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Abstract

In this thesis, the novel method of screw extrusion was compared to conventional
ram extrusion for three 6xxx alloys. The effect of extrusion and post extrusion
heat treatments were examined by optical microscopy and mechanical testing, i.e.
hardness and tensile testing. Four different parallels from extrusion were examined,
i.e. air cooled or water quenched profiles from both extrusion processes.

Mechanical properties and microstructures were summarized for each alloy, directly
comparing the effects of the heat treatments on each cooling and extrusion method.
The results from this study indicate that it is crucial to have stable extrusion tem-
perature to ensure steady state extrusion, and thus ensuring uniform properties. It
was shown that profiles from screw extrusion were less prone to recrystallization
compared to ram extrusion, even after solution heat treatment. The effect of age
hardening to T5 was seen to depend on quenching rate after extrusion. Heat treating
to T6 after screw extrusion minimize the effects from extrusion, resulting in similar
properties to ram extrusion.
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Sammendrag

I denne oppgaven ble skruekstrudering sammenlignet med konvensjonell pressek-
strudering for tre 6xxx legeringer. Effekten av ekstrudering og påfølgende varme-
behandling ble undersøkt ved optisk mikroskopi, hardhetstesting og strekktesting.
Fire forskjellige paralleller fra ekstrudering ble undersøkt, hvor profiler fra begge
ekstruderingsmetodene ble luftkjølt eller vannkjølt.

Mekaniske egenskaper og mikrostrukturer ble oppsummert for direkte sammenlign-
ing av varmebehandlingenes effekt for hver avkjølings- og ekstruderingsmetode. Re-
sultatene indikerer at det er avgjørende å ha stabil ekstruderingstemperatur for å
sikre jevn ekstrudering, og dermed uniforme egenskaper gjennom profilen. Det ble
vist at profiler fra skrueekstrudering var mer motstandsdyktig for rekrystallisering
sammenlignet med pressekstrudering, selv etter innherding. Høy kjølehastighet etter
ekstrudering så ut til å ha en god effekt på utherdingspotensialet til T5. Varmebe-
handling til T6 jevnet ut styrkebidraget fra ekstruderingsprosessene og ga lignende
egenskaper.
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Chapter 1

Introduction

Alumiunium alloys in the 6xxx-series are the most extruded aluminium alloy series
[1]. These aluminium extrusions offer complex cross sectional geometries in long
lengths. Application areas for extruded aluminium include structural applications
such as: the building industry, shipping and offshore industry, and the transporta-
tion sector for automotive and aerospace applications [2].

As of today the conventional extrusion methods for aluminium include direct and
indirect hot extrusion. Screw extrusion of aluminium is a novel extrusion process
patented by Norsk Hydro ASA in collaboration with NTNU [3]. This extrusion
method involves continuous feeding and extrusion of granule feedstock, using less
energy than industrial processes today. A study of the environmental impact have
been assessed for screw extrusion and hot extrusion [4], amongst others.

Previous PhD and master theses have explored screw extrusion [5–10]. These theses
have amongst others characterized material flow during screw extrusion, proposed
a physical based empirical model for accumulated strain in screw extrusion and
optimized electrical conductivity in screw extruded wires.

However, until now there has not been an extensive comparison of screw extrusion
and ram extrusion. This thesis will compare these two extrusion processes for three
6xxx alloys. Differences in microstructures, mechanical properties and electrical
conductivity will unfold and discussed.
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Chapter 2

Theory

In this chapter, relevant literature will be reviewed in order to have a fundamental
understanding of the processes involved in this work. Sections 2.4 and 2.5 are mostly
adopted from the project work of the present author during autumn 2019 [11].

2.1 The AlMgSi system
The 6xxx alloy series designate heat treatable wrought alloys with main alloying
elements of magnesium and silicon. Alloys in this series have good extrudability
and intermediate strength. In this thesis, the alloys involved are 6060, 6005 and
6082.

The pseudo-binary Al–Mg2Si phase diagram in Figure 2.1a, shows the eutectic tem-
perature at 595 ◦C, and with a maximum solid solubility limit for the equilibrium
phase β-Mg2Si of 1.85wt%. The solidus for a given solubility is given in the alu-
minium rich corner of the ternary Al-Mg-Si phase diagram is shown in Figure 2.1b.
As the alloys used in this thesis have low alloying content, the solidus of equilibrium
phase precipitates are of interest.

(a) Pseudo-binary Al-Mg2Si phase diagram,
from [12]. Dotted lines show the solvus for
6xxx alloys vs the classical solvus line for Al-
Mg2Si.

(b) Aluminium rich corner of ternary Al-
Mg-Si phase diagram, showing the solidus in
greater detail, from [13].
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CHAPTER 2. THEORY

As seen from Figure 2.2 [2], these alloys have linearly increasing alloying element
content with the same Mg/Si-ratio. The dominant strengthening mechanism in
AlMgSi alloys is from precipitates obtained after heat treatments from super satu-
rated solid solution (SSSS) [1]. The strength of these alloys are related to Mg and
Si content and process conditions. During aging these solute atoms start clustering
in the aluminium lattice, forming a high number density of needle shaped, coherent
β′′ precipitates and Guinier-Preston (GP) zones [14]. Mg and Si content resulting in
the phase Mg5Si6 corresponds to the best combination of mechanical properties [15].
This Mg5Si6 corresponded to the composition of β′′, found by Andersen et al.[16].
The general precipitation sequence of AlMgSi during aging is shown in Equation
2.1:

SSSS → GPI → β′′ → β′ → βMg2Si (2.1)

Conditions which promote the formation of coarse equilibrium Mg2Si particles, re-
duces the amount of precipitation hardening GP zones and β′′ during aging. There-
fore, controlling the precipitation of these Mg2Si particles are crucial for obtaining
maximum strength [17].

Figure 2.2: AlMgSi alloys as a function of Mg and Si content. Common AlMgSi
alloys for extrusion purposes, from [2].

Typical minimum values for 6060, 6005 and 6082 as extruded rods are presented in
Table 2.1. The strength for these alloys increases with Mg, Si content and as seen
in Figure 2.2, these contain excess Si. Alloys with excess Si resulting in Mg:Si ratio
of 5:6 promotes the formation of the strengthening β′′ [18].

4



2.2. EXTRUSION

Table 2.1: Typical minimum property values for alloy EN AW-6060, EN AW-6005
and EN AW-6082 extruded rod [19, 20]. Alloy notation as presented in [19] . *
HBW: Brinell hardness from wolfram carbide ball indenter. ** Properties from [20].

Alloy Temper Ultimate tensile
strength, Rm MPa

Yield strength,
Rp0.2 MPa

Elongation
A50mm %

Hardness
HBW*

6060 T4 120 60 16 50
T5 160 120 8 60
T6 190 150 8 70

6005 T4 180 90 13 50
T5** 305 270 12 90
T6 270 225 8 90

6082 T4 205 110 12 70
T5 270 230 6 90
T6 340 315 14 95

2.2 Extrusion
Extrusion is a plastic deformation process by compression where a billet is forced to
flow through a die of a smaller cross sectional area. It is widely used for manufac-
turing long profiles with complex cross sectional geometry. Aluminium extrusions
are usually produced by hot extrusion, with billet temperatures ranging from 340 ◦C
to 595 ◦C. These temperatures facilitate plastic deformation and are high enough to
minimize strain hardening upon deformation [21].

2.2.1 Conventional ram extrusion
The most common method for aluminium extrusion, direct extrusion, utilizes a ram
to force a billet through the die at the end of a container. In direct extrusion, the
flow of metal follows the direction of the ram. The billet will slide relative to a
zone of the outermost oxide layer sticking on the container surface (see Figure 2.3).
Effectively causing shearing along the edge of the forward flowing aluminium. The
force needed to push the billet forward will thus be influenced by the container-billet
friction [21, 22].

Figure 2.3: Friction components in direct extrusion. From [22].
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CHAPTER 2. THEORY

The ram pressure approximately follows the curve in Figure 2.4 for a given ram
displacement. Zone I: the billet is upset and the pressure sharply rises to maximum
value accelerating the material to extrusion speed; Zone II: the pressure decreases
and steady state extrusion continues. The container-billet friction decreases as the
billet progresses through the container, reducing the needed ram pressure; Zone III:
The minimum pressure value is reached, followed by a sharp rise during compaction
of the butt [21, 22].

Figure 2.4: Load/pressure variations for direct extrusion along the ram travel. Dur-
ing I upsetting the billet, sharp rise in pressure; II steady state extrusion; III com-
paction of dead metal zone. Modified sketch from [22].

Extrusion speed

The relationship between the ram speed, VR, and extrusion speed, VE, for any
extrusion die can be calculated following the reduction of cross sectional area. The
extrusion VE and ram speed VR can be found from Equation 2.2 [21]:

VE = VR
AC

AE

= VRRe (2.2)

, where the extrusion ratio, Re, is defined by the cross section area of the container
AC , and AE is the cross section area of the extrudate.

Strain contribution in conventional ram extrusion

To understand the properties in extruded aluminium, it is necessary to define the
strain (deformation) as this affects the metal flow during extrusion. The effective

6



2.2. EXTRUSION

strain is defined by:

dε̄ = dl

l0
ε̄ =
ˆ l

l0

dl

l
= ln

l

l0
(2.3)

where l0 is the initial billet length, and l is the final length. In ram extrusion, the
strain is given by the extrusion ratio:

ε̄ = ln
l

l0
= ln

A0

A
= ln

DC

DE

(2.4)

where A0 is the initial billet cross sectional area, A is the final extrudate cross
sectional area, DC is the inner diameter of the container, andDE is the final diameter
of the extrudate. From this the effective strain for extrusion is defined as [22]:

ε̄ = 2lnDC

DE

= 2ln
√
Re (2.5)

2.2.2 Screw extrusion
Screw extrusion of aluminium is a novel, solid state extrusion process developed
by researchers from NTNU and Norsk Hydro ASA [3]. This continuous extrusion
process utilizes an Archimedes screw to extrude profiles from granule feedstock in
one step.

The screw extrusion process starts with feeding cleaned feedstock into the feeding
inlet, positioned at the back of the screw extrusion module. Feedstock material
is pushed forward through the screw housing and extrusion chamber, generating
pressure, by the engine-driven screw. The highly viscous material produces pressure
by friction as it sticks to the liner and screw surfaces [3].

The different stages of material flow through the screw extruder follows the six stages
illustrated in Figure 2.5 [6]. These stages are explained below:

1. Sliding - in the first transport stage, fed aluminium granules slides forward
relative to the container and screw surfaces.

2. Merging - the second transport stage continuously moves granules forward to
interact with semi-consolidated aluminium.

3. Central channel flow - Granules are partially consolidated and pushed further
in the screw channel. The mass is mainly flowing through the centre of the
screw channel. From this point sticking friction prevails.

4. Forward flow - This region involves the screw flights smearing the fully con-
solidated aluminium layer by layer onto pre-existing aluminium, thus pushing
it forward to the extrusion chamber.

5. Backflow - Same material flows backward to the screw channel, merging with
the screw flow.

7



CHAPTER 2. THEORY

6. Extrusion - Layers are displaced forward by new layers deposited onto the
“billet” in the extrusion chamber as it is forced through the extrusion die.
Here, extrusion of aluminium occurs. Strain contributions at this stage is
estimated as direct extrusion, i.e. using the extrusion ratio [8].

Figure 2.5: Illustration of material flow through 6 different stages in the screw
extruder, from [6].

2.2.3 Strain contributions in screw extrusion
Recent works by Skorpen et. al. [8] have studied the accumulated strain during
a screw extrusion operation. The total strain experienced came from the four last
stages of material flow in the screw extruder.

The extrusion stage depends purely on the reduction of area, as with conventional
ram extrusion. Although there’s been observed a slight rotation of the extruded
material, this was assumed to represent a negligible strain.

In the extrusion chamber region, a fully dense bulk material is moved forward by
continuously arriving material from the screw channel. As the extrusion chamber has

8



2.2. EXTRUSION

a conical shape, the material experiences a strain contribution from the reduction
of area. Another strain contribution comes from the rotation of material inside
the extrusion chamber. The formed “billet” experiences decreasing rotational speed
down the conical chamber, closer to the extrusion die, resulting in torsional strain
similar to that of high pressure torsion (HPT).

The screw tip continuously smear thin slices of material onto the solid metal plug
in the extrusion chamber, i.e. continuously depositing new layers of metal onto the
“billet”. This smearing corresponds to shear strains similar to that of machining.

The compacted material in the screw channel is forced forward by large stress com-
ponents due to screw movement and high viscosity shear strains along the screw
channel in a helical pattern. Sticking friction is assumed to be pinning the material
displacement through the screw channel. As a result of this, the compacted material
will experience repeated shear deformation due to the rotational movement.

The total strain experienced by the extruded material will be the sum of strains
experience from the compacted stage and through to the reduction at the die.

Applying varying screw rotation and feeding rates affects the total effective strain
by a substantial amount. Increasing the screw rotation and decreasing feeding rate
results in an increased total strain. The effect of varying the screw rotation and
feeding rate was systematically seen in the extrusion chamber and screw channel.
In these two stages an increase in strain can be achieved with increased rotational
movement. Optimizing the feeding rate and screw rotation, total equivalent strains
of up to 18-20 can be achieved. However, this starving condition leads to low
productivity. Total equivalent strains of 10-15 can be achieved with varying feeding
rates and screw rotations of 8-10RPM [8].

2.2.4 Degreasing of granules
Degreasing of aluminium granules prior to screw extrusion is of outmost importance
for avoiding an introduction of undesirable impurities to the extruded product. Such
impurities may originate from lubricants and other environments. Degreasing of
granules may be performed in chemical solutions, e.g. acetone, or by thermal treat-
ment. Cui [23] showed that degreasing aluminium scrap in acetone prior to thermal
treatment resulted in a stable relative mass during heating. Acetone cleaning ef-
fectively eliminated potential residue, prior to the thermal treatment. Cui [23] also
showed the release of various evolved gases during thermal treatment. A clear peak
of CO2 released at 365 ◦C was shown for acetone scrap. Further, Cui showed that
the temperature leading to severe aluminium oxidation was 428 ◦C.

2.2.5 Effects of chemical composition on extrusion
The material properties influence the effectiveness of extrusion. Alloying elements
is a contributing factor for flow stress, and thus extrusion pressure and speed. In
the 6xxx alloy series, the extrudability are strongly affected by the Mg and Si con-
tents. Reiso [2] showed that the increase of Si by 0.01wt% reduced the extrudability
by 1-2%. Similarly, increasing the Mg content up to 0.55wt% have the same sig-
nificant effect. These alloying contents determine both deformation resistance and

9
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the solidus temperature. While the solidus temperature is more sensitive to the Si
content, the Mg content affects the deformation resistance and thus flow stress and
heat generation. Maximum extrusion speed before tearing at the surface is thus
lowered with a lowered solidus temperature and increased heat generation.

2.3 Heat treatment
Heat treatable aluminium alloys typically have a complex thermal history (see Fig-
ure 2.6). Starting by DC-casting, followed by homogenization and extrusion, then
artificially aged. A separate solution heat treatment can be done in between extru-
sion and artificial aging. This step is performed when the finished product have a
desired maximum strength as given noted by the thermal state T6. The relevant
thermal states for this thesis is given Table 2.2.

Table 2.2: Standard temper designations for aluminium alloys [24]. Relevant tem-
pers for this thesis are listed.

Temper Description
T1 Elevated-temperature shaping process, cooled, and naturally aged to a

stable condition
T4 Solution heat treated (SHT) and naturally aged to a stable condition
T5 Extruded and artificial aged to peak hardness/strength
T6 SHT and artificial aged to peak hardness

Figure 2.6: Sketch of the thermomechanical history for AlMgSi alloys. Sketch modi-
fied from [2]. This temperature time profile does not include solution heat treatment,
after extrusion.

10



2.3. HEAT TREATMENT

2.3.1 Homogenization
The process of homogenization is applied to as cast AlMgSi billets to improve ex-
trudability. Homogenization involves dissolving and replacing interdendritic cast
eutectic structures from β-AlFeSi plates with round α-Al(Fe,Mn)Si particles [25].
These α-particles improves the extrudability and surface quality of the extruded
material [26]. Homogenization also precipitate dispersoids which take part in con-
trolling grain size during extrusion. While high homogenization temperatures is
beneficial in dissolving the eutectic structures, it has a detrimental effect on the
distribution and number density of dispersoids and thus the controlling of grain size
[27].

2.3.2 The principles of age hardening
In order to achieve maximum mechanical properties of AlMgSi alloys it is necessary
to ensure a high solute content prior to aging [17]. The highest aging potential can
be ensured by either a separate solution heat treatment, or avoiding formation of
(Mg,Si) precipitates in as extruded profiles [17]. To achieve temper T6 a heat treat-
ment procedure including the following processes is needed: solution heat treatment,
rapid cooling and age hardening [28, 29]. Similarly, for achieving T5 quench sensi-
tivity and age hardening is needed. For T1, quench sensitivity is the most important
factor.

Solution heat treatment
The purpose of solution heat treatment (SHT) in AlMgSi alloys is to dissolve Mg and
Si particles for further maximizing the age hardening potential during aging. This
process is performed at an elevated temperature and held for a sufficient amount of
time for the constituent elements to go into solid solution.

Proceeding the holding time, the material is quenched to retain the constituent
elements in the meta stable SSSS within the aluminium matrix. For AlMgSi alloys
the extrusion process may achieve SHT temperatures [28].

Quench sensitivity
Age hardening response for heat treatable alloys can be affected by the cooling
rate from an elevated temperature process. For optimization of the mechanical
properties, precipitation during cooling must be completely suppressed. Amongst
the chosen alloys for this thesis, 6082 is most quench sensitive. In other words, 6082
is most susceptible for precipitating coarse β-Mg2Si when the quench rate is not
sufficiently high. Shang et. al. [30] found the highest transformation rate from SSSS
to β′′ and β′ occured at the critical temperature of 360 ◦C. Further, Shang et. al.
showed that the minimum quench rate of 15 ◦C s−1 in the intermediate temperature
range of 250-440 ◦C is needed to achieve optimum mechanical properties. With
quench rates above 15 ◦C s−1, the obtainable hardness is over 95 % of maximum
property [30]. The highest rate of precipitation happens at the tip of the ‘C nose’
in the TTT curve (see Figure 2.7). The high driving force for phase transformation
and high diffusion rate of solute atoms leads to the formation of Mg2Si precipitates.
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CHAPTER 2. THEORY

The precipitation of both β′ and β result in low concentrations of solute elements,
restricting the volume fraction of precipitated β′′ in the subsequent age hardening
process.

(a) TTT curves for 6082 precipitates.
β′′ and β′ precipitates have the C nose
temperature of 360 ◦C, while the C
nose temperature of β phase is higher.

(b) Effect of average cooling rate on predicted hard-
ness (HB) and quench factor (τ) on 6082.

Figure 2.7: From [30].

Age hardening
The process of aging, or age hardening, can be performed by either natural aging or
artificial aging. Both processes decomposes the age hardening elements in SSSS to
form finely dispersed precipitates. The geometry, size and volume fractions of these
precipitates determine the hardening response and thus the mechanical properties
of the material [14, 28, 29].

Natural aging takes place in room temperature and can be measured by change
in mechanical properties over time. This natural aging effect can be suppressed
by cooling the material down to a low temperature below −10 ◦C [28]. Artificial
aging of Al-Mg-Si is performed at an elevated temperature, normally in the range
150-200 ◦C [14]. The degree of age hardening depends on temperature and holding
time.

2.4 Recovery, recrystallization & grain growth
Plastic deformation have several effects on the resulting microstructure and proper-
ties, i.e. change of grain shape, strain hardening, and increase in dislocation density.
During deformation some of the inflicted energy is stored in the metal as strain en-
ergy. Stress- and strain-fields represent stored energy in zones of tensile, compressive
and shear forces on the newly created dislocations. These zones may be restored by
appropriate heat treatment through two processes: recovery and recrystallization.
Grain growth may follow if the metal is present in an elevated temperature for too
long.

12



2.5. STRENGTHENING MECHANISMS

Stored internal energy is relieved through dislocation movement during recovery, by
increased atomic diffusion at an elevated temperature or over time. The number of
dislocations will be reduced some by annihilation and rearrangement of dislocations,
producing lower overall strain energies. Point defects and point defect clusters are
annealed out [31].

After the recovery, the energy stored from strain fields will still be relatively high
in the grains from deformation (i.e. ram or screw extrusion). In recrystallization
however, strain free grains will form and grow from small nuclei, consuming the
parent grains, due to the mobility of high-angle boundaries. The new equiaxed
grains will have low dislocation densities, and large change of texture. The degree
of recrystallization depends on both time and temperature [31]. In 6xxx alloys, Mn
and Cr form dispersoids which inhibit recrystallization. The spatial distribution and
number density of these dispersoids will influence the final grain sizes.

If the strain free grains are left further at an elevated temperature, the recrystallized
grains will grow. The driving force for grain growth is the reduction of total energy
related to grain boundary (GB). This phenomenon occurs through migration of GBs.
The growth of grains is at the expense of smaller grains that shrink [31, 32].

2.5 Strengthening mechanisms
The absence of strengthening defects in pure aluminium, e.g. solute atoms, precip-
itates, GBs and other dislocations, corresponds to little resistance for dislocation
movement. The number of dislocations in motion corresponds to the plastic de-
formation. By hindering the ability of dislocations to move in a material translate
to hardening and strengthening of said material. Precipitation strengthening is the
dominant strengthening mechanism in AlMgSi alloys [14, 33].

2.5.1 Precipitation hardening
The strength obtained from age hardening is the result of the interaction between
dislocations and precipitates. Precipitation strengthening can occur either through
shearable or non-shearable precipitates, i.e. weak or strong precipitates, respectively.
These precipitates precipitate during aging hardening (natural or artificial). For an
underaged condition coherent precipitates will be the dominant strengthening factor
until an approximate peak aged condition is reached. After this stage, the material
will enter a stage where breakdown of coherency will occur in the overaged condi-
tion. In other words, small shearable precipitates will be precipitated from SSSS
until a peak aged condition is established. The stress will increase for the material
with small shearable precipitates increasing in size and with more nucleation sites
appearing. Large, non-shearable precipitates will appear at an overaged condition,
where there is no solid solution left. Here the stress will decrease by coarsening;
larger and fewer grains [34].

Lattice defects introduced during plastic deformation facilitates diffusion, and acts
as nucleation sites for precipitation. A desired amount of defect concentration can
be obtained by deformation, thus, influencing the distribution, size and quantity of
precipitates. By optimizing the defect concentration with respect to recrystallized
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grain, one can improve creep strength, and fatigue strength and toughness.

2.5.2 Grain boundary strengthening
The average grain size in polycrystalline metals influences the mechanical properties.
Dislocation movement or slip must take place across the grain boundary between
adjacent grains. This boundary however, acts as a barrier for dislocation movement.
For high-angle boundaries, dislocations pile up at grain boundaries introducing stress
concentrations at this intersection. Dislocation pile up like this generates new dislo-
cations in the adjacent grains. Thus, large grain size will have increased number of
dislocations in the pile up. Materials with refined grains will be harder and stronger
due to the larger grain boundary area per dislocation. This refinement of grains can
be related to the yield strength σy with the Hall-Petch equation 2.6 below:

σy = σ0 + kyd
−1/2 (2.6)

where d is the average grain diameter, σ0 and kd are material constants [32]. It
should be noted that the Hall-Petch relationship is not valid for polycrystalline
metals with either very coarse or very refined grains. For small-angle boundaries
however, the modest misalignment of crystallographic direction is not effective as to
hindering dislocation movement across the GBs.
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Chapter 3

Experimental procedures

This chapter covers the various materials and processes employed in the present
work. A flowchart summarizing the materials thermal and processing history, and
where the material were characterized are presented in Figure 3.1. ‘Characterization’
encompasses the use of optical microscopes (OM), hardness testing and electrical
conductivity measurements.

Figure 3.1: Work flow sheet illustrating the type and sequence of investigations.
Characterization involves the use of OM, hardness testing and electrical conductivity
measurements. *) Acetone and thermal cleaning at 350 ◦C for 4h.
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CHAPTER 3. EXPERIMENTAL PROCEDURES

3.1 Base material
All three materials used in this thesis belong in the 6xxx series. These are 6060.35,
6005.40 and 6082, all DC-casted and homogenized at Hydro Aluminium AS Sun-
ndalsøra (see Figure 3.2). Chemical composition of these alloys are given in Table
A.1 (Appendix A), analysed by Hydro Sunndalsøra.

Figure 3.2: Billets in the 6xxx series. The billet to the left labelled 6000 is the 6082
billet. The middle and right billet is 6005.40 and 6060.35, respectively.

The homogenization followed an industrial standard procedure for homogenization.
The homogenization procedure follows Table 3.1. All alloys were homogenized by
Hydro Sunndalsøra prior to receiving the material.

Table 3.1: Homogenization of billets. Homogenization procedure performed by Hy-
dro Sunndalsøra on all three alloys: 6060.35, 6005.40 and 6082. RT: room temper-
ature.

Heating rate: RT - 575 ◦C 200 ◦C h−1

Homogenizing: 575 ◦C 2 h15 min
Cooling rate: 575 ◦C - RT 400 ◦C h−1
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3.2. MACHINING & CLEANING

3.2 Machining & Cleaning
Homogenized material were machined into granules by a NTNU workshop and fur-
ther shredded with a Getecha RS1600 granulator machine. The granules were shred-
ded two times to the approximate length of 5 to 20 mm. However, due to the different
initial geometry and size of the granules, it can be seen from Figure 3.3 that 6005.40
have longer granules and a larger size distribution compared to the more square
shaped 6082, and 6060.35.

Figure 3.3: Granules of each alloy after shredding.

Thereafter, the granules were degreased with acetone for 30 min to dissolve grease
and other contaminants. This was performed in a 25 L polypropylene (PP) waste
container. The granules and acetone were further screened with a 5 mm mesh sieve,
allowing the acetone to drain off. The drained acetone were collected in a 10 L PP
bucket for further degreasing. Drained granules were placed on an Al-foil covered
tray for drying. All equipment (see Figure 3.4) were rinsed with water to remove
any granule remnants prior to each degreasing procedure.

First step of the proceeding thermal treatment was drying the granules for 24 h at
approximately 125 ◦C to evaporate most of the residual acetone.

Based on the work by Cui [23], the granules were then thermally degreased in an air
circulation furnace at 350 ◦C for 4 h to burn of residual acetone and organic matter.
To ensure evaporation of the residual acetone, the granules were flipped and stirred
with 1 h intervals.
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Figure 3.4: Acetone degreasing equipment. 1) - PP waste container for degreasing
granules with acetone; 2) - 5 mm mesh sieve for screening acetone out of the granules;
3) - 10 L PP bucket for collecting screened acetone; 4) - Al-foil covered tray for
acetone degreased granules.

3.3 Extrusion
The materials were screw and ram extruded from granules and billets, respectively.
To ensure comparable results, both processes were performed with as many equal
parameters as possible. Hence, both processes used a die orifice of 10 mm and both
water quenching and air cooling were performed after extrusion. These extrusion
processes will be described in detail below.

From this point in the thesis, the extruded material will be annotated as a function
of process, alloy, and cooling method, e.g. RE6082AC, SE6060.35WQ.

3.3.1 Screw extrusion
Screw extrusion was performed by feeding granules into the screw channel, setting
the screw rotation to a given speed, and heating the tooling and plug by induction.
The temperatures were controlled and maintained by slight adjustments to the in-
duction and air in the front and back of the screw. Six thermocouples were used to
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get accurate temperature control in the screw channel, extrusion chamber and die
orifice. The screw extrusion set up can be seen in Figure 3.5.

Figure 3.5: Assembled screw extruder ready prior to an experiment. 1 - feeder funnel
leading down to the vibrating feeder. 2 - granule catcher into the screw extruder
feeding hole. 3 - induction coil. 4 - the screw extruder. 5 - water quenching system. 6
- 30cm distance from die orifice to the water quenching starts. 7 - gas tube mounted
on and flushing down nr. 2.

Each alloy was flushed with an inert or semi-inert shield gas during feeding to avoid
oxidation of the granules. Shield gas, liner and screw rotation of each alloy are
presented in Table 3.2. Aiming point for the extrusion temperature was 540 ◦C. The
extrusion experiments were logged (see Appendix B) with respect to the relevant
parameters.

3.3.2 Ram extrusion
The ram extrusion were performed on the SINTEF extrusion press for Ø95mm
billets. The billets were induction heated to 500 ◦C prior to being put into the
Ø100mm extrusion chamber. The material were steady state extruded with most of
the extrudate coiled and water quenched, while the last extrudate length were air
cooled (approximately 2.5 m). The extrusion experiments were logged (see Appendix
C) with respect to the relevant parameters. Figure 3.6 shows a sketch of the ram
extrusion setup.
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Table 3.2: Overview of screw extrusion parameters for each alloy. *60% of max.
flow, where 2NL/min is max. NL/min: normal litre per minute, at 0 ◦C and 1
atmosphere.

Alloy Diameter [mm] Liner Atmosphere Gas-flow RPM
6082 9.92 Old Argon N/A 6-9
6060.35 9.92 Old CO2 60% of max.* 6-10
6005.40 9.92 New CO2 60% of max.* 10

Figure 3.6: Sketch of the ram extruder with the ram stem pushing down in the
Ø100mm extrusion chamber, through the die orifice of Ø10mm. The extruded pro-
files went down through a hole in the floor and coiled up in a water basin in the
basement. The last approximate 2.5 m hung from the die orifice, before air cooling
on the floor.

3.4 Solution heat treatment & aging
To find the temper T5 and T6 for all the conditions, aging curves were made from
as extruded samples and samples from a separate solution heat treatment step.

All conditions were solution heat treated at 550 ◦C for 10 min, holding from 545 ◦C.
The solution heat treatment procedure was performed in air circulation furnace
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Nabertherm N 30/85 HA. All samples were water quenched subsequent to the solu-
tion heat treatment.

Extruded samples and SHT samples were age-hardened in Nabertherm N15/65HA
air circulation furnace at 175 ◦C. Aging intervals ranged from 1 h to 3 d. Tensile
specimens were aged to maximum hardness, found from aging curves.

3.5 Characterization of microstructure & grain
structure

3.5.1 Sample preparation
All samples were ground and polished prior to microscopy examination. Grinding
and polishing were performed with the Struers Tegramin-5 and TegraForce-5. The
procedure follows the steps introduced in Table 3.3. Samples prepared for hardness
measurements were polished until the third step.

Table 3.3: Procedure for polishing Al alloys.

Process Surface Lubricant/
Suspension

Velocity
(RPM) Cleaning

Grinding MD-Molto
220 Water 300 Water, soap,

ethanol, drying

Grinding MD-Largo DiaPro Allegro/
Largo 9 µm 150 Water, soap,

ethanol, drying

Polishing MD-Mol DiaPro Mol R/
3 µm 150 Ethanol, drying

Polishing MD-Nap DiaPro Nap R/
1 µm 150 Ethanol, drying

Polishing MD-Chem OP-U NonDry 150 Ethanol, drying

Polished samples were anodized in 5 % HBF4 for 90 seconds with an applied voltage
of 20 V to reveal grain structure in cross-polarized light. The samples were promptly
rinsed in water and ethanol, and dried after anodizing.

3.5.2 Microscopy examination
All samples were examined in Zeiss Axio optical microscope (OM). Polished sam-
ples were imaged in bright field for highlighting particle formation. Grain structure
were analysed on anodized samples with cross-polarized light and a sub λ-plate with
varying tilt in the column.
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3.6 Characterization of mechanical properties

3.6.1 Hardness testing
Hardness was investigated throughout its processing history, i.e as received, as ex-
truded, solution heat treated and artificially aged samples. Hardness tests were
performed with the automatic Zwick Roell hardness test machine and manual Inno-
vatest hardness test machine, using 1 kilogram force, and indentation dwell time of
10 seconds.

3.6.2 Tensile testing
The mechanical behaviour of the extruded profiles were found through uniaxial
tensile testing. Each alloy was tested in temper T1, T5 and T6. Up to four tensile
specimen were tested for each thermal state. To avoid undesirable precipitation,
temper T5 and T6 were heat treated prior to machining by the NTNU mechanical
workshop, while temper T1 specimens were freezed until machining. Dimensions of
the tensile specimen are illustrated in Figure 3.7.

Figure 3.7: Tensile specimen dimensions.

Tensile testing took place approximately 2 weeks after machining (∼ 4 weeks after
samples were taken out of freezer). Certain tensile specimens were bent out straight
by the workshop due to the coiling subsequent to ram and screw extrusion of the
alloys. The tests were performed using a MTS 810 tensile machine. The machine was
assembled with a 25 mm laser extensometer for measuring the engineering strain.
Specimen diameter was noted for software calculations.

3.7 Conductivity measurements
The electrical conductivity was measured with the eddy current instrument SIG-
MATEST 2.069. The probe were calibrated with two standard reference materials.
Conductivity measurements were performed with a frequency of 960 kHz to get reli-
able results with thin samples. Samples were measured while in ambient temperature
to ensure reliable and accurate readings. Sample thickness was minimum 5 mm.
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Chapter 4

Results

In this chapter, a summary of the measured properties and microstructure will be
given for each alloy. First, a presentation of the received material prior to extrusion
will be given. Second, a presentation the extruded profiles for each alloy will be
given.

4.1 As received material
This section covers the microstructure, hardness and electrical conductivity of the
homogenized billet materials, and thermally cleaned and shredded granules.

4.1.1 Mechanical properties & electrical conductivity
The initial hardness and electrical conductivity of the homogenized billet materials
is shown in Table 4.1. 6005.40 hade the lowest hardness, and as expected 6082 has
the highest hardness value. The electrical conductivity is increasing with decreasing
alloying elements and is thus highest for 6060.35 with 29.9 MS m−1.

Table 4.1: Hardness and electrical conductivity of homogenized billet material.

Alloy Hardness, HV1 Conductivity, MS/m
6060.35 53 ± 2 29.9 ± 0.2
6005.40 43 ± 1 29.2 ± 0.04
6082 61 ± 1 27.7 ± 0.1

4.1.2 Microstructure of billet material
Representative micrographs of the polished and anodized microstructure of homoge-
nized billet materials are presented in Figure 4.1-4.3. The dispersoid containing 6082
exhibited particles homogeneously distributed at grain boundaries with a higher
number density than 6005.40 and 6060.35. 6082 showed as expected a smaller av-
erage grain size, compared to 6060.35. The grain size of the three alloys are shown
in Table 4.2. Determination of grain size was performed with the mean linear inter-
ception method.
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(a) (b)

Figure 4.1: Grain (a) and particle (b) structure in the cross sectional view of ho-
mogenized 6082.

(a) (b)

Figure 4.2: Grain (a) and particle (b) structure in the cross sectional view of ho-
mogenized 6005.40.

(a) (b)

Figure 4.3: Grain (a) and particle (b) structure in the cross sectional view of ho-
mogenized 6060.35.

24
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Table 4.2: Average grain size in homogenized material determined from linear inter-
cept method. Method devised in ASTM Standard E112, and performed in ImageJ
[35, 36].

Alloy 6082 6005.40 6060.35
Mean Intercept length 60.5 µm 56.6 µm 100.8 µm

4.1.3 Microstructure of shredded material
As seen in Figure 4.4 the grain structure in 6082 granules exhibited a deformation
structure of its initial homogenized structure, showing deformation bands, as result
of the machining. The particle structure showed an alignment of particles in certain
areas, possibly along the deformation bands. A similar pattern is shown across the
6060.35 granule in Figure 4.6 , but was not as apparent in 6005.40, Figure 4.5. The
anodized grain structure of 6005.40 and 6060.35 showed recrystallized structure.
The grain size of these recrystallized and deformed structures are listed in Table
4.3.

(a) (b)

Figure 4.4: Grain (a) and particle (b) structure of shredded 6082 material after
thermal cleaning.

Table 4.3: Average grain size in shredded and thermally cleaned material determined
from the linear intercept method. Method devised in ASTM Standard E112, and
performed in ImageJ [35, 36].

Alloy 6082 6005.40 6060.35
Mean Intercept length 52 µm 23 µm 24 µm
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(a) (b)

Figure 4.5: Grain (a) and particle (b) structure of shredded 6005.40 material after
thermal cleaning.

(a) (b)

Figure 4.6: Grain (a) and particle (b) structure of shredded 6060.35 material after
thermal cleaning.
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4.2 Extruded 6082 profiles
In Figure 4.7, a section of the surface quality on screw extruded 6082 can be seen.
This alloy were extruded without any presence of tearing or blisters. Though, as
seen in the aforementioned figure, a spiraling pattern is appearing on the surface of
the air cooled length. Each spiral represent one screw rotation in the screw extruder,
indicating a slow extrusion speed for this section.

Figure 4.7: A section of the screw extruded 6082 profiles. The two on the top are
water quenched (WQ) and the bottom profile is air cooled (AC).

An estimate of the extrusion speed were calculated for the screw extruded profiles,
see Table 4.4. The extrusion speed is based on the feeding rate over a time interval,
assuming steady-state extrusion.

The extrusion speed were split into air cooled sections and the last water quenched
section. AC1 represents the extrusion speed for the first length after breakthrough at
6 RPM. AC2 and AC3 each represents a sudden peak of torque with a screw rotation
of 8 RPM. The missing time interval between 40 and 57 min into the experiment is a
result of a plug build-up in the screw channels. Generally the extrusion advanced in
pushing motion, giving high extrusion speeds for a certain length, before stopping.
This resulted in slow extrusion speeds of 0.031-0.063 m/min and 0.079 for air cooled
and water quenched lengths, respectively. In comparison, the ram extrusion had an
extrusion speed 581-1180 and 463 times faster than the screw extrusion from AC
and WQ, respectively.
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Table 4.4: Average extrusion speed for screw extruded 6082 profiles. Calculated
from input mass difference at the given time intervals. 1 m corresponds to 212g of
input material with a Ø10mm die orifice. Last column is the extrusion speed during
the ram extrusion for comparison, from experiment nr. 13 in Appendix C.

AC1 AC2 AC3 WQ RE
Time interval [m/min] 24-40 57-79 79-85 85-110 N/A
∆ Mass [g] 100 190 80 420 N/A
Speed [m/min] 0.031 0.041 0.063 0.079 36.6

4.2.1 Mechanical properties & electrical conductivity
The hardness evolution (Figure 4.8) of the extruded profiles were determined for
as extruded and solution heat treated samples. For the as extruded samples it can
clearly be seen that the water quenched samples give higher hardness and accompa-
nying lower electrical conductivity (Figure 4.9). This shows the quench sensitivity
of 6082, and the effect of retarding precipitation during extrusion. The lower hard-
ness of SE6082WQ compared with RE6082WQ was a result of the slower extrusion
speed and thus slower water quenching during extrusion. Temper T5 was seen to
be achieved earlier for higher hardness values. Temper T1 values representing the
properties as extruded, without artificial aging, was shown at point 0.1 on the log
time-axis.

Similarly for the SHT samples in Figure 4.10 and 4.11, the samples with highest
hardness have the lowest conductivity. For SHT and aged samples, RE6082AC
reaches temper T6 with approximately 13HV higher than RE6082WQ, and a bigger
difference to the screw extruded samples. SHT SE6082 reaches temper T6 approx-
imately at the same hardness conductivity after aging for 7h. Temper T4 values
representing the properties as solution heat treated, without artificial aging, are
shown at point 0.1 on the log time-axis.

To check if the differences in hardness at temper T1, T5 and T6 translates to the
strength, nominal stress-strain curves are shown in Figure 4.12-4.15. As seen in these
figures, some of the fracture strains appeared outside of the extensometer giving
invalid results. The fractures strains (Figure 4.19) for these samples were therefore
calculated from the actuator movement, assuming all samples had a length of 30 mm
between the shoulders as per the dimensional drawing in Figure 3.7, Chapter 3.6.2.

SE6082WQ can be seen to have a tendency of temper T1 tensile tests being stronger
than for temper T5. Both tempers have a considerable work hardening effect.

The main findings from the tensile tests, such as ultimate tensile strength (UTS),
yield strength (YS), uniform elongation and elongation at fracture (EL), were col-
lected from each stress-strain curve and presented in Figure 4.16-4.19.

All properties at temper T1 and T5 appear to be quite scattered. In these tempers,
SE6082AC have lowest strength and highest ductility. However, for temper T6 these
four properties seem to converge with RE6082AC having slightly higher strength
and lower elongation. Overall, water quenched tensile specimen ductility properties
changes the least from T1 to T5 and T6.
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Figure 4.8: Hardness evolution with aging time at 175 ◦C for 6082 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.9: Electrical conductivity evolution with aging time at 175 ◦C for 6082 from
ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.10: Hardness evolution with aging time at 175 ◦C in SHT 6082 for ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.11: Electrical conductivity evolution with aging time at 175 ◦C in SHT
6082 for ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.12: Stress-strain curve for SE6082AC. Black lines (lower) represent the
as extruded profiles, temper T1. Red lines (upper) represent aged to maximum
strength, temper T5. Green lines represent the solution heat treated and aged to
maximum strength.

Figure 4.13: Stress-strain curve for SE6082WQ. Black lines represent the as extruded
profiles, temper T1. Red lines represent aged to maximum strength, temper T5.
Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.14: Stress-strain curve for RE6082AC. Black lines represent the as extruded
profiles, temper T1. Red lines represent aged to maximum strength, temper T5.
Green lines represent the solution heat treated and aged to maximum strength.

Figure 4.15: Stress-strain curve for RE6082WQ. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.16: Plot of yield strength (σy) versus thermal states for 6082 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.17: Plot of tensile strength (UTS) versus thermal states for 6082 from ram
and screw extruded profiles, both air cooled and water quenched.
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Figure 4.18: Uniform elongation versus thermal states for 6082 from ram and screw
extruded profiles, both air cooled and water quenched.
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Figure 4.19: Elongation at fracture versus thermal states for 6082 from ram and
screw extruded profiles, both air cooled and water quenched.
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4.2.2 As extruded microstructure
A fibre structure can be seen in the longitudinal section for all as-extruded 6082
profiles (see Figure 4.20). Ram extruded samples show a zone of recrystallized grains
towards the surface. The recrystallized zones were ∼750 µm and 300 µm thick for
RE6082AC and RE6082WQ, respectively. Possible cracks appeared near the surface
of SE6082AC. It should be noted that each panorama micrograph of the longitudinal
section consists of 3-5 micrographs. Thus, the 500 µm scale bar on each micrograph
might not be 1:1 ratio in comparison to each other.

In Figure 4.21, the grain structure in the cross section can be seen. As in the lon-
gitudinal section there were recrystallized grains with same thickness as previously
stated. In SE6082AC and SE6082WQ stripes of possible particles, oxides or cracks
start to appear at 550-600 µm from the surface.

In the micrographs of polished microstructure in Figure 4.22, particles appear ran-
domly in the Al-matrix of the screw extruded samples. The ram extruded samples
showed particle formation in lines along the extrusion direction (ED).
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.20: Grain structure in the longitudinal section of screw (a and b) and ram
(c and d) extruded 6082. ED is to the left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.21: Grain structure in the cross section towards the surface of screw (a and
b) and ram (c and d) extruded 6082. ED is out of the micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.22: Particle structure in the longitudinal section of screw (a and b) and
ram (c and d) extruded 6082. ED is to the left. (c) RE6082AC is seen in the cross
section, with ED out of the micrograph.
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4.2.3 Solution heat treated microstructure
A fibre structure were still present in screw extruded 6082 profiles (see Figure 4.23).
At the surface of SE6082AC, small blisters start appearing. RE6082AC are com-
pletely recrystallized through its longitudinal section. Grain growth has occured
in the center of the sample. In RE6082WQ the recrystallized zone has grown to
1.35 mm, approximately 1.05 mm thicker than in as-extruded state. Note that each
panorama consists of 3 or 4 micrographs, thus the scale bar might not be 1:1 ratio
compared to each other.

As seen in the cross section in Figure 4.24, a local appearance of recrystallized grains
have appeared at the surface and at random areas within the SE6082AC profile.
Additional micrographs of this random recrystallization can be found in Appendix
D. Poor contrast differences might suggest low misorientation angles between the
fibre grains. Otherwise, these cross sections supports the findings from the panorama
micrographs.

The particle structure of SHT SE6082AC sample in Figure 4.25 show distinct stripes
along the ED. These stripes are alignments particles and oxides due to the flow
through the screw extruder. SE6082WQ show appearances of cracks near the sur-
face. Both ram extruded samples still show the particle formation aligned in the
ED.
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(a) Air cooled. (b) Water quenched.

(c) Air cooled. (d) Water quenched.

Figure 4.23: Grain structure in the longitudinal section of SHT 6082 from screw (a
and b) and ram (c and d) extrusion. ED is to the left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.24: Grain structure in the cross section towards the surface of SHT 6082
from screw (a and b) and ram (c and d) extrusion. ED is out of the micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.25: Particle structure in the longitudinal section of SHT 6082 from screw
(a and b) and ram (c and d) extrusion. ED is left.
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4.3 Extruded 6005.40 profiles
In Figure 4.26, the surface quality can be seen for screw extruded profiles. The
surface of WQ profiles were smooth as for the ram extruded profiles. The surface
of the air cooled on the other hand, had tearing on one side of the surface. Blister
also appeared on ∼1m of the surface of SE6005.40AC.

(a) Air cooled.

(b) Water quenched.

Figure 4.26: Screw extruded 6005.40 profiles. (a) blistering (1) and tearing (2) on
the air cooled profiles. The water quenched profiles have a smooth surface.

The extrusion speed were split into air cooled sections and the last water quenched
section, see Table 4.5. AC1 represents the extrusion speed for the first length af-
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ter breakthrough. AC2 represents the start of unstable temperature control, and
an increase in extrusion speed. AC1 were steady state extruded with good con-
trol over temperatures in the screw. AC2 were mostly steady state extruded, but
ocassionally with some pushes. WQ were extruded with instability of the torque,
and subtle changes in temperature. The resulting extrusion speed were on average
approximately the same for AC and WQ at ∼0.144 m min−1. In comparison, the
ram extrusion had an extrusion speed ∼254 times faster than the screw extrusion.

Table 4.5: Average extrusion speed for screw extruded 6005.40 profiles. Calculated
from input mass difference and the given time intervals. 1 m corresponds to 212g of
input material with a Ø10mm die orifice. Last column is the extrusion speed during
the ram extrusion for comparison, from experiment nr. 14 in Appendix C.

AC1 AC2 WQ RE
Time interval [m/min] 34-52 52-65 65-87 N/A
∆ Mass [g] 530 390 660 N/A
Speed [m/min] 0.141 0.144 0.144 36.6

4.3.1 Mechanical properties & electrical conductivity
The hardness evolution of the extruded profiles were determined for as-extruded and
solution heat treated samples. WQ samples from both screw and ram extrusion is
shown to have better hardness than for AC. SE6005.40WQ resembles RE6005.40AC
in terms of electrical conductivity. Temper T1 values in Figure 4.27 and 4.28 repre-
senting the properties as extruded without artificial aging, were shown at point 0.1
on the log time-axis.

SHT samples shows the hardness of all four parallels (i.e. SE-AC, RE-WQ etc.) to
be similar and with less deviation than for directly aged. This is also seen in the
conductivity. Temper T4 values in Figure 4.29 and 4.30 representing the properties
as solution heat treated, without artificial aging, are shown at point 0.1 on the log
time-axis.

To check if the differences in hardness at temper T1, T5 and T6 translates to the
strength, nominal stress-strain curves are shown in Figure 4.31-4.34. As seen in
these stress-strain curves, the fracture strain appeared outside of the extensometer
for some tensile tests giving invalid results. These fracture strains (Figure 4.38)
were therefore calculated from the actuator movement, assuming all samples had a
length of 30 mm between the shoulders as per the dimensional drawing in Figure
3.7, Section 3.6.2. However, even though RE6005.40AC-T5 (red lines) looks as if
fracture happened outside of the extensometer, the actuator movement suggested
that these strains were correct. Visual inspection of these tensile specimen will be
discussed in Section 5.2.6.

In general for all parallels, the T1 specimens experiences extensive work hardening.
Work hardening of temper T5 and T6 were considerable less. Black lines represent
the as extruded temper T1 after natural aging of approximately 4 weeks (through
machining). Red lines represent the aged to maximum hardness temper T5. Green
lines represent the solution heat treated and aged to maximum hardness temper T6.
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Figure 4.27: Hardness evolution with aging time at 175 ◦C for 6005.40 from ram and
screw extruded profiles, both air cooled and water quenched.

The main findings from the tensile tests, such as UTS, YS, uniform elongation and
elongation at fracture, were collected from each stress-strain curve and presented in
Figure 4.35-4.38.

Yield strength of all parallels at each tempers seem to be relatively similar, except
for SE6005.40AC with considerable lower values at temper T1 and T5. UTS values
appear with a similar pattern. The ductility of these parallels show that at temper
T1 and T6 screw extruded specimens exhibit lower values than ram extruded, but
slightly higher for temper T5. SE6005.40WQ exhibit relatively large deviation in all
values, excluding YS and UTS at temper T6.
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Figure 4.28: Electrical conductivity evolution with aging time at 175 ◦C for 6005.40
from ram and screw extruded profiles, both air cooled and water quenched.

0.1 1 10 10050

60

70

80

90

100

110

120

130

Log time [h] at 175 ◦C

H
ar
dn

es
s
[H

V
1]

SHT and Aging curves of 6005.40

SE6005.40AC
SE6005.40WQ
RE6005.40AC
RE6005.40WQ

Figure 4.29: Hardness evolution with aging time at 175 ◦C in SHT 6005.40 for ram
and screw extruded profiles, both air cooled and water quenched.
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Figure 4.30: Electrical conductivity evolution with aging time at 175 ◦C in SHT
6005.40 for ram and screw extruded profiles, both air cooled and water quenched.

Figure 4.31: Stress-strain curve for SE6005.40AC. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.32: Stress-strain curve for SE6005.40WQ. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.

Figure 4.33: Stress-strain curve for RE6005.40AC. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.34: Stress-strain curve for RE6005.40WQ. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.35: Plot of yield strength versus thermal states for 6005.40 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.36: Plot of tensile strength (UTS) versus thermal states for 6005.40 from
ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.37: Uniform elongation versus thermal states for 6005.40 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.38: Elongation at fracture versus thermal states for 6005.40 from ram and
screw extruded profiles, both air cooled and water quenched.
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4.3.2 As extruded microstructure
A fibre structure can be seen in the longitudinal section for both as screw extruded
profiles (see Figure 4.39). Ram extruded samples show recrystallized grains through
its longitudinal section. The recrystallized grains were considerably larger in the
intermediate radius and center of the section. Possible crack appeared near the
surface of SE6005.40AC. Note that each panorama micrograph of the longitudinal
section consists of 3-5 micrographs. Thus, the 500 µm scale bar on each micrograph
might not be 1:1 ratio in comparison to each other.

The grain structure in the cross section can be seen in Figure 4.40. As in the lon-
gitudinal section, there were smaller recrystallized grains at the surface. The curve
in RE6005.40AC is a result of the thermocouple used during extrusion. Both screw
extruded samples have vague contrast differences, possibly due to low misorientation
angles.

In the micrographs of polished microstructure in Figure 4.41, particles appear ran-
domly in the Al-matrix. The ram extruded samples showed a tendency of particle
formation in along the extrusion direction (ED).
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.39: Grain structure in the longitudinal section of screw (a and b) and ram
(c and d) extruded 6005.40. ED is left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.40: Grain structure in the cross section towards the surface of screw (a and
b) and ram (c and d) extruded 6005.40. ED is out of micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.41: Particle structure in the longitudinal section of screw (a and b) and
ram (c and d) extruded 6005.40. ED is left. (c) ED is out of micrograph.
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4.3.3 Solution heat treated microstructure
A fibre structure were still present in screw extruded profiles (see Figure 4.42). Ram
extruded SHT 6005.40 samples were completely recrystallized through its longitudi-
nal section. Grain growth have occured in the center of the RE6005.40WQ sample.
Note that each panorama consists of 3 or 4 micrographs, thus the scale bar might
not be 1:1 ratio compared to each other.

Oxides, particles and crack effects can be seen in the cross section of SHT SE6005.40AC
(see Figure 4.43). These seem to follow a circular flow. For SE6005.40WQ a zone
of singular recrystallized grains can be seen towards the surface with thickness of
88 µm. Further, a zone of fibre structure distinctly separated from the center due
to orientation differences have a thickness of ∼870 µm. Slight contrast differences
might suggest low misorientation angles between the fibre grains. Otherwise, these
cross sections supports the findings from the panorama micrographs.

The particle structure of screw extruded SHT 6005.40 samples in Figure 4.44 show
randomly dispersed particles. Both ram extruded samples still show a vague ten-
dency of particle formation aligned in the extrusion direction.
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(a) Air cooled. (b) Water quenched.

(c) Air cooled. (d) Water quenched.

Figure 4.42: Grain structure in the longitudinal section of SHT 6005.40 from screw
(a and b) and ram (c and d) extrusion. ED is left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.43: Grain structure in the cross section towards the surface of screw (a and
b) and ram (c and d) extruded 6005.40. ED is out of micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.44: Particle structure in the longitudinal section of screw (a and b) and
ram (c and d) extruded 6005.40. ED is left.
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4.4 Extruded 6060.35 profiles
In Figure 4.45, a section of the surface quality on screw extruded 6060.35 can be
seen. This alloy was extruded without any presence of tearing or blisters. Though, as
seen in the aforementioned figure, rough marks were made when the screw extrusion
stopped.

(a) Air cooled.

(b) Water quenched.

Figure 4.45: Screw extruded 6060.35 profiles. BothWQ and AC lengths have smooth
surface.

The extrusion speed were split into air cooled sections with different RPM and the
last water quenched section. AC1 represents the extrusion speed at 6 RPM for the
first length after breakthrough. AC2 and AC3 represents extrusion speed with 9 and
10 RPM, respectively. WQ is the extrusion speed from the water quenching started.
Generally the extrusion advanced with pushes of ∼5-80 cm, giving high extrusion
speeds for a certain length, before stopping. Ram extrusion had an extrusion speed
632-1664 and 763 times faster than the screw extrusion for AC and WQ, respectively
(see Table 4.6).
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Table 4.6: Average extrusion speed for screw extruded 6060.35 profiles. Calculated
from input mass difference and the given time intervals. 1 m corresponds to 212g of
input material with a Ø10mm die orifice. Last column is the extrusion speed during
the ram extrusion for comparison, from experiment nr. 15 in Appendix C.

AC1 AC2 AC3 WQ RE
Time interval [m/min] 115-176 176-196 196-268 283-304 N/A
∆ Mass [g] 360 100 870 215 N/A
Speed [m/min] 0.028 0.022 0.057 0.048 36.6

4.4.1 Mechanical properties & electrical conductivity
The hardness evolution of the extruded profiles were determined for as extruded and
solution heat treated samples. Aged samples from screw extrusion clearly show that
the hardness evolution were significantly worse than for ram extrusion (see Figure
4.46. As expected, this is reflected with a significantly better electrical conductivity
(see Figure 4.47). Water quenching showed to have a considerable effect on both
hardness and conductivity after ram extrusion, while little effect was seen for screw
extrusion. Temper T1 values in Figure 4.46 and 4.47 representing the properties as
extruded, without artificial aging, are shown at point 0.1 on the log time-axis.

Solution heat treatment to temper T4 shows that WQ samples increases in hard-
ness along with SE6060.35AC. Temper T6 is seen to be similar for SE6060.35AC,
SE6060.35WQ and RE6060.35AC with the peak of RE6060.35WQ at 10HV and
7HV higher than for the former three. A similar effect is seen in the conductivity.
Temper T4 values in Figure 4.48 and 4.49 representing the properties as solution
heat treated, without artificial aging, are shown at point 0.1 on the log time-axis.

To check if the differences in hardness at temper T1, T5 and T6 translates to the
strength, nominal stress-strain curves are shown in Figure 4.50-4.53. A few of the
tensile specimens fractured outside the extensometer giving invalid results. These
fracture strains (see Figure 4.57) for these samples were therefore calculated from
the actuator movement, assuming all samples had a length of 30 mm between the
shoulders as per the dimensional drawing in Figure 3.7, Section 3.6.2.

In general for all parallels, the T1 specimens experiences extensive work hardening.
Work hardening of temper T5 and T6 were considerable less. Black lines represent
the as extruded temper T1 after natural aging of approximately 4 weeks (through
machining). Red lines represent the aged to maximum hardness temper T5. Green
lines represent the solution heat treated and aged to maximum hardness temper T6.

The main findings from the tensile tests such as UTS, YS, uniform elongation and
elongation at fracture, were collected from each stress-strain curve and presented in
Figure 4.54-4.57.

All four parallels show similar values for all properties at temper T6. SE6060.35AC
experiences the greatest increase in YS and UTS from temper T1 and T5 to T6. On
the other hand, it also changes the least between temper T1 and T5 in strength.
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Figure 4.46: Hardness evolution with aging time at 175 ◦C for 6060.35 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.47: Electrical conductivity evolution with aging time at 175 ◦C for 6060.35
from ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.48: Hardness evolution with aging time at 175 ◦C in SHT 6060.35 for ram
and screw extruded profiles, both air cooled and water quenched.
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Figure 4.49: Electrical conductivity evolution with aging time at 175 ◦C in SHT
6060.35 for ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.50: Stress-strain curve for SE6060.35AC. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.

Figure 4.51: Stress-strain curve for SE6060.35WQ. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.52: Stress-strain curve for RE6060.35AC. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.

Figure 4.53: Stress-strain curve for RE6060.35WQ. Black lines represent the as ex-
truded profiles, temper T1. Red lines represent aged to maximum strength, temper
T5. Green lines represent the solution heat treated and aged to maximum strength.
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Figure 4.54: Plot of yield strength (σy) versus thermal states for 6060.35 from ram
and screw extruded profiles, both air cooled and water quenched.
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Figure 4.55: Plot of tensile strength (UTS) versus thermal states for 6060.35 from
ram and screw extruded profiles, both air cooled and water quenched.
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Figure 4.56: Uniform elongation versus thermal states for 6060.35 from ram and
screw extruded profiles, both air cooled and water quenched.
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Figure 4.57: Elongation at fracture versus thermal states for 6060.35 from ram and
screw extruded profiles, both air cooled and water quenched.
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4.4.2 As extruded microstructure
A fibre structure can be seen in the longitudinal section for both as screw extruded
profiles (see Figure 4.58). Ram extruded samples show recrystallized grains through
its longitudinal section. The recrystallized grains were slightly larger in the interme-
diate radius and center of the section. Oxide-bands appear numerous places through
the intermediate radius of SE6060.35WQ. Note that each panorama micrograph of
the longitudinal section consists of 3-5 micrographs. Thus, the 500 µm scale bar on
each micrograph might not be 1:1 ratio in comparison to each other.

The grain structure in the cross section can be seen in Figure 4.59. Both screw
extruded samples have vague contrast differences, possibly due to low misorientation
angles in the fibres.

In the micrographs of polished microstructure in Figure 4.60, particles appear ran-
domly in the Al-matrix. The ram extruded samples showed a tendency of particle
formation along the extrusion direction (ED).
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.58: Grain structure of screw (a and b) and ram (c and d) extruded 6060.
ED is left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.59: Grain structure in the cross section towards the surface of screw (a and
b) and ram (c and d) extruded 6060. ED is out of micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.60: Particle structure in the longitudinal section of screw (a and b) and
ram (c and d) extruded 6060. ED is left. (c) ED is out of micrograph.
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4.4.3 Solution heat treated microstructure
A fibre structure were still present in screw extruded profiles (see Figure 4.61). Ram
extruded SHT 6060.35 samples were completely recrystallized through its longitudi-
nal section. Grain growth have occured at the surface for both SHT ram extruded
samples. These layers of grain growth have thickness of ∼600-900 µm and 1900-
2150 µm for RE6060.35AC and RE6060.35WQ, respectively. Oxide-bands appear
numerous places through the intermediate radius of SE6060.35WQ. Note that each
panorama consists of 3 or 4 micrographs, thus the scale bar might not be 1:1 ratio
compared to each other.

Recrystallization zones can be seen in the cross section of SHT SE6060.35AC and
SE6060.35WQ (see Figure 4.62). For the AC sample, two recrystallization zone can
be seen with fibre structure in between these zones. The outer zone, fibre structure
both have a thickness of∼190 µm, while the inner recrystallized zone have a thickness
of ∼100 µm. SE6060.35WQ were seen to have a recrystallized zone with thickness of
250-300 µm. These recrystallized zones emerged and disappeared sporadically at the
surface. As with the longitudinal section, grain growth can be seen at the surface
in the cross section in ram extruded samples.

The particle structure of screw extruded SHT 6060.35 samples in Figure 4.63 show
randomly dispersed particles. Both ram extruded samples still show a vague ten-
dency of particle formation aligned in the extrusion direction.
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(a) Air cooled. (b) Water quenched.

(c) Air cooled. (d) Water quenched.

Figure 4.61: Grain structure in the longitudinal section of SHT 6060.35 from screw
(a and b) and ram (c and d) extrusion. ED is left.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.62: Grain structure in cross section towards the surface of screw (a and b)
and ram (c and d) extruded 6060.35. ED is out of micrograph.
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(a) Air cooled (b) Water quenched

(c) Air cooled (d) Water quenched

Figure 4.63: Particle structure in the longitudinal section of screw (a and b) and
ram (c and d) extruded 6060.35. ED is left.
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Chapter 5

Discussion

This chapter will discuss the results in greater detail. Firstly, a discussion of the
microstructure and mechanical properties for material prior to extrusion will be
presented, i.e. homogenized billets, and shredded and thermally cleaned granules.
Secondly, observations during screw extrusion will be discussed to add context to the
microstructure and properties. Thirdly, the mechanical properties and microstruc-
tural evolution of each alloy and processing condition will then be assessed. Lastly,
trends observed across alloys and alloy conditions will be summarized.

5.1 Shredded & thermally cleaned granules
To assess the microstructure and mechanical properties in the screw extruded ma-
terial, it is of utmost importance to understand its evolution through all the pro-
cessing steps. This includes machining and shredding of billet material, thermal
cleaning and the complex thermomechanical shearing occurring during screw extru-
sion. There are mainly two factors influencing the microstructure of the shredded
granules. These are the machining including all parameters, and the thermal clean-
ing step. Firstly, the 6082 and 6060.35 billets were machined with some cooling
lubricant, while 6005.40 were machined without any cooling lubricant. Secondly, by
comparing the grain structure of the billet materials in Figure 4.1a-4.3a with the
thermally cleaned granules from Figure 4.4a-4.6a, it can be seen that 6005.40 and
6060.35 granules have recrystallized grains. Average grain size was reduced from
initial size by approximately a factor of 2 and 4, respectively.

6082 granules showed deformation bands in its grain structure, indicating that defor-
mation from machining and thermal cleaning did not reach high enough temperature
for recrystallization to occur. This is due to the Mn and Cr dispersoids increasing
the recrystallization resistance. Considering this, it is possible that the machining
deformation was a strong enough driving force directly resulting in recrystalliza-
tion. If not, the stored deformation energy may have acted as a driving force for
recrystallization during thermal cleaning of 6005.40 and 6060.35 [37].
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5.2 Extrusion & extruded profiles
The microstructure and mechanical properties are sensitive to processing tempera-
tures and degree of deformation inflicted on the material. Therefore, an overview
of observations from each screw extrusion experiment will be covered to relate to
findings in the microstructure and mechanical properties.

5.2.1 Observations during screw extrusion of 6082
As seen in the screw extrusion log of 6082 in Figure B.1 (Appendix B), the die tem-
perature die temperature (Thermocouple, T1) were seen to be unstable throughout
the experiment. The aiming point of 540 ◦C at the die temperature were thus not
achieved. The drop from each peak to a low point can be seen to range from ∼10-
30 ◦C for a single push of extruded material. Note that during assembly, the die
tooling were to tight for thermocouple T1 to be reading the true temperature of the
material. Therefore, the die temperature might be higher. Heat generation from the
high degree of deformation might also have led to local melting. After disassembly,
the plug formed backwards in the screw channel during extrusion showed a hole
in the in the material. This support the possible local melting. Increased sticking
friction to the liner have occured, restricting the screw from pushing this bulk plug
forwards to the chamber plug, while generating more heat.

Neither the ram extruded nor the screw extruded 6082 profiles had visible signs
of defects on the surface, i.e. tearing or blisters. The smooth surface indicated
successful extrusion despite instability of the die temperature.

As stated in section 4.2, the extrusion speed of screw extrusion was negligible in
comparison to ram extrusion. This difference in extrusion speeds for screw and
ram extrusion probably had an influence on the amount of nucleation point for
recrystallization throughout the extruded profiles.

As the screw extrusion speeds were estimated from input instead of output of ma-
terial, the exact estimated value is irrelevant due to the uncertainty of the values.
However, it does show differences in speed throughout the screw extrusion experi-
ment which might influence its properties.

5.2.2 Observations during screw extrusion of 6005.40
As seen in the screw extrusion logs in Figure B.2 (Appendix B), the die temperature
and torque were stable at ∼535-540 ◦C and 6 kNm, respectively. Steady parameters
were observed from breakthrough after 29 min till approximately 58 min. During
this period steady state extrusion was happening and should result in homogeneous
properties along its length. After 58 min, however, unstable torque and temperature
control were irregular. This instability of parameters were mostly present during
water quenching. Thus, this section were more prone to have unstable extrusion
and thus inhomogeneous properties. The effect of this difference in process stability
is indicated in the tensile data (see Section 4.3.1). SE6005.40WQ is seen to have a
much larger standard deviance than the air cooled part. This effect will be discussed
further in Section 5.2.6.

78



5.2. EXTRUSION & EXTRUDED PROFILES

Figure 5.1: An assumed organic piece found with 6005.40 granules during feeding
of the screw extruder.

During the extrusion experiment of 6005.40, pieces of an assumed organic compound
were found along with the granules (Figure 5.1). These pieces were not observed
during the acetone or thermal cleaning, but is likely to have been present. It is
probable that these originated during machining. due to the granule shape type.
Only 4 pieces were observed and removed during the screw extrusion experiment,
but it is probable that several granules like these were fed into the screw extruder
causing the blisters seen in Figure 4.26. The slight tearing effect seen on the surface
of the last air cooled length occured during the increase and start of the instability
in temperature and torque.

Due to the lack of steady state extrusion for the WQ part, the material have most
likely experienced different cooling rates. The material extruded in sudden pushing
motion will have gotten a full shower, quenching the material with a high rate.
However, material extruded slowly in between pushes will experience a different
cooling gradient. Hence, the continuous quenching will give a cooling gradient from
the shower to the extrusion die. This part will likely have coarse Mg2Si particles
giving different properties throughout the WQ length. The effect of this is seen in
the tensile tests of SE6005.40WQ.
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5.2.3 Observations during screw extrusion of 6060.35
The screw extrusion log of 6060.35 (Appendix B) show similar instability of the
die temperature as for the 6082 experiment. As the log shows, the temperature
increased drastically during each “build up phase” where bulk material were seen
building up back to the feed inlet. This temperature dropped significantly during
extrusion pushes. This suggest that each length of profile have experienced different
temperature gradients, and will subsequently exhibit different properties. In con-
trast to the 6082 experiment the extrusion pushes were more frequently for 6060.35,
following the temperature peaks in the log.

5.2.4 Microstructural evolution of extruded profiles
As discussed in Section 5.1, the granules were seen to have deformation bands (6082)
and recrystallized grains (6005.40 and 6060.35) after machining and thermal cleaning
at 350 ◦C for 4 h.

The granules were transported in the screw channel, and started compacting. Dur-
ing the compression to a plug, the granules were exposed to shearing strains causing
high degree of deformation and rupturing of surface oxides. All of the screw ex-
truded profiles showed fibrous grain structure. In ram extrusion it was seen that
recrystallization occured at the surface for 6082 and through the sections for 6060.35
and 6005.40 at temperatures lower than for screw extrusion (see Appendix B and
C). It is therefore likely that the speed in ram extrusion generates more nucleation
points for recrystallization to occur. This suggest that the larger strain that the
granule material experiences in the screw, together with Mn and Cr dispersoids for
6082, have a larger resistance for recrystallization. The degree of deformation and
the dispersion of oxides are two likely reason for why this happened for all three
alloys and not just the dispersoid containing 6082. The solution heat treatment
of screw extruded profiles support this as the additional heating up to 550 ◦C for
10 min did not initiate recrystallization as seen in the longitudinal section.

The cross section of SE6082AC, however, shows sporadically appearing recrystallized
grains both at the surface and inwards in the radial position. Subtle signs of flow
related lines were seen along or near some of these grains. There may be stored
energy at these lines acting as a driving force for recrystallization. However, it
is possible that the increased amount of oxides present in the material increases
the resistance for recrystallization to grow. The hardness ratio of the oxide layer
compared to the Al-matrix is 1800:20 at room temperature, but even higher at
higher processing temperatures due to the soft aluminium matrix [23, 38]. Thus,
the harder oxides may be an efficient way of pinning recrystallization.

As extruded profiles showed alignment of particles from ram extrusion. This feature
was not present after screw extrusion, excluding SE6060.35WQ prior to and after
SHT and SE6082AC after SHT. This effect in the SHT sample is unlikely due to the
heat treatment, but rather a local phenomenon as a result of material flow during
screw extrusion. Samples where this feature was not present showed a homogeneous
distribution of particles. In ram extruded profiles the particle formation is aligned
with the extrusion direction, and consequently with the deformation structure. Af-
ter SHT, the aligned particle feature in ram extrusion was clearly still present in the
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WQ sample, but with a partly aligned, partly random distribution in the AC sam-
ple. SHT SE6082AC showing the aligned oxides and precipitates, also show random
distribution of particles. It is possible that an accumulation of lattice defects have
occured along these flow related alignments, suggesting a higher density of Mg2Si
particles precipitated on these lines. Visual inspection of both screw extruded sam-
ples suggest there are more precipitates in the AC compared to the WQ sample.
Signs of cracks are visible near the surface in SHT 6082WQ, suggesting oxide-oxide
interaction and thus, poor adhesion.

The randomly dispersed particle formation seen in screw extruded 6082 resem-
bles what is seen in both screw extruded 6060.35 and 6005.40. Polished samples
showed no signs of flow related particle formation, but the anodized structure of
SE6060.35WQ show extensive amounts of these lines both as extruded and after
SHT. Visual inspection of the particle structure indicated that approximately the
same number of particles were seen in WQ and AC samples for both 6005.40 and
6060.35. The equivalent samples from ram extrusion partly show particles aligned
in the extrusion direction, but also partly random. Possible incipient polygonization
sub grains can be seen at the fibre structures of these alloys, especially for 6060.35,
from screw extrusion.

5.2.5 Mechanical & electrical properties of extruded 6082
profiles

Aging curves, i.e. hardness and electrical conductivity evolution over time, were
performed to find the relevant tempers T5 and T6. Starting at temper T1, both
screw extruded profiles exhibited an initial hardness value similar to RE6082AC,
with only 2-3HV difference. RE6082WQ were as expected significantly harder than
RE6082AC with an initial hardness of 85HV compared to 49HV, respectively. This
is the effect of restricting SSSS from precipitating the equilibrium β-Mg2Si phase.
The water quenching were shown to have sufficiently high enough cooling rate to
get on the left of the C nose in the TTT diagram (see Figure 2.7a). SE6082WQ
on the other hand, were shown to have a similar curve as for RE6082WQ, but with
consistently 30-40HV lower values. This can be explained by the inadequate wa-
ter quenching performed during screw extrusion. Since the screw extrusion were
advancing with lengths of 5-80 cm spewing out, rather than steady state extrusion,
all of these lengths experienced two modes of cooling. First, since there at times
were no extrusion, still air allowed for air cooling long enough for the formation of
coarse, non-strengthening β-Mg2Si particles. Second, the parts that were continu-
ously quenched, transfered the heat from the die away. This combined have caused
some strengthening solute atoms to be retained, but also precipitated β-Mg2Si that
are detrimental to the precipitation hardening potential of this alloy. This resulted
in lengths of varying properties as supported in the tensile tests for this condition.
The effect of this is seen in the tensile tests.

Both air cooled samples exhibit a similar effect after the air cooling, each only rising
with ∼10HV from temper T1 to T5. This is the effect of the quench sensitivity to
full degree, precipitating coarse Mg2Si particles. Tensile strength show this effect,
with T5 values slightly better than T1. Comparing the YS and UTS of RE6082AC
with SE6082 and RE6082WQ with SE6082WQ, the values from ram extrusion were
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consistently better than for screw extrusion. A look at SE6082WQ reveal that
there have been extensive variations in the cooling of this alloy condition. With
UTS values for T1 ranging from 184-315 MPa, the specimen achieving 315 MPa had
equal UTS as RE6082WQ T1 sample. All of the RE6082WQ specimens reaching the
strength values above the minimum value for the T5 temper (see Table 2.1), while
only the two best tensile tests of SE6082WQ T1 achieving this level of strength.
At the same time, SE6082WQ T5 have significantly lower UTS than T1, ranging
from 154-224 MPa. This is an indication of instability in the different processing
temperatures experienced by the material, as the die temperature sharply rises and
falls with a difference of ∼30 ◦C during extrusion of the WQ length. Together
with the pushing motion resulting in different cooling gradients after extrusion, this
material show the sensitivity of temperature control and for the lack of steady state
extrusion.

The difference in strength of WQ and AC ram extruded specimens at temper T6
show a stronger and less ductile RE6082AC. This may be an effect of more substruc-
ture recovery in RE6082WQ. It is worth noting that RE6082WQ were naturally aged
for approximately 3 months prior to SHT. Also, solution heat treating of RE6082AC
were performed without other alloy conditions present, possibly resulting in a better
heat treatment. This alloy condition was also seen to be more heavily recrystallized,
as discussed in Section 5.2.4.

Hardness values of T6 screw extruded samples suggest the SHT were successful,
suggesting the precipitates from and after extrusion were dissolved, equalizing the
age hardening potential of screw extruded samples and RE6082WQ. This is reflected
in tensile tests were only slight differences were seen between the three conditions.

5.2.6 Mechanical & electrical properties of 6005.40 profiles
The hardness evolution of extruded 6005.40 showed a substantial age hardening
effect for each condition. The aging response were almost identical for the WQ
samples and for the AC samples, though the overall hardness for ram extrusion were
higher than for screw extrusion. Higher hardness are in theory obtained for samples
with more alloying elements are in solid solution prior to aging. Mg2Si precipitate
easier in alloys that are higher alloyed. Even though 6005.40 is not as high alloyed as
6082, it is still prone to precipitate coarse particles during slow cooling rates. Thus,
AC samples retains less of the age hardening potential compared to WQ samples.
RE6005.40AC exhibit better age hardening potential than SE6005.40AC. This is
likely due to the slower extrusion speed during screw extrusion as it transfers more
heat from the die at slower speeds, precipitating more particles in the process. The
electrical conductivity seems to have reached a plateau for this sample. Theory on
electrical conductivity states that elements in solid solution are more detrimental to
the electrical conductivity than precipitates. Hence, the plateau indicates that there
were little to none elements left in solid solution for the peak aged SE6005.40AC
sample supporting the suggestion of more precipitation during extrusion. This effect
is also seen in tensile tests as the strength of SE6005.40AC were significantly lower
at T1 and T5. Even though this condition is weaker than ram extruded profiles, it
still exhibits slightly worse elongation at fracture.

SHT of extruded 6005.40 increased the strength of all conditions, converging the
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values of peak hardness, electrical conductivity, YS and UTS. Screw extruded profiles
were seen to obtain slightly better UTS than ram extruded. The fibrous structure
and oxides seen in the screw extruded samples have likely functioned as better
dislocation pinning points compared to the recrystallized grain obtained in SHT
samples from ram extrusion.

Tensile specimen for both screw and ram extrusion fractured differently. Cup and
cone fracture were observed for the most part. However, several specimen fractured
in a semi-brittle and brittle manner. RE6005.40AC at temper T5 fractured shortly
after reaching UTS. AC and WQ specimens from screw extrusion at temper T6
showed a few of semi-brittle fractures, explaining the large deviance in Figure 4.38.
The material conditions exhibiting these features is shown in Figure 5.2. Elongation
at fracture for screw extruded specimen were seen to be lower compared to the
equivalent ram extruded specimens. This may be an effect of the increased amount
of brittle oxides particles in the microstructure and oxide-oxide interfaces without
strong adhesion and bonding.

5.2.7 Mechanical & electrical properties of extruded 6060.35
profiles

From Figures 4.46 and 4.47, both screw extruded profiles are seen to have poor
age hardening evolution compared to the equivalent from ram extrusion. While
the hardness of SE6060.35AC and SE6060.35WQ increase with 15HV and 14HV,
respectively, the age hardening effect on ram extruded samples were an increase of
45HV and 44HV for AC and WQ. Considering the similar hardness and conductiv-
ity of screw extruded AC and WQ samples, it was surprising to see that temper
T5 differed with 127 MPa and 113 MPa for YS and UTS, respectively. A possible
explanation is that the T5 WQ tensile specimens were taken from an area of 50 cm
that were spewed out within a minute. Even though 6060.35 are low alloyed, it is
clearly still somewhat quench sensitive.

SHT was shown to have a significant effect on the screw extruded samples, in-
creasing the age hardening potential from initial T4 to T6 hardness with 38HV for
SE6060.35AC, and from T4 to T6 with 27HV for SE6060.35WQ. Due to this, the
hardness and conductivity is seen to get more equal for the all the 6060.35 parallels
after SHT.

WQ samples from both processes showed that YS and UTS can be slightly better
at temper T5 than at T6 [17]. Starting polygonization of substructure and recrys-
tallized surface grains (SE6060.35WQ) and growth of recrystallized surface grains
(RE6060.35WQ) of T6 samples, together with retained solute atoms in T5 samples
is the reason T5 strength can be slightly higher than T6.
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(a) RE6005.40AC-T5 (b) SE6005.40AC-T6

(c) SE6005.40WQ-T5 (d) SE6005.40WQ-T6

Figure 5.2: Fracture of semi-brittle 6005.40 from (a) ram extrusion, and (b)-(d)
screw extrusion.

5.3 Summary
Overall trends observed over the course of the thermo-mechanical history of each
alloy will be summarized in the following section. A summary of the discussion on
microstructures and mechanical properties are presented.
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5.3.1 Trends in microstructures
Machining of homogenized billets deformed the initial microstructure giving de-
formed structure of the initial grains in 6082 and stored energy in 6060.35 and
6005.40 giving more nuclei for recrystallization. The deformed grains and recrystal-
lized grains were shown to be significantly smaller than initial grains. The machining
were shown to give a slight alignment of particles along deformation bands.

Micrographs of as screw extruded profiles for all alloys showed fibrous microstruc-
tures without recrystallized zones. No indication of grain growth were seen at the
surface during screw extrusion. Local cracks were observed close to the surface,
but these were not prominent through its length. The particle structure of screw
extruded profiles were homogeneous and without any preferential alignment as ex-
truded. However, SE6060.35WQ plus SHT SE6060.35WQ and SHT SE6082AC show
stripes of particles and possible oxides aligned as a function of the material flow in
the screw extruder. This feature were seen as a local phenomenon as some sam-
ples had prominent signs of particle alignment, but others had few or none. No
systematic were seen for when these stripes occured.

Screw extruded profiles were shown to have great resistance from recrystallization
both for as extruded and SHT samples. This is likely due to the increase in shear
strain that the material experiences through its four strain contributing steps, Sec-
tion 2.2.3. The recrystallization seen in samples from screw extrusion occured at
local positions. This was especially the case for both screw extruded SHT 6060.35
samples, and for SHT SE6082AC. The former showed recrystallization zones with
1-2 grains in thickness appearing and disappearing both at the surface, but also as
a “belt” inside between the inner and outer fibre structure. Both of these exhibited
no recrystallization in longitudinal section, while in the cross section such grains
appeared sporadically. These cases may be a result of the material flow through the
screw chamber and different strain contributions locally. It is probable that the the
high pressure causing fast moving material centrally in the plug (see Figure 5.3),
generates nuclei for recrystallization along particle and oxide bands.

Little to no difference was seen in the grain and particle structure of both as extruded
and SHT from air cooled and water quenched samples after screw extrusion.

The ram extruded 6005.40 and 6060.35 exhibited fully recrystallized structure with
an increase of grain size further into to center of the profiles. 6082 on the other
hand, showed recrystallized zones at the surface that abruptly were stopped with
fibre structure seen inside those recrystallized zones. Mn and Cr dispersoids located
at the edge of the recrystallized zone are the main reason this zone stops in 6082,
thus remaining with a fibre structure. The recrystallized zone at the surface of 6082
were seen to be thicker for AC samples. This is an effect of the air cooled section
coming from the last part of the extruded billet, due to the heat generated by flow
stress and pressure from compacting the butt.

For SHT samples from ram extrusion extensive grain growth were observed especially
for 6060.35 and 6082. Recrystallized grains were swallowed by the growth of grains.
The grain growth were greatest at the surface and in the center for 6060.35 and
6082, respectively.

Extrusion speed and strain gradients through the extruded profiles have an influ-
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Figure 5.3: Schematic drawing from [6] illustrating typical flow pattern through the
screw chamber.

ence on recrystallization and recrystallization resistance. The slower extruded pro-
files from screw extrusion result in fibre structure, even after SHT. It is probable
that surface oxides of granules experience a high degree of puncturing and shear-
ing, resulting in fine oxides particles homogeneously dispersed through the highly
deformed profiles from screw extrusion. Thus, causing pinning effect similar to that
of Mn and Cr dispersoids.

The faster extruded profiles from ram extrusion generate more nucleation points,
thereby recrystallization zones were formed more easily. Due to the surface of ram
extruded billets experiencing more higher degree of strain than more central parts
of the profiles, fewer nucleation sites were generated. Fewer nucleation sites result
in recrystallized grains growing larger as there is less grains causing a pinning effect.
This explains why ram extruded 6060.35 and 6005.40 exhibit a larger grain size
distribution.

The pinning effect of ram extruded 6082 are on the other hand mainly due to the
homogeneously dispersed dispersoids. The grain structure of RE6082WQ shows this
effect even after SHT, as the recrystallized zone has grown with the fibre structure
is still present. The lack of nucleation points in the center of SHT RE6082AC may
be the reason for the extensive grain growth seen.

5.3.2 Trends in mechanical properties & electrical conduc-
tivity

From the evolution of hardness and electrical conductivity, a trend showed samples
with higher hardness values exhibited worse conductivity compared to those with
lower hardness values. Precipitation of strengthening particles reduces the detrimen-
tal effect solute atoms have on electrical conductivity. In general, samples exhibiting
the highest hardness had the lowest conductivity, and vice versa. From this combi-
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nation of aging curve values it is reasonable that WQ samples have retained more
precipitation hardening elements in solid solution. Air cooled samples from screw
extrusion were shown to have higher conductivity, and had none or little increase in
strength from T1 to T5. In other words, this showed the quench sensitivity of air
cooled samples. While this effect is significantly larger for 6082, the other two alloys
also show signs of β-Mg2Si precipitation during extrusion as a function of poor wa-
ter quenching due to lack of steady state extrusion. Screw extruded profiles showed
more varying properties when the extrusion speed varied. Therefore, properties for
some of the material can be seen to deviate significantly.

The three different thermal states, temper T1, T5 and T6 were used to evaluate the
evolution of mechanical properties of extruded profiles. Age hardening showed that
screw extruded material had a similar age hardening effect as for the ram extruded
material. Generally though, with slightly worse values in terms of hardness and thus
better conductivity. This was reflected in the properties obtained from tensile tests.
Water quenched samples from ram extrusion showed the best hardness, YS and
UTS. 6005.40 showed that with stable temperature control during the extrusion
experiment, WQ samples from screw extrusion may achieve similar YS and UTS
values as for ram extrusion. The difference in air cooled samples between the two
processes were, however, significantly larger.

Temper T4 samples show dispersed hardness values for the different processes and
alloys. However, from aging curves the evolution to temper T6 shows that the
difference in hardness and conductivity is equalized between the conditions compared
to evolution from T1 to T5. It is probable that the magnitude of precipitation
hardening elements dissolving into solid solution were the same for all extruded
samples, as the aging curve were similar. The tensile tests support this as the YS
at T6 were approximately the same for a given alloy. It was seen that a slightly
larger work hardening were experienced for temper T6 from screw extrusion. This
was likely due to the recrystallization resistance seen in the screw extruded samples.
Larger grains in SHT RE samples have less boundaries for dislocation pile up, thus
less strengthening effect from the Hall-Petch relation.

T5 tensile specimen for 6082, 6005.40 at all extruded conditions (except for RE6082WQ)
as well as SE6060.35AC, underachieved compared to the expected UTS seen in Ta-
ble 2.1. The same goes for YS, excluding RE6005.40WQ. All T6 strength values
were above the expected minimum values.
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Conclusion

In this work, 6xxx alloys were screw and ram extruded with a diameter of Ø10mm.
The profiles were analysed prior to extrusion, as extruded, and at temper T5 and
T6. Optical microscopy, tensile and hardness testing, and electrical conductivity
measurements were used to characterize the material. Key findings from the work
can be found below.

• Stable die temperature was crucial for obtaining steady-state extrusion. Screw
extrusion of 6005.40WQ, with stable die temperature, was the most promising
in terms of obtaining properties similar to those of ram extrusion.

• Screw extruded profiles for 6082, 6005.40 and 6060.35 have higher recrystalliza-
tion resistance than for ram extrusion, all showing fibre structure as extruded
and after solution heat treatment. This effect may be a result of the increased
strain experienced through shearing compared to the strain from reduction in
cross sectional area in ram extrusion. The extrusion speed in ram extrusion
may also generate more nuclei for recrystallization.

• Air cooled temper T1 and T5 tensile specimen showed the quench sensitivity
of the material. This effect was larger for screw extruded profiles. Samples
from screw extrusion showed consistently lower YS and UTS than for ram
extrusion.

• Properties at temper T6 were similar for all thermal conditions, i.e. air cooled
and water quenched from both extrusion processes, for each alloy. At this
temper, screw extruded profiles showed slightly lower elongation than ram
extruded profiles.

• Screw extruded 6005.40 for both cooling methods together with SE6060.35WQ
showed slightly better UTS at T6 than from ram extrusion.

• Productivity of screw extrusion is considerably lower than in ram extrusion of
6xxx alloys.

• In general, screw extrusion showed potential for obtaining mechanical proper-
ties similar to ram extrusion provided the die temperature is stable and steady
state extrusion is maintained. This is crucial for the efficiency of the water
quenching.
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Appendix A

Chemical analysis of billet
material

Table A.1: Chemical analysis of the 6060.35, 6005.40 and 6082 alloys. The test were
performed by Hydro prior to the start of this study.

Alloy 6060.35 6005.40 6082
Element wt% wt% wt%
Si 0,42 0,60 1,00
Fe 0,20 0,20 0,22
Cu 0,0022 0,15 0,033
Mn 0,026 0,19 0,57
Mg 0,46 0,55 0,67
Cr 0,0033 0,0015 0,0055
Ti 0,0094 0,014 0,013
B 0,0012 0,0017 0,0014
Al 98,83 98,26 97,44
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Appendix B

Screw extrusion log
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APPENDIX B. SCREW EXTRUSION LOG

(a)

(b)

Figure B.1: Temperature and screw momentum evolution during the extrusion pro-
cess of 6082. (b) focus on thermocouple T1.
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(a)

(b)

Figure B.2: Temperature and screw momentum evolution during the extrusion pro-
cess of 6005.40. (b) focus on thermocouple T1.
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APPENDIX B. SCREW EXTRUSION LOG

(a)

(b)

Figure B.3: Temperature and screw momentum evolution during the extrusion pro-
cess of 6060.35. (b) focus on thermocouple T1.
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Appendix C

Ram extrusion log

The ram extrusion log is presented with parameters from the extrusion of each
alloy. Column 2, “Forsøk Nr”, in the first sheet shows the experiment number,
where no. 13, 14 and 15 represent alloys 6082, 6005.40 and 6060.35, respectively. In
the following three sheets these alloys show the applied load through the length of
the extrusion billet.
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Appendix D

Additional microstructures by OM

(a) (b)

Figure D.1: Microstructure of SHT SE6082AC showing sporadic recrystallization in
the cross section.
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APPENDIX D. ADDITIONAL MICROSTRUCTURES BY OM

Figure D.2: Microstructure of SHT SE6060.35WQ showing flow pattern in the cross
section.
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Appendix E

Effective Si content

EffectiveSi = Si− Fe+Mn+ Cr

3 (E.1)

The equation above bases its element content on the values obtained in the chemical
analysis in Appendix A. The effective Si content is represented for each alloy in Table
E.1.

Table E.1: Effective Si content for each alloy.

Alloy Si Fe Mn Cr Eff. Si
6082 1.00 0.22 0.57 0.0055 0.74
6005.40 0.60 0.20 0.19 0.0015 0.47
6060.35 0.42 0.20 0.026 0.0033 0.34

XV



Kjetil H
oum

b Kristiansen
Characterization of Extruded Alum

inium
 Alloys from

 Ram
 Extrusion and Screw

 Extrusion

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f N

at
ur

al
 S

ci
en

ce
s

D
ep

ar
tm

en
t o

f M
at

er
ia

ls
 S

ci
en

ce
 a

nd
 E

ng
in

ee
rin

g

M
as

te
r’s

 th
es

is

Kjetil Houmb Kristiansen

Characterization of Extruded Aluminium
Alloys from Ram Extrusion and Screw
Extrusion

Master’s thesis in Materials Technology

Supervisor: Hans Jørgen Roven

July 2020


	Preface
	Acknowledgements
	Abstract
	Sammendrag
	Introduction
	Theory
	The AlMgSi system
	Extrusion
	Conventional ram extrusion
	Screw extrusion
	Strain contributions in screw extrusion
	Degreasing of granules
	Effects of chemical composition on extrusion

	Heat treatment
	Homogenization
	The principles of age hardening

	Recovery, recrystallization & grain growth
	Strengthening mechanisms
	Precipitation hardening
	Grain boundary strengthening


	Experimental procedures
	Base material
	Machining & Cleaning
	Extrusion
	Screw extrusion
	Ram extrusion

	Solution heat treatment & aging
	Characterization of microstructure & grain structure
	Sample preparation
	Microscopy examination

	Characterization of mechanical properties
	Hardness testing
	Tensile testing

	Conductivity measurements

	Results
	As received material
	Mechanical properties & electrical conductivity
	Microstructure of billet material
	Microstructure of shredded material

	Extruded 6082 profiles
	Mechanical properties & electrical conductivity
	As extruded microstructure
	Solution heat treated microstructure

	Extruded 6005.40 profiles
	Mechanical properties & electrical conductivity
	As extruded microstructure
	Solution heat treated microstructure

	Extruded 6060.35 profiles
	Mechanical properties & electrical conductivity
	As extruded microstructure
	Solution heat treated microstructure


	Discussion
	Shredded & thermally cleaned granules
	Extrusion & extruded profiles
	Observations during screw extrusion of 6082
	Observations during screw extrusion of 6005.40
	Observations during screw extrusion of 6060.35
	Microstructural evolution of extruded profiles
	Mechanical & electrical properties of extruded 6082 profiles
	Mechanical & electrical properties of 6005.40 profiles
	Mechanical & electrical properties of extruded 6060.35 profiles

	Summary
	Trends in microstructures
	Trends in mechanical properties & electrical conductivity


	Conclusion
	References
	Chemical analysis of billet material
	Screw extrusion log
	Ram extrusion log
	Additional microstructures by OM
	Effective Si content

