components of the right-hand side and left-
hand side fins showed great similarity. For the fins, S component increased in a similar
way for both, from edge to intermediate area, by 25.5% for left and 29.5% for right hand
side fin. From recrystallization components the development of Cube for the top side
had the most important change. From a very small amount for the edge and

intermediate areas (~4) it reached 44.9 volume fraction for the centre.

Table 7.4 Amount of the main deformation texture components (Brass, Copper, S) of

the four sides found at the edge, intermediate and centre areas.

Sample COTI’::?;:I‘I t Edge Intermediate Centre
20.4 1.1 1
Top 5.1 20.2 10.9
5.6 20.5 26.7
13.2 0.6 2
Bottom 11.3 26.2 18.7
26.3 13.3 11.3
26 17.5 32.6
Right fin 6.5 8.4 6.2
20 259 16.5
25.7 171 34
Left fin 2.2 4.5 3.6
254 31.9 23.9
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Table 7.5 Amount of the main recrystallization texture components (Cube, Goss,

CG265) of the four sides found at the edge, intermediate and centre areas.

Sample Texture Edge Intermediate Centre
component
Cube {001}<100> 3.2 3.1 44.9
Goss 0.3 5.1 0.3
Top {011}<100>
CG26.5 1.9 11.2 9.9
{021}<100>
Cube {001}<100> 2.9 4.9 6.1
Goss
1.3 3.6 3
Bottom {011}<100>
CG26.5
3.1 7.2 14.5
{021}<100>
Cube {001}<100> 7.1 6.6 3.9
ight fi Goss 1.7 1.1 1.4
Right fin {0111<100>
CG26.5 14.7 5.7 4.9
{021}<100>
Cube {001}<100> 5.6 9 2.4
i Goss 4.2 0.6 0.2
Left fin {011}<100>
CG26.5 12.8 15.1 4.5
{021}<100>

The evolution of the total amount of deformation (Brass, S, Copper) and recrystallization
(Cube, Goss, GC) components for each side is presented in Fig 7.4. For the top and
bottom sides, the deformation components decreased while the recrystallisation
components increased from the edge to the centre positions. For the right-hand side
and left-hand side fins, the deformation components remained stable with a small
increase at the centre, while recrystallization ones decreased moving from the edge to
the centre.
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Fig 7.4 Total volume percent of a) deformation and b) recrystallization components.

7.5 X-ray Diffraction texture analysis

Further X-ray diffraction texture analysis was conducted to the four parts. In general,
deformation texture was found to be predominant, with S, Brass and Copper being the
main texture components, Fig 7.5. In deeper analysis, the top and bottom sides showed
higher volume of Copper component, while right-hand side and left-hand side fins had
higher amount of Brass. Moreover, presence of recrystallization texture (Cube-C(G26.5-
Goss) was found in top and bottom and weak presence of shear texture (J-H) in right

and left-hand side fins.
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Fig 7.5 ODF maps obtained from XRD of a) top and b) bottom side, c) right and d) left
hand side fin.
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7.6 Mechanical properties of complex profile taken at various sides

The mechanical properties of the four sides of the complex profile taken from the
intermediate position were measured on samples after a T6 heat treatment and are
presented in Table 7.6. Both top (367 MPa) and bottom (384 MPa) sides exhibited
higher yield strength than those of right-hand side (343 MPa) and left-hand side (340
MPa) fins.

Table 7.6 Yield strength of top, bottom, right and left fin, at T6 condition (12h, 170°C).

Sample YS (MPa) UTS (MPa) EL (%) n-value
Top 367 £ 1.055 415.2 £ 0.47 10.47 £ 0.42 0.071
Bottom 383.8 £ 0.025 428.1 +2.53 9.85+0.75 0.063
Right fin 343 £0.39 387.2+1.41 12.38 £ 0.96 0.12
Left fin 3404+ 1.6 388.1 + 0.86 12.52 £ 0.53 0.14
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7.7 Discussion

Morphologically, top and bottom were similar, as well as right and left-hand side fins.
The average grain size was higher for the top and bottom, with 4.041 ym and 3.97 ym
respectively. Right and left fins average grain size was 3.62 ym and 3.83 ym. Kayser
et al. reported that for extuded EN AW-6060, increase of deformation resulted to

decrease of average grain size as a result of dynamic recrystallization [108].

PCG layers observed at both edges of the fins, with their thickness being 400-450 pm.
Their existence is attributed to the combination of high temperature, strain and strain
rate, leading to concentration of dislocations. Similar PCG layers were observed for the
hollow rectangle and flat bar of chapter 5. PCG is commonly found in the literature for
extruded 6xxx Al alloys and this phenomenon should not be confused with static
recrystallization [87,108,109]. For the top and the bottom sides PCG was much thinner

(15-25 ym) indicating less plastic deformation at the surface of the extrudate.

The evolution of the average grain size followed different trends for top-bottom and the
fins. For the top and the bottom, a band of thicker grains between the edge and the
centre was reported. That was especially pronounced for the bottom, where the
increase was 41.3% from edge to intermediate area. For the fins, the grains became
thicker moving from the edge to the centre. The grains size evolution through the cross-
section of the two fins followed the same trend as hollow rectangle and flat bar of

chapter 5.

Texture analysis reviled the differences of texture between top-bottom and the fins.
Overall, the texture was deformation Brass-S-Copper. For top and bottom an important
volume fraction of Cube was also present. Moreover, the volume fraction of Copper
component was significantly low for the fins through the whole cross-section, less than

8% at any area.

From the trough thickness analysis, it was noticed that for the top and bottom the overall
compression components volume fraction decreased from edge to the centre and Cube
fibre increased at the same time. Moreover, for the fins, the overall compression
components volume fraction remained at similar levels through the thickness and the
Cube fibre, with an exemption of the intermediate area of right fin, decreased from edge

to the centre.
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7.8 Conclusions

The average grain size of top and bottom was slightly higher that the fins but
bands of recrystallized grains were also present. Moreover, top side had high
amount of LAGB.

Top and bottom sides consisted of a mixture of deformation (Brass-S-Copper)
and recrystallisation texture (Cube-Goss-GC), while the right- and left-hand side
fins consisted of only deformation texture (Brass-S-Copper).

The overall texture obtained from the XRD analysis was comparable to the
EBSD texture. Moreover, the higher Cu and presence of recrystallization at the
top and bottom as well as the high Brass at the fins were reported in both cases.
The only deference noticed was a weak presence of shear texture (J-H) in the
fins for XRD and a weak presence of recrystallization components Q and CH in
top and bottom for EBSD. The localization and their small volume make these
differences negligible.

The yield strength results further pointed the grouping of the sides to top-bottom
and right-left fin. The highest strength was reported for the bottom, with a refined
B-fibre texture and presence of Cube fibre. Top, which followed at strength, had
similar texture, but the Cube fibre had the double volume fraction from bottom.
The fins, that showed ~40 MPa less vyield strength that the bottom had

predominant Brass and less Cu component.

116



Chapter 8 Effect of thermomechanical

treatment

8.1 Introduction

This PhD project is also concerned with the investigation of the thermomechanical
processing effect on resultant microstructure and properties of aluminium extrusion.
This is a complex process involving different heat treatments and deformations. A range
of microstructural features is affected, leading to changes in the final mechanical
properties. These microstructural features include (sub)grain size and shape,
crystallographic texture, recrystallization, and precipitates. However, the lack of
understanding of the effect of shape/extrusion ratio and type of texture of the extrudate
on the response of 6xxx alloy to the thermomechanical processing has constricted the

achievement of potential performances of this material.

Two extrusion profiles of flat bar and medium round bar (reported in Chapter 5) were
chosen for this investigation. They were chosen because these profiles showed
difference in extrusion ratio, geometrical shape and crystallographic texture as reported
previously in Chapter 5. In addition, these two profiles showed an important difference
of yield strength at T6 condition, with the round bar having almost 50 MPa higher

strength than the flat one, as report in Chapter 5.

Even though each extrudate might need a customized aDA recipe (pre-ageing,
deformation, post-ageing) to achieve the best combination of properties, it was decided
to use the same recipe for both profiles in this investigation. By this way, the variable of
thermomechanical process will be constant. The chosen standard aDA process
conditions consisted of: (a) an initial aging at low temperature, (b) followed by stretching
and (c) a final post aging at high temperature. A schematic diagram of the full processing

procedure of this alloy is presented in Fig 8.1.
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Fig 8.1 Schematic of the full processing of the alloy used for the thermomechanical

treatment.

8.2 Microstructure of extrusion subjected to various stages of aDA
thermomechanical treatment.

Fig 8.2 IPF maps of the: flat bar after a) pre-ageing, b) stretching and c) post-ageing,

and medium round bar after d) pre-ageing, e) stretching and f) post-ageing.

118



Table 8.1 Average grain size (and standard deviation), high (15°-65°), low (5°-15°)
angle grain boundaries, total amount of GB and LAGB/HAGB after each step of aDA

for a) medium round bar and b) flat bar.

a
Medium Av. Grain HAGB LAGB Total GB
LAGB/HAGB

round bar | size (um) | (Fraction) | (Fraction) | (Fraction)
9.59

Pre-aged 0.41 0.21 0.62 0.51
(0.027)
6.28

Stretched 0.39 0.29 0.68 0.74
(0.025)
8.11

Post-aged 0.45 0.21 0.66 0.46
(0.029)

b
Av. Grain HAGB LAGB Total GB

Flat bar LAGB/HAGB
size (um) | (Fraction) | (Fraction) | (Fraction)
5.91

Pre-aged 0.50 0.26 0.76 0.52
(0.020)
4.78

Stretched 0.51 0.27 0.78 0.53
(0.019)
5.03

Post-aged 0.57 0.21 0.78 0.37
(0.018)
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Figs 8.2(a-f) show typical IPF maps of the flat bar and medium round bar. The grains
look similar at every step of the aDA for both profiles. Table 8.1 gives a list of the
average grain size with the amount of HAGB and LAGB of these two extrusion profiles
subjected to different stage of the aDA process. For the flat bar, the average grain size
decreased from 5.91 pym after pre-aging to 4.78 um after stretching and then increased
slightly to 5.03 um after post-aging. The total amount of grain boundary (HAGB+LABG)
was found to be similar for each step. However, the amount of HAGB and the ratio of
the amount of LAGB to HAGB after pre-aging and stretching remained similar. The post-
aging resulted in high amount (0.57) of HAGB with lower ratio of LAGB to HAGB (0.37).

For medium round bar, the average grain size decreased from 9.59 uym after pre-aging
to 6.28 ym and then increased to 8.11 ym after pre-aging. Similarly, there was no
significant difference in the total amount of grain boundary (HAGB+LAGB) between the
various steps of aDA process. The amount of HAGB was found to be similar after pre-
aging (0.41) and stretching (0.39) but increased slightly after post-aging (0.45), whereas
the amount of LAGB was similar after pre-aging and post-aging (0.21) but, increased
slightly after stretching (0.29). However, the ratio of amount of LAGB to HAGB
increased from 0.51 after pre-aging to 0.74 after stretching and then decreased to 0.46
after post-aging. Moreover, a colour gradient in the grains was observed for both
profiles, indicating there was remaining strain in the grains from the deformation, leading

to ingrain misorientation.

8.3 Texture of extrusion subjected to various stages of aDA process

Figs 8.3 (a-f) show ODF sections of flat bar and medium round bar subjected to pre-
aging, stretching and post-aging stages of aDA process. Table 8.2 gives a list of the

amount of texture components extracted from ODF sections.

For the flat bar, the texture for each stage of aDA was Brass-S-Cube, with higher
intensity after stretching (25.15), and after post-aging (22.05) steps. The Brass
component increased from 17% after pre-aging to similar amount after stretching (32%)
and post-aging (32%). The Copper component increased from 2.7% after pre-aging to
6.8% after stretching to 9.5% after post-aging. The S component after pre-aging (30%)
and stretching (33%) remained similar but decreased after post-aging (21%). However,
the total amount of Cube texture (Cube-Goss-CG26.5) decreased from 29.8% after pre-
aging to 16.3% after stretching and then increased to 22% after post-aging, with Cube

as the dominant component.
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For the medium round bar, a very strong extruded texture was found at each stage of
the aDA process with intensities at 38 after pre-aging, 30.5 after stretching and 43.3
times random after post-aging. In particular, the texture was Brass-Copper with a
presence of Cube fibre, mostly Goss and CG26.5 components. The Brass component
was highly rotated (at 55°) in each stage of aDA process as noticed in ODF sections
(Fig.8.3). The amount of Brass (11%) component was the lowest after stretching, while
the amount of Copper (7%) component was the lowest after pre-aging as compared to
others. After pre-aging and post-aging, the Brass component was 29.9% and 25%,
while the Copper component after stretching and post-aging was 29.6% and 32%,
respectively. It is interesting to notice that the medium round bar contained a small
amount of recrystallization P component after stretching and post-aging stages, with an

amount of 3.1% and 7.5% respectively.
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Fig 8.3 ODF sections (¢2 = 0°, 45° and 65°) of the flat bar after a) pre-ageing, b)
stretching and c) post-ageing and the medium round bar after d) pre-ageing, €)

stretching and f) post ageing.
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Table 8.2 Volume fraction of the main texture components after each step of aDA.

Cube Goss CG26.5 P

Sample

{001}<100> | {011}<100> | {021}<100> {011}<122>

Flat bar
17 2.7 30 16.8 0.2 12.8 -

Pre-aged

Flat bar
32 6.8 33 10 0.7 5.6 -

Stretched

Flat bar
33 9.5 21 16.3 0.4 53 -

Post-aged

Round bar
R(20°)29.9 5.7 1.948 0.5 6.4 8.688 0.1

Pre-aged

Round bar
R(20°)11 29.6 0.1 0.1 20.8 12.8 3.1

Stretched

Round bar
R(20°)24.8 32.3 2.9 0.2 0.1 3.4 7.5

Post-aged




8.4 Mechanical properties of extrusion subjected to various stages of aDA
process

The yield strength of the medium round bar was in general higher than that of the flat
bar after each stage of aDA process, as shown in Fig 8.4. At the pre-aged stage, the
yield strength of medium round bar was found to be 288.66 + 3.64 MPa as compared
to the flat bar with a yield strength of 237.02 + 1.32 MPa. After stretching, the yield
strength of medium round bar and flat bar increased to 384.47 + 7.45 MPa and 328.75
+ 0.43 MPa, respectively. After post-aging, the yield strength of medium round bar and
flat bar increased again to 432.65 + 0.72 MPa and 409.53 £+ 0.84 MPa, respectively.
Overall, for both profiles, the improvement of strength from stage to stage in aDA was
similar (80-95 MPa). However, the strength improvement (48.2 MPa) of the round bar
was the least when comparing the stretching and post-aging stage. The yield strength
of both profiles after aDA was found to be higher than after T6 treatment (180 °C for 12
h), with increase of 6.01% and 12.94% for the medium round bar and flat bar

respectively. In addition, the yield strength of T4 condition is also presented in Fig 8.4.

T4 T6

Fig 8.4 Yield strength of flat and round bar after the pre-aging, stretching, post-aging
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8.5 Discussion

As shown in Table 8.1, the grain morphology did not change significantly during the
different aDA steps, for both extruded shapes, with the grains remaining elongated
through the extrusion direction. However, the grain size had a decrease after stretching,
19.17% and 34.5% for flat and round bar respectively. After the final aging the grain
size increased by 5.16% and 29.17% for flat and round bar respectively. During
stretching the grains elongate further through the extrusion direction, which is the same
direction of stretching and naturally the mean grain size will reduce. After the final
ageing the mean grain size will increase due to grain growth and reduction of work
hardening. Also, after the full aDA an increase of the HAGB by 11.41% and 17.05% for
the flat and round bar respectively, and a decrease of the LAGB by 21.24% and 29.1%.

Based on the previously presented results the flat bar had a Brass-S-Cube texture,
which didn’t change during the thermomechanical processing. The investigation of the
HAGB and LAGB showed that after the stretching both new grains and sub-grains were
formed. Moreover, after the final heat treatment the amount of the LAGB decreased by
21.24%, indicating a reduction of recrystallization, while a 11.41% increase of the HAGB

was reported.

During the stretching part of the aDA severe deformation was introduced, activating the
multiple {111}<110> slip system of FCC aluminium matrix. Consequently, the evolution
of Brass {110}<112> texture was amplified. That was reflected to the volume fraction of
Brass that almost doubled from the pre-aging to the after stretching step. Severe
deformation (hot rolling) has been reported to enhances Brass component, by rotating

other orientations towards Brass [111-114].

The heat treatments activate the dislocations, formed both during extrusion and
stretching, to start moving and cross-slip. This activate the recovery and

recrystallization, which might enhances the {100}<001> texture.

The round bar had a strong, extruded Brass-Cu texture, during the whole
thermomechanical processing. After the stretching the HAGB had a small decrease
(4.91%), while the LAGB increased by 39% indicating the formation of recrystallized
grains and sub-grains. After the final heat treatment, the HAGB increased by 17.05%
and the LAGB decreased by 2.1% suggesting grain growth.

Brass texture component showed a 63% decrease from pre-aging step to stretched. At

the same time Goss increased by 3.25 times. Wang et al. reported similar
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transformation of Brass component into Goss with the increase of deformation [115].

Copper increased by 5.19 times.

Yang et al. showed that for an extruded Al-Mg-Si-Cu sheet, LAGB were increased with
Brass {110}<112> texture component while for the HABG Cube {100}<001> texture
component was mainly responsible [116]. A similar trend is not clear in our case. The
observed Cube fibre, mainly Goss and CG26.5, should be attributed to the lower
deformation at the centre of the round bar. This comes in agreement with other studies
[117,118].

For both profiles, the formation of dislocations after stretching was beneficial for the
strength. Similar improvement of mechanical properties after deformation has been
reported for aluminium alloys [115,119]. For both profiles the increase of yield strength
seemed to be linear, 80-95 MPa improvement after each step. Only for the final aging
step of the round bar the yield strength increase was lower, 48.2 MPa. The lower
improvement of round bar's strength can be attributed to the presence of
recrystallization P {011}<122> component. P component exhibits high Ar values (planar
anisotropy) [120]. The drop of Brass’s volume fraction and increase of Goss after the
stretching did not reflect on the yield strength. This was attributed to the important

increase (5.2 times) of Copper component.

8.6 Conclusions

e The two profiles exhibited different texture, which overall remained similar after
each aDA step. The flat bar had Brass-S and Cube fibre texture, while the round
Brass-Copper.

e After stretching, Brass component had a different reaction for the two profiles.
For the flat bar, Brass volume fraction increased by 88%, while for round bar
decreased by 63%.

e For the round bar after stretching, the initial predominant Brass component

transformed into Goss, and Copper increased by 5.2 times.

125



Chapter 9 Conclusions and further work

9.1 Conclusions

1. The extrusion exit temperature was found to have an effect on microstructure, texture,
and tensile properties. The average grain size increased as the exit speed and
temperature increased and resulted to tensile strength improvement. The overall texture
was not affected by the speed change but, a significant increase of S and decrease of

Cube fibre volume fractions was noticed by increasing the extrusion speed.

2. The extrusion geometry significantly affected the texture. Between four profiles with
different geometries and extrusion ratios, a grouping of those with high ER and those
with low ER was achieved, both for microstructure and texture. The high ER profiles
exhibited thin elongated grains, with a lot of recrystallization, while the low ER profiles

exhibited a microstructure with thick grains and areas of recrystallization.

3. The profiles with high ER had Brass-S-Cube fibre texture, while the low ER profiles
Copper-Brass-Cube fibre. The strong Copper component of the low ER profiles
enhanced the tensile properties of these profiles, which exhibited maximum 45 MPa

difference of yield strength from the high ER.

4. For a given round profile, the average grain size as a function of ER increased from
high ER to similar size for both medium and low ER. Different strain and temperature

distributions resulted to these changes.

5. For a given round profile, ER did not significantly affect the overall texture. All the
three round bars exhibited strong <111> and <100> fibre texture, with Copper being the
predominant texture component. However, the amount of <111> increased at the

expense of Cube <100> fibre texture with increasing ER.

6. Between the three round bars, with different ER small changes of mechanical

properties were noticed. That comes in agreement with the texture observations.

7. Between ER and geometry, the latter one was found to affect stronger the
microstructure and texture. A small round bar and a flat bar, with similar ER, showed
different grain size and texture. Specifically, rolling texture of Brass-S-Cube was found

in flat bar and extrusion texture of Cu-Brass-Cube was found in small round bar.

126



Moreover, a 41 MPa difference was noticed between the stronger round bar and the flat

bar, which comes in agreement with the texture differences.

8. From the investigation of a complex profile it was shown that texture is not a solely
indicator of the mechanical properties. Top and bottom sides consisted of a mixture of
deformation (Brass-S-Copper) and recrystallisation texture (Cube-Goss-GC), while the
right- and left-hand side fins consisted of only deformation texture (Brass-S-Copper). At
the same time top and bottom had slightly higher average grain size. Strength was found

to be higher for top and bottom, regardless the higher amount of recrystallization.

9. The effect of aDA on the mechanical properties cannot be attributed to
crystallographic texture. It was shown that texture underwent over small changes after

each step of aDA, with the most critical for texture being the deformation part.

9.2 Further work

9.2.1 Shape complexity

Many extrusion variables of simply geometries were studied in the current work. In
industry more complex profiles are produced. Shape complexity factor is correlated to
the metal flow, die and tooling design and the extrusion parameters already studied
here. Investigation of shape complexity factor can give as a better understanding of
microstructure and texture relationship with mechanical properties and boost

productivity and high quality of products.

9.2.2 Hardness cross-section maps

The deviation of texture through cross-section was studied in this work. Hardness maps
of the cross-sections can give a better correlation of local texture components and

mechanical properties variation within a given extrusion profile.

9.2.3 Simulation of strain path and distribution modelling

Further to hardness maps, modelling can enhance the understanding of texture
development. Moreover, simulation of strain paths could explain the differences in

material flow, hence the different microstructure and texture of different profiles.
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9.2.3 Dispersoids analysis

The investigation of the chemical composition was not included in this study.
Dispersoids have an important role in recrystallization and texture development of
6xxx Al alloys. This role could be investigated. The types of dispersoids and their

distribution can be studied with transmission electron microscopy (TEM).

9.2.5 Synchrotron X-ray and neutron diffraction

Neutron diffraction and synchrotron X-ray are the state-of-the-art techniques for texture
measurement. With these techniques a quantitative, non-distractive, characterization of
texture can be achieved. Its one has different characteristics, making them useful in
different occasions. For large samples and materials with large grains neutron
diffraction is preferred while for small samples and in situ experiments synchrotron
diffraction. Neutron diffraction could be used for texture characterization of larger parts

of the extruded products, avoiding any material’s preparation interference.
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