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Abstract

A comprehensive mathematical model of the hot extrusion process for aluminum halkyseen
developed and validated:he model is capable of predicting the material flow behawicand
microstructure evolution that occurs in aluminum alloy AA3003 during extrusion. The plasticity
module was developed using a commercial finite element ageckDEFORl\ﬂ, a transient
Lagrangian model which couples the thermal and deformation phenomena and is able to predict the
temperature, strain rate and strain distribution in the billet/extrudate at any position in the container
and die. Validation of the adel against industrial data indicated that it gave excellent predictions of
the pressure and temperature history during extrusion. Material flow effects during extrusion such as
surface cladding (a transverse weld defect) as one billet is fed in afteeattoough the die were

also well predicted.

The results of the FEM model for material flow and thermomechanical history were post
processed using MATLAB software to predict the grain deformation and stored energy in the
extruded material as well as ttheckness and extent of the transverse weld defect. Finally, the model

predictions for microstructure and transverse weld were compared to microstructure observations.

Thestored energy adriving pressurdor Static Recrystallization (SRX) and Geometrignamic
Recrystallization (GDRX)yand how they are influenced by extrusion parametene investigated
using the mathematical model and experimental measurements. The experimental measurements for
grain thickness and microstructural featumngsdeusing Eletron Back Scattered Diffraction (EBSD)
technique and optical microscope show good agreement with model predictions. The mathematical
model was then used to assess the effect a change in die design would have on the flow behaviour of

the material during extision and on the transverse weld that forms.
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Chapter 1

Introduction

Rapidly increasing fuel prices over the past few years and the focus on low emission vehicles are
causingconsumers to move away from large trucks and sport utility vehicles towardeffiorent

cars. This consumer trend, coupled with proposed CAFE regulations re&6kingpg by 20 and

51.3 mpg by 20251] have motivatedNorth American car companies to-egamine the use of
lightweight materials, in partidar aluminum, in their vehicleBy 2020, the average aluminum
content of vehicles produced in North America is projected to ri$&1&g, up from about 148 kg in

2008, as automakers choose lighter engine blocks, hoods and other compghéigsire 1-1 shows

the historicalgrowth of aluminumn Europearcars
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Figure 1-1 Aluminum application in European Cars (CAGR standsfori Compound Annual[3]lGr owt h Rat

In 2012 Canada produced 2.78 millianetric tonsof aluminum whichwas about 6.3% othe
total global aluminum productioaf 45.2 million metrictons[4, 5]. RioTinto Alcan is one of the
major aluminum producers in Canada whwkes and cad aluminum rolling slab for sheet
fabrication and also aluminum billet for aluminum extrusion production. Of the total aluminum
production, &uminum extrusions are extenslyeused for manufacturing of industrial products

especially inthe transportation aredigure 1-2 shows thefraction distribution of major aluminum



products in2005when the world total aluminum production wa®.9 million metric tons per year

[5].
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Figure 1-2 Percentage distribution ofsemifinished products by product type in 20056].

Central to the competitiveness of Rio Tinto Alcan and other aluminum manufacturers, is the
guantitatve linkage between products and the processes by which they are made. This type of activity
has gained attention internationally and there are significant programs underway to develop through
process models for various metallurgical fabrication procebsesrently, the need for these types of
models is that the properties of the metal products depend on the microstructure of the material which
in turn is a complex function of composition, grain size and orientation, distribution of phases and
precipitatesand its thermemechanical history. The development of a particular microstructure and
the desired properties in an industrial process however is less than straightforward because the latter
usually involves a complex deformation and temperature patthwehit be very different through the

thickness of the material depending on its location.

This research is part of a larger research program beirgidaonjunction with the University
of British Columbia in Vancouver, BC and RioTinto Alcan in Jonqui€egbec. The overall
objective of the project is to develop a through process model for the extrusion and manufacturing of
aluminum heat exchangers which are typically made from aluminum alloy<XX3and used in
automotive applicationsThe manufacturing olluminum heat exchangeisvolves a complicated
thermal mechanical history over a number of processing steps including: Direct Chill (DC) tasting
produce the billet homogenization, hot extrusion, cold deformation and annealing. The
microstructure chages in the materighnd hence the final properties of the prodaot dependent to
a large extent on the linkage between the starting microstructure, the timechanical history

experienced during these processing steps and the chemistry of theTakoyesearch have



undertakeras part of theesearchprogram vasto develop a model of the microstructure changes

during extrusiorof AA3XXX aluminum alloys with a focus on A903.

The AA3XXX alloys are nofheat treatable aluminum alloys in which manganévin) is the
major alloying element. These alloys typically also contain iron (Fe) and silicon (Si). Commercial
AA3XXX aluminum alloys have a good combination of strength, workability, conductivity,
weldability and corrosiorresistance hence they haveotind wide application in the packaging,
architecture and transportation indusf@; 8, 9, 10] Generally, afterthe AALXXX series,the
AA3XXX series are the most extrudable aluminum alloys comparethercommercialaluminum
alloys[7].

1.1 Thermo-mechanical processing of AAZXXX aluminum alloys

The typical manufacturing history to produce a heat exchanger is shdviguire 1-3. This process
usualy includes: Direct Chill (DC) casting to produce a billet, followed by homogenization, hot
extrusion, cold deformation, annealing and bragirig.

DC cast Billets

=—>| Extrusion | —> - —>| Annealing

(Shape control)

Brazing
(Assembly)

Homogenization

Automobile radiator

Figure 1-3 Schematic illustating the process used for AAXXX alloys to make automobile radiators (Billets with a

diameter of around 30 cm are extruded to profiles with wall thickness of down to 0.2 mm)

As-cast AAXXX billets typically consist ofinterdendritic phase.g. Fe/Mn (As) and alpha
phase {+Al;5(Mn)sSi;) and the aluminum matrix is typically supersaturated in solute atoms
(Figure 1-4a). During homogenization of the -aeast billets the continuous brittle network of
interdendritic phase breaks up to small particles called constituent particlegnd some

precipitation of dispersoidmay also occur from supersaturatedegionsinside the grains. Once

3



precipitation has occurred, the dispersoids can start to grow if enough thermal energy is available.

These dispersoid can pin the grain boundaries and prevent recrystallization nucleation during

subsequent extrusiorfigure 1-4 shows typical asast and homogenized microstructures for

AA3XXX alloy.
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Figure 1-4 Typical microstructure for AA3003 billets: (a) ascast and(b) Homogenized at 550°C for 8 hr§12].

Hot extrusion of homogenized billets includes preheating of the billets, extrastbrawater

guenchafter extrusiorto retain the agxtruded microstructure and minimize surface recrystallization

and grain growthFigure 1-5 represents a typical temperature and strain history during the thermo

mechanical processing of AXXX alloys.
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Figure 1-5 Typical thermo-mechanical history experienced during the extrusion procedsr AA3XXX aluminum

alloyswhen making heat exchangers.



In order to optimize the final product properties, there must be a good understanding of the effect
of process parameters on microstructure evolution. Different methods have been widely used to study
the microstructure evolution during production of aluminum alloy products. One way is to run a
series of experiments in which variables atengedand the response to this dbserved and
measured. This approach is time consuming and matdelsloped usinthese techniguesan only be
used under a limited range of process conditions. An effective and economic method is to develop
fundamentally baseghathematical models that are experimentally validated. As shotigumne 1-5,
duringthe thermemechanical processing of AXXX alloys, the majority of deformation takes place
during the extrusion step. So modelingtbé etrusion processas an intermediate step between
homogenization and cold deformation is of high importance for pnegittte final properties.

1.2 Extrusion process

Direct extrusion is a hot metal forming process that involves pushing dqated billet \ith
standarddimensions 0660-1830mm in length and &6-838 mm diamete{13]) with a ramthrough a

die which determines the cross sectional geometry of the extruded p{educe 1-6). The metal is

thus shaped along its entire length according to the die prgkiteusion processes have been in use

for more thanl00 years as manufacturing processes to produce long length products with constant

cross section[9].

Dummy block

Figure 1-6 Components of a typicaldirect extrusion press

A wide ran@ of crosssection shapes can be produced by hot extrusion, including complex thin

walled open and hollow sectionBidure 1-7). As-extruded material usually has accurate dimensions



over the whole length of the profif&4]. The mainconcern interms of dimensional inaccuracy is the
loss of straightness which usually occurs during the cooling stage amdsigrbe restored bgold

stretching.

Figure 1-7 Typical examples of complex aluminum extrusion§l5].

1.3 Challenges in extrusionof aluminum alloys

Extrusion of aluminum alloys takes place under large strains and significant friction at the interface
between the billetrad tooling causes intensive heat production especially near the suAaca.
result,great care must be taken to optimize the process parameters to avoid reaching the melting point
of the material (in this case ~650°C for AA30[03). The important processing parameters during
extrusion include: the ram speed, extrusion rati@ incoming billet temperaturand starting

microstructure

In comparison with other bulk deformation processes such as rolling in which the matexéal (s
or plate) moves with the tooling (rolls), in extrusion the tooling (die and container) do not move with
the material (billet). Friction (usually sticking friction)between the billet and containein
conjunction with typicalinhomogeneousnetal flow during extrusionresuls in inevitable internal
extrusiondefectssuch ashe backend defeciand transversaveld formation duringbillet-on-billet
extrusion The kackend defect occurs at the last portion of the extrusioradrahsverse weldccuss
in the first portion of the extrusioduring billeton-billet extrusion where billets are extruded one
right after the otherBoth of these defects can baffectedby the tooling geometryi.e. extrusion

ratio) but are not as sensitive to process conditiodis a8 temperature and ram speed

On the other handiue to deformation inhomogeneityroughthe thickness ofhe extrusiorand

along its lengthdifferent recrystallization mechanisms can be activatatifferent spatialpositions



which can result in @dnges inextrudategrain structure boththrough itsthickness and alongs
length.The ability to podue afine grained equiaxed structuteroughout the extrudateas been the
most important challenge for the industry as it providesd mechanicaproperties which are
uniform throughout the extdate[16]. Figure1-8 shows ypical microstructure inhomogeneity across
the section of extruded AA3003 with small recrystallized grains at the centes, riearystallized

grains at the subsurface aadunrecrystallized fine structure at the surface.

T MSurface

Figure 1-8 Microstructure inhomogeneity through the crosssection of extruded AA3003 (Micrograph is showinga

quarter of cross-section of a bar extrudate) Reproduced with the permission from Grajaleqg17].



Chapter 2

Literature review

This chapter will summarize the relevant literature in terms of the mathematical models that have
been degloped for the aluminum extrusion process and more specifically the models that have been
used to quantify the microstructure changes that occur during extrusion ofX3Aaluminum

alloys.

2.1 Microstructure evolution in hot extrusion of aluminum alloys

During extrusion of aluminum alloys significant microstructure changes take place and these changes
are very dependent on the starting microstructure prior to extrusion as well as the specific
thermomechanical history experienced by the material during aedtaé extrusion process. The
microstructure changes may include: precipitation and/or dissolution of precipitates, constituent
particle fracture, dynamic recovery (DRV), dynamic and static recrystallization (DRX and SRX), and
grain growth. The ability tanodel these changes is impetrative asaitprovide a knowledge based
processing tool that can be used to optimize and understand how the microstructure changes are
influencedby the extrusion process

The majority of the research on extrusion of aluminalloys has focused on th&XX alloys
and to lesser extent theXXX alloys. In comparison, relatively little modelling work has been done
on extrusion of XXX aluminum alloysin terms of macrscopic models capable of predicting the
thermomechanical histy and material flow behavior as well as some ofrttierostructurechanges

that occur

Recovery and recrystallization processes can occur both during and after extrusion and are
influenced by the precipitate state and stored energy in the malitkng extrusion, the
inhomogeneity of deformation through the thickness of the billet and the effects of friction at the
interface can lead to through profile effects such that different recrystallized grain strocttues

both through the thickness of tBgtrudate and along its length.

2.1.1The deformed state

Figure 2-1 shows the flow of the material during an extrusion operation. As showigime 2-1, a

region of high shear is apparent as the billet floovgards the die such that a ssirface region of



the billet becomes the surface of the extrudate. After extrusion, the structure typically consists of
severely elongated grains that are called #dfibr
up to 60 times more than in tleenterand is reflective of the material flow experienced in both the

billet and the dig18]. Microscopic observations confirm this and show that the grains in the dead

metal zone (in the cornedd the container where the metal does not flow) remain equiaxed whereas
grains in the shear zone (transition zondlmdead metal zone boundary, typically at a 45° angle to

the dead metal zone) become very elongated providing some evidence on the tftow gad
deformation experienced by the metal as showrFigure 2-1. Micrographs taken from three
directions show that the grains become more and micgef o r ikee sppaghieth as they traverse

through the deformation zof&9].

Shear zone

Dead metal

one

Figure 2-1 Experimental results for microscopic flow during extrusion of AA6061[20].

During deformation, two major microstructure changes occur that increase the istered
energy ofthe material. The first one ithe increasinggrain boundary area due tioe change othe
grain shape or increase of the grain aspect @tid the second relates to the accumulation of
dislocations in the materiaCreation of new boundaries is achieved via two mechanisms. The first is
related to he incorporation of dislocations into tigeain boundary wall which are being produced
continuously during the deformation. The second one is the formation of a smaller scale internal
structure (sulgrains) inside the deformed grains that result from dalon accumulatiof21]. This
mechanism takes place in the aluminum with a very high rate and consumes the majority of

dislocations thadccumulatenside the grains.



2.1.2Restoration mechanismsluring deformation

2.1.2.1Dynamic recovey

In aluminum alloys dynamic recovery (DRV) is the primary softening mechanism during hot
deformation because the dislocations caove easily(glide, crossslip and climb) The reason
aluminum recovers so readilydsie toits high stacking fault energd6FE)[21, 22] During recovery,
dislocations rearrange themselves into subgrains within the deformed gtasmphenomenon starts

from the yield point and continues up to a plateau whleeeannihilation and genetian rates of
dislocations balance each other and the macroscopic flow stress appears tq2ht&udies show

that in dilute aluminum alloys, DRV continues even to very large strains (torsional strains larger than
100)[22].

2.1.2.2Dynamic recrystallization

Dynamic Recrystallization ORX) includes nucleation and growth of new graidering the
deformation operation and this iiarely observed in aluminum alloy¥he occurrence obDRX is
usually asociated with a peak in the stretgin curve of the materi§21] followed by a decrease,

but generallyaluminum alloys do not shothis behaviorduring deformatioras evidenced btheir

flow stress curvesHowever, theres some experimental evidence that some aluminum alloys do
experience some variations of classical DRX and include: Continuous Dynamic Recrystallization
(CDRX) and Geometric Dynamic Recrystallization (GDR&), 23] Both of thesevariationsin

DRX mechanisms will not causesadderdecrease in the flow curve

During CDRX, subgrains inside the deformed grains transform to grains by continuous
accumulation of dislocations on their boundafigl]. Dislocations produced during the deformation
accumulate progressively on Low Angle Grain Boundaries (LAGE&s)sing an increase of
misorientation of subgrain boundaries utitiey reach a critical value and then formation of High
Angle Grain Boundaes (HAGBSs). Perdrix et. aj24] reported this phenomenon in aluminum alloys

for the first time.

GDRX is a form of dynamics recrystallization that was first identified in heavily deformed
aluminum alloys that had been torsimsted25]. It is thought that in situations where high amounts
of strain areexperiencedand the deformed grain thickness approaches the subgrain diameter size

GDRX can occur. During GDRX,rgin boundary serrations contact leaither and the grains can

10



pinch off to form finerecrystallizedgrains[22, 25, 21, 26, 27, 28Figure 2-2 shows a simplified
schematic of GDRX in whichmpingement of serrated grain boundarieghe main mechanism.
McQueen [25] was one of thefirst researcher to propose this mechanism arabnfirm it

experimentally for aluminuralloys[27, 22].

During industrial extrusion of aluminum alloys, the large strains of extrusion together with severe
shear deformation arising from friction at the surface can cause the thicknikesdfjinalgrainsto
decrease to that of subgrain size ana@ assult Geometric Dynamic Recrystallization (GDRX) may

occur.

crama  <PERFORATION
PLANE OF PLANE NORMAL TO

E OF\
ROLLING OR  TORSION AXIS ;'EAC":ION
o (d) BELOW
- SERRATIONS PLANE OF
0 POLISHING
— ABOVE
o 7 GRAIN LA
i PINCHES OFF

o]
@, BELOW: AFTER ADDITIONAL STRAIN
-
m PERFORATION

™ ENLAR
-} WS e
- NN,
o
= (e)

A 4

Figure 2-2 (left) Schematic indicating the mechanism of GDRX. By increasing the strain, serrated high angle grain

boundaries (HAGBs- bold lines) become closer while the subgrain size (lighter lines) remains approximately
constant. Eventually HAGBs contact each other and elongated grains pinch off form small graif@l], (Right)
Schematic, illustrating thesteps ¢l) to (€) showing that during large deformation opposite serrations of elongated and
thinned grains contact and in three dimensions they perforate and a new grain appears. As deformation continues

perforation becomes bigger and produces a group efew grains[22].

GDRX has been reported in several studies during hot deformation of aluminum and aluminum
alloys tested in both torsion and plane strain to strains@ff Ealuminum[25, 24, Al-1Mn [29],
AASXXX [30, 28, 31]. GDRX was observed at strains of 3 in plain strain compre§3igrand 5.7
in torsion[29]. However to date no one has conclusively shown that it does occur during industrial

extrusion operations.
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McQueen et a[25, 26] studied the torsional deformation of Al at 4006er a large range of
strairs, from 0.5 to 60, for two different initial grain sizes of 100 um and 2000 um using POM
(Polarized Optical Microscope), SEM, TEM and STEM techniques. For starting grain sizes of 100
pum they observed a structure of equiaxed crystallites (or grains) withmeetgia of the measured
steadystate subgrain size but the original grain boundaries were not distinguishable in the structure.
For the alloy with a starting grain size of 2000 um after deformation to the strain of 60, the structure
consisted of elongatedajns with 46 subgrains across each. The measured sttatly subgrain size

was similar for both initial grain sizeigure 2-3 [25] shows the final structure for the aluminum

alloys with the two different starting grain sizeEigure 2-4 [26] shows a graph of the predicted
change in grainhickness during torsion testing as a function of strain as well as the measured
subgrain sizes for the experiments conducted and the boundary below which GDRX would be
expected to occur.

(b) mark; 100 um
Figure 2-3 Polarized light micrograph from tangential section of Al at torsional strairso f U = 8and stath Gate
of 0.2 §* for initial grain sizes of: (a) 100 um and (b) 2000 urf25].
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up to U=60 at 400 AC foawodiffesentinkial grainrsiaes [@6].of 0. 5 s

Jazaeri and Humphrey[32] studied the restoration mechanism after large amounts of
deformation (rolled up to 98%, strain up to 3.9) for aluminum alloys with different starting grain
sizes. The fine grain (<5um) aluminum alloys they studied oxihybited recovery and no dynamic
recrystallization was observed. However they did obs@man fragmentationin coarse grain
aluminum alloys (>50umdue to formation of deformation bands and mishear bandsThey
concluded that in large scale deformatithigh strain) of finegrained alloys, fragmentation of
extremely thinned grains does not pkayajor role, but a process of dynamic recovery takes place
and removes a significant amount of high angle boundaries. This may suggest that other than strain,
the minimum initial grain size ianother factor that affects the restoration mechanisms during the

deformation

2.1.2.3Dynamic recrystallization (DRX) during extrusion
Although some researchers have suggelSfeH canoccur during extrusion of aluminum allof&3,
34, 35] this has not beershown conclusively A challenge has been separating this dynamic

recrystallization mechanism from what may occur statically if the alloy is not quenched fast enough.
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Van Geertryden et al. [34] observed the equiaxed fine grain structure at the surface of an
AAG6061 extrusion [igure 2-5) and mentioned the possibility of GDRXut there was no

experimental evidence to prove conclusively that this was the recrystallina¢icomanisnthat had

occurred.

EXTRUDATE
SURFACE l

. .0‘ £ e " JACPE 0% KC
R o

I . Bondary IevI: 1° ‘
67.50 ym =90 steps  1Q 0...218.1

Figure 2-5 OIM micrograph from s urface of AA6061 extrudate (black lines represent high angle boundarief34].

Parvizian et. al[36, 37] observedan initial increase and finatlecrease in grain size in the
direction of material flow during the extrusioof 6082 aluminum alloy as shown through EBSD
micrographsFigure2-6). They explained this phenomena by suggesting the GDRX occurigme.
studied the evolution dfligh Angle Grain BoundarieHAGBSs) and Low Angle Grain Boundaries
(LAGBs) which form the boundaries of subgrains on a pértiektruded and quenchedllbt but

therewas no definitive experimental evidence that GDRX bacurred

By
P3e

> P2e

Ple

Figure 2-6 Measured Electron Back Scattered Diffraction (EBSD) maps showing Highngle (15°) grains in the

undeformed materid (P0) and other positions in the billet moving closer to the die and in the extrudafg6].
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Donati et al[38, 39]studied thegrain shapevolution during the extrusion oX&X and KXX
aluminum alloysby combining FEM simulatiogwith experimental measurementhey defined an
analytical model for calculation of grain thickness and length by fitting exponential functitms on
curves of measured grain thickness versus model predicteu(Eigure2-7). Their measurements
the grain thicknesshowed that aftes strain of 3.54, the grain thicknesseached &ize whichwas1
to 2x the subgrain sizéAt this point,the average length ¢iiegrains stagdto deceaserapidly as the
strain increasedut the average thickness tife grains remaiad constant This provides some
physicalevidence for GDRXAIlthoughtheir modelappears tde able to predict the strain at which
the grain pinckoff or GDRX happenghe data points show large deviat®fiom the curvesfit with
the exponential functionsuggesting thathanges in the grain shape during deformagi@mot only
related tceffectiveplastic strain bualsoother parameters need to be considered.

200 200 -
g g Hm e
2 150 - 2 150 -
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Q 5}
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0 2 4 6 8
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Figure 2-7 Curve fitting for grain dimensionsfor various effectivestrainsfor AA7020 (a and c) and AA6082 (b and
d) [39].

2.1.3Second phase particles

In AA3003 aluminum alloy asast mateal consists of primary aluminum matrix withnetwork of
interdendriticeutectics e cond phase cpasti tcl e st chagedinetibcatbests 6 wi t |

state ofrods or plates [40, 41] These particles havseen known to be a mixture of two intermetallic
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compounds ofdda 0 ¢FOQ and | 6 & $HOQY'Q40]. During the homogenizatiorsome
da 0 eEROQtransforms ta 6 &) EROQY'ENd spherdizationand breakup of rod particles and
the eutectic network take pla¢él]. During the extrusion process, the constituent particles can-break

up or experience shape changes due to the deformation conditions experienced.

Due to rapid cooling during the casting process the matrix is super satwititesblute atoms
(mainly Mn). So that during the homogenization treatment small precipitates (mostly
o o EROQYJQith the size of <100nm nucleate and grow in the m§2}. These fine precipitates
are cal |l edandhdie ssprang effeci oth thé subsequenicrostructuralevolutionof the
material.

The mcrostructure that evolves during extrusion is very sensitive to tHerasgenized or
starting microstructure as well as the extrusion process variables and subsequent cooling history after
extrusion to room temperature. The homogenization treatmendiatifite the starting microstructure
which can be characterized by its average grain size, the volume fraction and average size of the

constituent particles and dispersoids and the supersaturation of the aluminum matrix.

Figure 2-8 [43] shows the effect of homogenization conditionstbe second phase particle
evolutionin anAA3003 aluminum alloyIn Figure2-8b and c the small precipitates are present in the
matrix but in Figure 2-8d no dispersoids are distinguishable in the matrix duea ttbong
homogenizatiortime at high temperaturéecause of the high temperature and long titesatoms
can diffuse over long distances ajoih the larger costituent particles.As shown inFigure 2-8c
there are some particle free zones (PFZ) arabhadonstituent particles that are due to long range
diffusion of atoms in the vicinity ofonstituent particlesmigure 2-9 [42] shows high magnification
TEM images of dispersoids in AA3003 aluminum alloy quenched from different temperatures while

heating from room temperature to 600°C with a rate of 50°C/h.

a) as-cast; b) 500°Cfor eight hours; c) 550°C for eight lours; and d) 600°C for 24 hours. Micrographs reproduced

with permission from Geng[43].
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100 nm
P

Figure 2-9 TEM imagesfrom AA3003 showinghow the morphology ofthe dispersoids changes during heatingg)
350°C, (b) 400°C, (c) 500°C and (d)a®°C[42].

o o o o
[\ w = wu
1 1 1

Solubility of Mn [Wt%]

o
=
L

0 Ll T L]
300 400 500 600

Temperature [°C]

Figure 2-10 Temperature dependent solubility of Mn in AF1.25Mn-0.5Fe0.1Si (graph produced using FactSage 6.03

software).

In 3XXX aluminum alloys the Mn solutecontent varies significantly with temperature

(Figure 2-10) so that pecipitation and dissolution of second phase particles may occur during each
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step of the processing sequence and have a big effetheomicrostructure evolutin during
subsequent steps. For example post homogenization slow cooliagnateresult inthe growth of

large particles (constituent particles) and less solute content in the matrix compared to high cooling
rates that aaresult in a supersaturated niatin which the dispersoidscan precipitateduring
subsequent prdeformation heating44]. The former case is more likely to recrystallize after
subsequent deformation as large particles can stimulate nucleation of new@naihe other hand

fine dispersoids can prevent the nuclei from gngndue to Zener dragrhe drag pressure for growth

of recrystallization nuclei is found to be proportional to F/r, wheretResolumetric fraction othe

second phase particles and the average radius of the partidés].

During deformation of twgphase alloys (matrix and particles), the particles affect the overall
dislocation density and also the inhomogeneity of deformation in the matrix. Howe\agrikity and
arrangement of dislocations depends on the deformability of the particles during the defd2dtion

McQueen studied the hot working behavioudidferentaluminum alloys and found out that the
peaks inthe stressstrain curve which occur during the deformation are not due to DRX but are
attributed to dynamic precipitatiand coarsening of precipitatakong withDRV [46].

Miroux and coworker$47] measired the evolution of solute and second phase during industrial
processing (hot rolling) of AA3103 alloy. They concluded that during preheating (9 hours at,430°C)
the Mn solute content decrease and dispersoids grow and during subsequent break dowithmolling
numberdensity of dispersoids increases significanfBuring hot deformation of supersaturated
AA3XXX alloys, significant precipitation may occur during recovery which strongly retards the

kinetics of recrystallizatiof48].

Huang et al[49] investigated the effect of homogenization on recrystallization and precipitation
during the thermamechanical processing of AA3003 alloy for manufacturing automobile heat
exchangers including homogenizatj extrusion and brazing. They performed the homogenization at
two different temperatures (460°C and 600°C) and found that homogenization at lower temperatures
produces fier precipitates which preventecrystallization after extrusion (at 450°C) but idgr
brazing at high temperature (600°C) a very coarse grain structure would appeaa time tmmber

of recrystallization nuclei.
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2.1.4 Peripheral coarsegrains and control of grain structure

A common defect in hot extruded aluminum alloy products is thadgton of recrystallized grains at

the surface or suburface of the extrusiofp0, 51, 52, 53] This is usually called Peripheral Coarse
Grains (PCG). An extrudate having this defect includes a lafyeoarse recrystallized grains at the
surface and unrecrystallized fibrous grains in the core that makes the surface softer than the core.
These coarse surface grains degrade the properties of the extrusion such as surface quality, strength,
fracture tougness, stress corrosion resistance, fatigue resistance and machif&hildg, 54] So

generally an unrecrystallized or fibrous structure is desirable after extrusion and sometimes even after

subsequerforming and heat treatme[0].

In cases where uniform mechanical property is of importance, the recrystallized layer must be
machined away51, 55] So the larger the recrystallized layene tmore material needs to be
removed, resulting in a higher yield loss.

Generally several methods can be applied to avoid PCG formaticeluminum alloys
controlling the exit temperaturéas low as possible to avoid recrystallizatiomdding some
recrygallizationrinhibiting elements such as manganese, sound billet castitig appropriate
homogenization and applying the maximum possible extrusion ratio to get the critical straifovalue

recrystallizatior{9].

Parson and aworkers[50] studied the effect of ram speed, billet temperature, extrusion ratio and
quenching method on grain structure and recrystallization of AABXXXM#E4Si) extrusions
(Figure2-11). They concluded that the depth of PCG decreases with higher billet temperature, lower
ram speed, higher cooling rate and lower extrusetio. Figure 2-12 shows theeffect of billet

temperature and ram speed on recrijgédion andthegrain structure of the extrudate.
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Figure 2-11 Macrostructure of 25mm bar AA6005A extrusion for different ram speeds (mm/sec) on the-axis and
billet temperatures (°C) on the yaxis showng: (a) as extruded and (b) after solution heat treatmen{50]. The
thickness of PCG is indicated on the picture.
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Figure 2-12 Effect of billet temperature and ram speedn grain structure of AA6005A 25mm bars with extrusion
ratio of 17.5[50].

It has been demonstrated that proper die configurafieny. choked die aperture) can prevent
PCG formation and allow for higher ram spegsh. Figure2-13 shows different die configurations
that Duan and Sheppa[al7] used in their simulations. Their results showed doming extrusion of a

75mm billet diameter, with an extrusion ratio of 20 and a die land length=6fm, the best
configuration between three cases showkigure2-13i s t he one wit h(diédg3. 5mm

which results the lowest recrystallization at the surface.
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Figure 2-13 Schematic drawing of different die configurationsand simulation results for fraction recrystallized [57].

Although, several studies have been made to understand the formation ¢b®E3, 53, 58]
the mechanism of this phenomenon is still und&ay.

Van Geertruyden, Misiolek and coworkg®l, 52, 53, 59have done research on tfeemation
of surface recrystallization in extrusion of aluminum alloys. They believe that abnormal grain growth
after the die exit is responsible for PCG formafi6®, 53, 34] Their suggested mechanism imibes
grain fragmentation (known as GDRX) at the D\N&hear zone interface followed by very quick
grain growth after the material exits the diégure2-14). Figure2-15 shows the grain structure at the

die exit for indirect extrusion of an AA6061 alloy.

Eivani et al.[60] investigated the effect of process conditions on formation of PCG. By
comhning hot compression and heat treatment they applied thereebanical histories resembling
that of peripheral parts diie extrudate. Based on their experimetiigh temperature plays the main

role in formation of PCG. They found that increasing straite would result in finer and more

! Dead Metal Zone
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homogeneous recrystallized grain structure but very large strain rates result in a significant

temperature rise and consequently increase the recrystallized grain size.

Microstructure
evolution during the
deformation

>
>

Traditional proposed
theory of PCG Q
formation

v

Theory of PCG
formation proposed by
van Geertruyden et al.

5
>

i

Figure 2-14 Proposed theory for PCG structure formation: (a) through (c) microstructure evolution during the
deformation, (d) through (f) traditional theory of PCG formation and (g) through (j) proposed theory of PCG
formation based on experimental results. Dark lines represent HAGBs and light gray lines represent LAGHS3].
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: :
Figure 2-15 Grain structure at the die exit for indirect extrusion of 6061Aluminum alloy. The billet was quenched 1

min after the ram stopped[34].
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2.2Modeling microstructure evolution during hot deformation of
aluminum alloys

Control of the microstructure, texture and properties of a material daritfgermemechanical
process can be done by the use of quantitative models which are capable of accurately predicting the
effect of process parameters on the proft} Many different approaches have been presented for
modding of microstructure evolution during and after hot deformation. These include; empirical,

state variable, statistical approaches, Monte Carlo methods and Cellular automata methods.

Modeling of microstructure during hot deformation can be done at twolles : At t he Omac
level where microstructure models are used for-postessing of thermmechanical history, and at
6microd | evel where microstructure predictions ar
used to determine the constitutive babaof the material during the next time s{éd]. Figure2-16
illustrates the connectivity of sunodel s at the &édmacrobd | evel and the

modeling of thermomechanical prosew.

The majority of microstructure models developed for hot deformation of aluminum alloys
consider only the dynamic recovery during the hot deformation and static recrystallization after
deformation. Preliminary attempts have been made to model rdlizgsitan after extrusion of
2XXX, 6XXX and XXX aluminum alloyg51, 57, 54, 52, 55, 58, 58t, to date, no micraisicture
models have been developed and validated fdrusion of AAXXX alloys. However, sme
researchhas been done on modeling the microstructure evolution during the rolling oX>®A3
aluminum alloys such as AA30082].
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2.2.1 Empirical models

The empirical models involve using empirical equationsnfmiitting parameters with no physical

basis) to predictthe microstructure evolution. In these modelecrystallized grain size and

recrystallization kinetics are typically modeled as functions of the Zdokoman parameter,
RA@D |2 4,asfollowing [63, 64}

A JAR : 2-1
O [ArR : A@D j24 2-2

Wherey,r, a, b, ¢, p, g and r are constants aqid dhitial grain size.

Table 2-1 Parameters in empirical equations of recrystallization for commercial purity aluminum and At1Mg alloy

(63]
Commercial purity aluminum
Parameter Al-1Mg
(initial grain size 37pum)
311 435
4.1x10° 9.8x10°
a 1 1.3
b 0.5 0.39
c -0.33 -0.24
p 1 1.35
q 1.5 2.7
r 0.75 11
= 220000 230000

2.2.2 Physically based state variable models

Physially based state variable models mostly involve explicit incremental calculation of state
variables of which the initial values can be measured experimef@ally These models quantify
parameters such as dislocation densitjggsain size and misorientation to predict flow stress and
subsequent recrystallization. The general form of the differential state variable equation for hot

deformation is:
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A3 .
——~ A3 BB MR 2-3

Where Srepresents the state variables. The flow stress can also be described as a function of the
state variables:

A C 3B 2-4

Sellars and Zhi65] developed a model to predict the internal state variable evolution during hot
working and subsequent recrystallization parameters ¥xa5aluminum alloy in both the transient

and steady state hot defimation conditbns and applied this to rolling

Am A Awm o#m # —m AR 25
A 1 ) 1 AR 2-6
R
. p ;
A R—j | AR 2-7
Where” | U —are tthe density of random dislocations, subgrain size and misorientation,

respectively- and- are characteristic strains that may be related to deformation conditions such as
the Zene-Holloman parameterd{f RA@H-),, i s frictional stress and

state. Steadgtate subgrain size may be a function of Zételloman parametd62]:

1ot 2-8

WhereA and B are constant§hey assumed site saturated nucleation of recrystallization after hot
def or mati on a [62] madsl dod reckystalizatod Kinetics to calculate thecfien

recrystallized and recrystallized grain size:

AT 2-10
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6 #o0 . | 2-11
A v, 2-12

X is instantaneous recrystallized volume fractiog, il number density of nuclei, G is growth

rate, and Ris driving pressure for recrystallization.

Someresearchhave bem done to couple state variable models to FEM predictions to capture
dynamic changes in microstructural parameters such as subgrain size and dislocatiofbde &ty
67, 68, 36]

Velay [69] applied a combination of empirical and physical models to a FEM code to study the
effect ofthe feeder plate othe evolution of subgrain size during the extrusion BXX and 6<XX
aluminum alloys. He predicted a more unifosubstructure in extrusion with feeder plate rather than

without feeder plate (refer teigure2-22 for the effect of feeder on temperature distribution).

Vatne et. al[62] developed a physicallyased state variable model to model the recrystallization
of AA3004 aluminum alloy after hot deformation. They observed a good quantitative agreement
between their model predictions and experimental measurements for recrystallized grain size and

fraction recrystallized.

2.2.3 Stored energy and driving pressure for recrystallization

During bulk deformationoperations such as extrusion, a very small amount of deformation work is
stored in the material (<5%) whereas the rest of it is given out a$2i¢atl his energy is stored in

the material in the form of dislocations and point defects. A significant part of the stored energy is
due to the increase in grain boundary area. During deformation, the shape of the grains change and to
keep the continuity of material, new boundaries are created. This is done by incorporation of
dislocations generated during the deformation into the grain bound2tipsThe increase othe

grain boundary area depends on theden of deformation Higure 2-17) [70, 21] The energy
associated with High Angle Grain Boundaries (HAGB) has been measured for different materials and

for aluminum was measured be 324 mJi[21], a good estimation for dilute aluminum alloys.

The dislocation density can be estimated from mechanical properties such as the flow stress. A
rough estimation of dislocation enerdy () can be calculatkusing Equationg-13 and2-14. Usually
to simplify the calculations, dislocation enerd { is taken to be equal to stored ener@y )X in

most deformation cases:
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Figure 2-17 Calculated change in the grain boundary area (S) as compared to the oigl grain boundary area (S)
assuming spherical initial grains as a function of the total straif70]. S = the grain boundary area of the deformed

structure and & = the grain boundary area of the undeformed structure.

Wher G, and G are constants of the order of 0.5 for a wide range of mat¢2iblsThere are
other equations in the literature for estimation of stored energy in dislocations. In the state variable

approach, the stored enerdg® ( is usually a function of dislocation density, subgrain size and

misorientatioras shown in Equati@®?-15[65] and2-16 [62]:

0o 2w iipmd Yo iTII— 215

29



Ay . . 0
o0 —=F=—-- I 11— ™0 — 2-16
1 TP P | 1
Where” i s the internal di sl ocation density which ¢
and 6geometrically "ne’ce’ s a+r yothe driticall valgea of the n s (

misorientation angle that distinguish LAGB from HAGB (appmately 15), C, and) are constang

of the order 5 and 3 respectivelyahd s Poi sson6s coefficient ~0.383. N
is affected by the inhomogenity of stored energy and at a larger scale, the magnitude of stored energy
influences the growth rate of the new recrystallized grain. When second phase patrticles (e.g.
dispersoids)are present in the matrix, thean pin the nucleated grain and prevent growth from
occurring. This drag pressur e fndoestimateeusidgitteper soi d
following equation21]:

or &

- 2-17
¢ O

Wherel  is the energy per unit area of grain boundaryisRhe particle volume fraction and r

is average radius of the particle. The growth rate of the recrystallized grairiunction of grain

boundary mobility and effectivériving pressurg62]:

- 0% 0 2-18

Where M is the mobility of the grain boundary which is strongly affectagrbperature.

2.2.4Modeling the grain deformation during the extrusion
Modeling the grain deformation will benefit the microstructure model from two points of view:
9 Calculation of stored energy from grain boundariescalculate the stored energyrh

grain bouwlaries in deformed material there ng&albe the grain boundary area which is

calculated using the dimensions of the deformed grain.

9 Prediction of geometric microstructural evolutions: tracing the thickness of deforming
grain one can predict when the grahickness reaches that of subgrain and grain starts to

split to smaller grains (Geometric Dynamic Recrystallization).
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Previously, little work has been done on modelling the grain shape evolution during complex
deformation processes such as extrusion kewsome publications are available on modeling the
grain deformation during simple deformation conditions, suchcampression, plain strain

compression, tension and simple shear

Bate and Hutchinsof[¥0] calculated the graiboundary area changes of a spherical initial grain
for simple deformations including compression, plain strain compression, tension and simple shear.
Based on their calculations for all deformation conditions, the grain area increase in spherical grains
is more than that of cubic grains. Gil Sevillano et.[al] studied the deformation of a cubic grain
underdifferent strain states. Singh and Bhadegiiy assumed an initial grain shape of truechat
octahedron which is more realistic shape for the grains as it is one dfett@&D shapeso

approximate a sphere andilits the space.

De Pari and Misiole51] studied the occurrence of GDRX during the hot rolling #{6A61
alloy by modeling the truncated octahedral grain deformation during rdfliggre2-18[51] shows a
schematic of grain deformation and GDRX in large strain deformation for two different initial grain

shapes.

Donati et al[38, 39]used regression methods to find thiatien between the grain dimensions
and equivalent strain that the material experiences during extrusion. They used an FEM simulation to
estimate the equivalent strain at the locations that grain size measurements were performed. By
embedding their equatiginto the FEM commercial code DEFORIZD they captured the history of
grain shape evolution during the extrusion. Refdfigmre2-7 and descriptions for more information

on this work.
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Figure 2-18 Representation of grain deformation and GDRX for (a) Cubic grain and (b) Truncated octahedral grain
[51].
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2.3 Simulation of the extrusion process

In order to understand the microstructure evolution both during and after extrusion it is necessary to
develop mathematical models capable of accurately modelling the tmeesimanical history
experienced at differeribcations in the billet during extrusion and couple this to microstructure

evolution equations.

Modelling of the thermenechanical aspects of extrusion are typically based on thermal
mechanical finite element method mod¢%, 73, 74, 2Q] The models require input on the
constitutive behaviour of the alloy and the appropriate boundary conditions, in particular the friction
and heat transfer at the interface between the working metal and the extresginhese techniques
are useful for predicting macroscopic process variables suchdssdod measured temperatures and
also details of the thermramechanical history experienced by the material at any position in the
extrusion[75].

During the extrusion process, inhomogeneity of deformation can result from redundant
deformation and the effects of friction at the interfaces. This can lead to through profile effects such
as different recrystallized grain structures at the sarfes compared to tleenter|76, 20, 55, 54, 53,

12, 77, 78, 79, 57]Iin addition, the propensity for the material to recrystallize can varyghrthe

profile and is dependent both on the starting microstructure as well as the-theainanical history
experienced by the material during extrusion. In order to understand the microstructure evolution both
during and after extrusiont is necessaryo develop mathematical models capable of accurately
modelling the thermanechanical history experienced at different locations in the billet during
extrusion and couple this to microstructure evolution equations. Among the mathematical methods,
Finite Element Method (FEM) analysis is accepted to be a powerful numerical tool for simulation of
metal forming and especially the extrusion process which experiences high levels of plas{i¢Strain

80].

In Figure 2-19 [81] the predicted deformation pattern using numerical modeling is compared to
experimental results for extrusion of an aluminum a(lap2024) at two different temperatures. As
observed temperature has a large effecthendeformation pattern and hence on inhomogeneity of
deformationFor experimental observations, billets where sectioned along the meridian plane prior to

the extrusion and square gridlines where engraved.

32



Simulation

Experiment

300°C 450°C

Figure 2-19 Comparison of numerical predictions (a, b) and experimental results (c, d) during extrusion at different

starting temperatures [81] (Billet diameter = 75mm,ER = 30)

Physical modelling metids have been used to either validate the numerical models and/or to
better understand the material flow pattern and boundary conditions of the problem. Several
techniques have been used to determine ntlagerial flow pattern during the extrusion. Some
researchers used cheaper and easier to extrude model materials such as plastivere[@2d83]
while some others used the real matefigdl, 84, 85] Mostly two techniques &re used: layers of

different colors in case of plasticine and gpiktern techniques.

Using gridpattern technique, Valberf85] could accurately model the flow pattern over the
whole volume of the billet and extrudate fbetextrusion of AIMgSilalloy. He put indicator pins of
different material (AlCu2.5) in horizontal and vertical holes which were drilled into the billet and
traced them in the extruded material. Based on his results he suggested that a very thin layer of th
material at the surface tfie extrudate (in his case 50 um for an extrusion ratio of 40 with billet
diameter of ~100 mm) comes from a region in the dead metal zone where he calledtitision

zone in his later publicatior86].
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Schikorra etal. [84] also used the grigattern technique similar to that of Valbg¢8%] and they
found that the surface of the billet completely sticks to the container during the wiralsan until

the ram sweeps it off the container.

2.3.1Constitutive equations for hot working

One of the main challenges in thermomechanical modeling of the extrusion process is determining the
constitutive relationship for the material. A common expressgad is based on the hyperbolic sine

relationship as shown in Equatigl9[87].

| OE1 E RrRAQD 24 2-19

Where n, U and Ay ia the activasion sneayynfor ot wonkihg o activation
energy for thermally etivated creep. Kocks and ChE38] developed a physically based constitutive
equation for cubic metals that is based on the effect of solute atoms on the stress required for moving

dislocations as shown in Equatig+20:

2-20

Where'i s t he shear modul us, b i s Bu®@pgseactidaionvect or ,

energy for sekldiffusion of diffusing species

2.3.2Thermomechanical modeling and FEM analysis of extrusion

Much work has been done on thermomechanical modeling of extrusion of aluminun{iatthyding
IXXX, 2XXX, BXXX, 6XXX and 7XXX alloys) andhe most work has beatoneon AABXXX

[89, 82, 73, 74, 90, 91, 92, 93, 94, 79he main purpose of the majority of thermomechanical
modelswasto determine the spatial and temporal distribution ofoeenature, strain and strain rate. In
Figure2-20 model predictions of strain and strain rate duringusten of some aluminum alloys are

shown.
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Figure 2-20 Predicted distribution of strain (left) [95] and strain rate (right) [81] during the extrusion processfor
6XXX aluminum alloys.

Temperature is one of the most important parameters in extrfigdpnTemperature changes
during extrusion determine the surface quality and propdB88sand also temperature has a large
effect on friction, heat transfer, flow stress and the extrusion[k#dHeat transfer isffected bythe
temperature difference between billet and tooling and alsantterial thermophysical properties

change with temperature.

Sheppard89] compared various methods for calculatioteshperature in extrusion of aluminum
alloys and studied the effect of extrusion parameters such as extrusion ratio and velocity on this
variable. To get a realistic distribution of temperature, heat generation by deformation and friction

and heat transfdretween billet, tooling and atmosphere must be considErgdre2-21).
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< EXTRUSION COMMENCES >

HEAT GENERATION
A v
Heat generated by Friction between the billet and
Plastic deformation the container and also shearing
at the Dead Metal Zone
| Friction through the die
X
HEAT TRANSFER
Conduction of Conduction of Conduction of Convection of heat |
heat heat to the heat to the from tooling to the
to the tooling billet extrudate atmosphere
(container-ram-die) to the extrudate

Figure 2-21 Heat balance in the extrusion procesf3].

By thermomebanical modeling of hot extrusion of aluminum alloysldy [69] showed that

temperature distribution would be more uniform with a feeBgufe2-22).
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Figure 2-22 Temperature distribution (a) with the feeder plate and (b) without the feeder plat¢69].
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Two important parameters in modeling of hot extrusion include: the heat transfer coefficient
(HTC) and friction factar Different values have been chosen by different researf$igrg4] The
value of HTC has usually been considered to be in the range28 kIV/nf°C. In hot extrusion of
aluminum alloys, the friction between thdlddi and container is usually modeled using an interface
shear factor (m) with values ranging from 0.5, 92, 81, 74]Friction between the billet and ram,
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is usually modeled using m=0.3~(74, 57] as a lubricant is usually applied on the bottom of billets
(such as graphite).

Experimental validation of thermomechancal models for extrusion has been done primarily on
three aspects: loagtroke curve, tempenate changes and deformation pattdfigure 2-23 shows
some experimental validation of extrusion load and temperature change. An example of experimental

validation for deformation pattern is shownFigure2-19.
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Figure 2-23 Validation of modeling results with experimental measurements. (left) Loadtroke curve[79], (right)

Temperature change before die for AAXXX aluminum alloys[89]

There has been much research done on modeling the extrusion of aluminum alloys using
commercial FEM packagg92, 90, 54, 73, 77, 79T hae are several commercial FEM codes such as
DEFORM™, FORGEM and QFORM ™ that have been developed for modeling of metal forming
processeq75]. Among them, the DEFORM code is relatively popular and has been used by

numerous esearchers for simulation of extrusion of aluminum al[éys 12, 80, 75, 52]

Important issues in a FEM code are: deformation description, solution procedure, selection of the
type of flow formulation, application of material models, andmeshing[75]. Deformation can be
described in three formulation methods; Lagrangian Formulation in which FEM mesh is attached to
the deforming body, Eulerian formulation whehee mesh is fixed in space and the material flows
through the mesh, and Arbitrary Lagranglmlerian (ALE) that is somewhere between the above
two methodg80, 75] Normally the Lagrangian approach is suitable fordiemtstate problems like
the breakhrough in extrusion and the Eulerian and ALE method is better for analyzing-stassly

problems such as the rolling proceBsie to the transierstateof the extrusion procesthe Eulerian
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methodis not an approprta approach so that the Lagrangian method must be used in which the
elements move and deform with the material. Duthédarge amount ofdeformationaccompanied
with the extrusion, elements in the deformation zone undergo huge deformation and renseshing i

neededrequentlydepemling on the mesh and step size.

Sheppard et. a]90, 57, 96, 91have applied the finite element method to study the interactions
between die design, forming parameters (aen speed, container temperature, billet temperature and
extrusion ratio) and the product quality (extrudate shape, surface condition and microstructure) by the
use of commercial FEM codes FORGEhd FORGES.

Boncheva et. al[92] used the finite element code MARC to simulate extrusiom @XXX
aluminum alloy Theylinked the thermomechanical model with a microstructure model to predict the
microstructure evolutions during the cooling. They determiogtimum preheat tempdtae,
extrusion velocity and cooling rate get favorable product quality but they did not experimentally
validated their microstructural predictions such as fraction recrystallized and grain size evolution.

2.4 Material flow in extrusion and internal defect formation

Prior to extrusion, billets are typically Direct Chill (DC) cast, cooled to room temperature and then
reheated so that a homogenization heat treatment can be performed-cakelallet microstructure

is typically not uniform and the surfacd the billet (its skin) often contains coarse intermetallic
precipitates and oxide particl¢g7]. During the extrusion process, sticking friction usually occurs
between the billet and container which results in inhomeges flow of material towards the die,

such that theenterof the billet flows towards the die faster than the billet surf@8e 12] This

causes the surface of the billet to accumulate in front of the dummy biatleveentually flow
towards the center and finally this original billet surface material flows into the central parts of the
extrudate. Thi®nide® defleed tme Bdsaakly happens
stroke [99, 100] Figure 2-24 showsa schematic view of the backend defect formation during
extrusion as well as an image showing the cross section of a round bar extrusion which contains back
end defect. When extruding more than one billet, the extrusion is stopped befoaeklead defect

can occur, the remaining part of the billet is sheared off and a new billet is loaded into the container.
The two billets then butt up against each and
extrusion continues and the billet fages are forced together. In this bitetbillet extrusion
process, which is often used in modern aluminum extrusion plants as a means to maintain continuous

production, transverse welding of the two billets can occur; the billet surfaces are foredgbrtog
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under high pressure as the ram pushes them towards the feeder and into the die. Due to the material

flow pattern, as the billet enters the feeder and die, the interface (transverse weld) between the billets

does not remain flat and can manifest fteal the extrudate as a clad surface 149@&t. Figure2-25a

shows the schematic of formation of transverse weld Rigdire 2-25b is an image froma

longitudinal section of a round bar extrudate showing the shape of front portion of transverse weld.

O =1 LW

..secondary forming zone  2...billet core

..billet surface 4...primary forming zone
..shear zone 6...dead metal zone
..extruded section 8...coring

..back-end defect in the extruded section

(@) (b)

Figure 2-24 (a) Schematic of backend defect formation[18], (b) cross section of extrudate containing kzk-end

defect[100].

1 before extrusion
2 early stage of extrusion
3 late stage of extrusion

Co-extruded
surface

layer
thickness:

t=f(1)

(b)

Figure 2-25 (a) Schematic of the transverse weld formatiofi86], (b) Longitudinal section of extrusion showing the

front of the transverse weld[100].
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One of the main objectives in continuous bilbetbillet extrusion is to minimize the transverse
weld interface length while at the same time providing a weld strong enough to withstand the
stretching process. It has been shown that the transverse weld length depends on how fast the material
from the old billet flove out at the die cornef&01]. Consequently, the geometry of the feeder and

die can significantly affect the length and thickness of the transverse weld in the eXir08ai®2]

Hatzerbichler and Buchmayj100] used the commercial code DEFORM to study the effect of
process parameters on the length of the transverse weld defect and tbaddekect. Based on their
simulations, the friction between the btlland the pad has the most effect on the length of the back
end defect but the effect of the friction conditions on the length of transverse weld is not significant.
They defined the length of the transverse weld to be the distance from skid mark (dtpportize
section at which the clad thickness is 0.5mm, but experimental results by Jowett @2]alonfirms

that the transverse weld continues to much longer distances (réfgute2-26).

Jowett et al[102] measured the thickness of the transverse weld along the extrudate for different
feeder geometries and they found that the thickness of the clad layer is proportional to (extruded
length)*°. Figure2-26 [102] shows the measured clad thickness along the extrirdateg-log scale
graph.The extruded profile is a stepped flat shape with wall thicknesses of 1.5, 3 and 4.5 mm from
one side to thether side of the crossection.The dfferent colours correspond the clad thickness
alongdifferent sides of the profile.
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Figure 2-26 (left) Thickness of transverse weld along the extrusiqlifferent colored lines show the clad thickness at

different sides of the profile[102], (right) profile x -section
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2.5 Summary

Although much researchas beerdoneto model the mimstructure evolution duringxtrusionof
aluminum alloys for AA2XXX, AABXXX and AA7XXX , there is a lack of literature datnd
researclon the microstructuralevolution andmodeling for extrusion of AA3XXXA key aspect in
predicting the microstructure evolution is accurate representation afefloemel microstructure
including the stored energy in the material as well as the shape and distribution of the deformed
grains and precipitates in the matrix.

Although the deformedrain shape and how it evolves during the extrusion pr@sessence the
propensity for GDRX to occur has been studied by a few researctiene is a needfor more

accurate models and more conclusive validation in this area.

Comparing recent works on simulation of transverse weld formation in-tiibillet extrusion
with expermental results indicates that simulations are underestimating the length of transverse weld.
So that there need to beome accurate models to get better estimations of the length and thickness of

the transverse weld.
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Chapter 3

Scopeand objectives

Rio Tinto Alcan one of the worl dbébs | argest al umi num bi
for the automotive industry, such as heat exchangers made from AA3XXX aluminum alloys. In order

to satisfy the customers with their requests for specific properties andsiniicture, there needs to

be a good understanding of the effects of process parameters and alloy composition on the final
product. A collaborative research and development project was initiated between Rio Tinto Alcan, the
University of Waterloo and th&niversity of British Columbia to develop a througlocess model

for the manufacturing of AA3XXX heat exchangers. This process route includes: casting,
homogenization, extrusion, cold deformation, annealing and brazing. This research has focused on the
extrusion process and | have simulated what occurs during extrusion of AA3XXX aluminum alloys
including the microstructure changes that occur in the deformed state and how they vary spatially in
the product (extrudate). In this work the main objective isdéwelop, validate and apply a
guantitative model to study the effects of initial microstructure and process parameters on the
microstructure evolution during and after the extrusion process for AA3SXXX aluminum alloys. The
initial microstructure is mainlhaffected by alloy composition and homogenization conditions. During
extrusion, the process parameters of interest are extrusion temperature, ram speed and extrusion ratio

as well as the die geometry.

The modeling has been done by using a commercial FEM BEFORM in conjunction with
calculations for the stored energy and grain shape evolution to predict the evolution of the
microstructure of the deformed state during extrusion. The main contribution of this work is to
develop an understanding of the intelationship betweenhe starting microstructure, extrusion
process variables and final microstructure in the extruéfggare3-1 shows a schematfresentation
of the extrusion procesand the list of microstructural changasd parameters of interest in this

work.

In addition, the validated model was also used to understand and quantitatively predict the
formation of the transverse weld defect during bitletillet extrusion and how it is influenced by

the extrusion condibins as well as die geometry.

Validation of model predictions was performed at two levels: thermaohanical validation using

experi ment al data measured during extrusion t
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Jonquiere facility and microstructurgharacterization of the extruded samples produced via the

extrusion trials.

Although some research has been done to model the microstructure during extrusion of aluminum
alloys AA2XXX and AAG6XXX, no work has been published on the microstructure evoldtiang
extrusion of AA3XXX alloys.

The detailed objectives of this work are summarized below:

1 Developand validate a FEM model of the extrusion process for AA3XXX
aluminum alloys.

1 Development and validation of microstructure models for AA3XXX alloys
that can be used to predict microstructure evolution of the deformed state
during extrusion.

1 Investigate the effects of extrusion parameters (billet temperature, extrusion
ratio and ram speed) and starting microstructure on microstructure evolution
in the exrudate.

1 Model the material flow pattern and the formation of the transverse weld and

the effect extrusion process parameters and die geometry have on its length

and thickness.

Quench

Homogenization Extrusion Recrystallization

* Grain size * Pancaked grains * Recrystallization

* Dispersoids * Grain thickness * Zener drag
* Constituent Particles » Grain boundary area

* PPT volume fraction « Stored energy

* PPT size * GDRX ?

Figure 3-1 Microstructural changes and parameters of interest during each step of extrusion
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Chapter 4
Methodology

In this research, a mathematical model of the deformation and microstructure evolution was

developed and validated for AAG8 aluminum alloy during hot extrusion.

To support the mathematical modelling work, a series of extrusion trials were done using the
instrumented extrusion press at Ri oCeerARDG) Al cands

in Jonquiere, Quebec.

4.1 Experimental

4.1.1Extrusion trials

Extrusion trials were carried out using cylindrical billets with 101.6 mm diameter and020thm

length, DC cast at Rio Tinto Alcan and homogenized using a CarBlol#RF) circulating air

furnace at ARDCTable4-1 shows the chemical composition of the AA3003 alloy used for billets.

Table 4-1 Chemical composition of the AA3003 alloy used for the billet material
Element Mn Fe Si Ti
Wit% 1.27 0.54 0.10 0.02

Different homogenization treatments were given to theaas AA3003 billets so that the effect of
starting microstructure on the microstructure evolution during extrusion could be assessed. In total,
three different homogenization treatments weral usgrovide a large variation in starting structure:
500°C for 8 hours (8H500), 550°C for 8 hours (8H500) and 600°C for 24 hours (24H600 ), as shown
in Figure4-1. In all cases the heat up rate was 150°C/h up to 50°C below the soaking temperature.
For the last 50°C a heating rate of 50°C/h was employed and the billets were water quenched after the

hold period.
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Figure 4-1 Temperature profiles for homogenization treatments

Figure4-2 [43] shows the optical micrographs for the starting microstructure of thasadillet
as well as the homogenized billetsposed to different soak conditions. Thecast microstructure
shows a cellular dendritic structure with a eutectic containing constituent particles, while the
homogenized billets show breakup of the eutectic constituent particles and some precigitation

dispersoidsFigure4-2d shows that after 24 hours at 600°C there are almost no dispersoids remaining

in the matrix43].

TRLY

550°C for 8 hrs and (d) 600°C for 24 hrs. Reproduced with permission from Ger{g3].
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Figure4-3s hows Ri o Ti nd-thearflesearan éxrusigotess tthat was used for
extrusion trials. This is a 780 tonne direct extrusion press with a 106 mm diameter container. The
press is fully instrumented such that most parameters can be measured and recorded during the
extrusion process. The main ram pasitis measured using a Baluff digital position transducer and
this information is used to calculate extrusion speed. Extrusion force is determined by the hydraulic
pressure acting on the main and side cylinders. Billet temperature is accurately megghred b
contact thermocouples located on the billet loading clamp. The container liner contains 12
thermocouples in holes drilled through the container liner such that they touch the liner surface. For
the experimental trials two stainless steel sheatieanbcouples were positioned inside tight fitting
holes spark eroded laterally through the sides of the die plate and emerging at the mid length position

on the bearingrigure4-4 shows the location of these thermocouples in the die bearing.

Figure4-3Ri o Ti nto Al canéds st at eextraded strip exits haret 2 biflet gositorsforon pr ess (1

extrusion, 3 mecharical billet loading system, 4 ram, 5- Water quench unit).
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Feeder

Figure 4-4 Location of thermocouples at the middle of bearing length to record the exit temperature at the surface of

extrudate.

At the end ofthe extrusion of each billet, the final temperature of the extrudate was manually
measured at two locations using a two prong contact thermocouple; (1) immediately after the die exit
and (2) after the quench unit (The locations of these measurementsliasteith inFigure 4-7 as
AManual TCO0). These measurements were then used

wave quench.

Homogenized billets were rapidly preheated to extrusion temperature in an inductaare fuith
a heating rate 0f30°C/sec and thenawed by the mechanical loading system to the billet position in
the press. To compensate the temperature drop during the loading, the billets were preheated up to
10°C above the extrusion temperature and each billet spent 2 to 6 minutes in the preheat furn
based on the billet length and ram speed used for the previous billets. Then the billets were pushed
into the container by the ram and extruded through the die. After exiting the die, the extrudate enters

the water circulated quench bath to retainatextruded microstructure.

Three series of extrusion trials were carried out using two different die geometésanland
round bar extrusiong={gure4-5). In the first two series of trials the objective was to study treceff
of extrusion conditions and starting microstructure on microstructure evolution during extrusion. The
last trial was done to measure the transverse weld defect on round bar extrudate and how it was
affected by the die geometry. For the first two tridlse range of extrusion conditions studied
included the extrusion temperature (ZHD°C), extrusiomatio (17-280), ram speed {32 mm/sec).
In total 29 billets were run under a number of different extrusion condificaisie 4-2 shows the

range of conditions tested during the extrusion trials with these billets.
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Table 4-3 show the trials conducted to measure the transverse weld. All these trials were
performed with billet temperature of 450°C, rapeed of 20 mm/sec and extrusion ratio of 70.
Different alloys were used for alternative billets to get better contrast between the transverse weld and
the extrudate after etching. Extrusion trials with tapered feeder were performed to investigate the
effect of feeder geometry on the length of the transverse weld. While this type of geometry is not
commonly used for aluminum extrusion, it was selected to impose a major change in the material
flow during extrusion. The maximum inner diameter of the tapexeddr was 60 mm (equal to the
diameter of regular feeder) and its exit diameter was 12.7 mm (the same as the die diameter). In both

cases, the feeder depth was42mm. Figure 4-6 provides a schematic of the two feeder geometries

used.

1. 3mm
3
3

ER=280

Figure 4-5 Picture of the final extrudate shape from the two extrusion dies used in the trial: (a)}lbeam extrudate[43]

and , (b) round bar extrudate.

25.4 mm Feeder

Die Die

uodalIp uoisniix3y

<€

Regular feeder Tapered feeder

Figure 4-6 Schematic of two different feeder geometries
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Table 4-2 Range of extrusion conditions studied during extrusion trials.

Extrusion [-Beam Round bar
Parameter
Extr usion ratio 130 17 70 280
Temperature (°C) 400, 550 400, 500 350, 400, 500 400, 500
Ram speed (mm/s) 14 8 2,8,32 2,8
Billet length (mm) 200 400 200 200
Homogenization 550°C for 8 550°C for 8 500°C for 8 hours 550°C for 8
hours hours 550°C for 8 hours hours
600°C for 2 hours

Table 4-3 Extrusion trials performed for evaluation of transverse weld.

Test # Trial Billet material Homogenization
#1 AA6063
#2 AA6063

Test #1
#3 AA3003 600°C for 24 hours

(Normal feeder plate)

#4 AA3003 500°C for 8hours
#5 AAB063

Test #2 #6 AAB063

(Tapered feeder) #7 Al-1.3%Cu
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After extrusion, the extrudate was water quenched two meters away from the extrusion die, and
hence some changes in the microstructure may have occurred after extrustonomahe time that

the deformed material spent at high temperature prior to and after the quench.

Figure4-7 shows a schematic illustration of the extrusion press and quench unit as well as typical
sampling points on the extrudate for subsequent microstructure analysis. The sampling length position
is shown inFigure4-7 from which the front, middle and back samples were cut. During the extrusion

of each billet, the ram was stopped when 10% of the billet length remained in the container. The ram



and container then moved back to make it possible to cut off the butt scrap. Tytrieabiutt or

discard length is set as a % of the original billet length. In our case with a starting billet length of 200

mm about 20 mm of butt scrap was left. The extrusion process then continues once the container is

repositioned and the next billet el During the press stop when the butt is sheared and the next

billet loads, a visible stop mark forms where the die bearing contacts the profile. This mark, known as

the stop mark, can be distinguished on the surface after extrusion.

Stop mark
v
e
10%
_ front
Scrap

—= |«

Figure4-7Schemat i c
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Optical metallography samples were taken fribra front, midlength and end locations along the

sampling length of each extrudatéiqure 4-7), prepared with standard metallographic techniques,
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Optical microstructure characterization of the homogenized billets and extrudates was done by co

workers at UBJ43, 17] Figure4-8 shows the starting grain structure of tisecast billet. Average

grain size of 73um was measured by Graj§lgs. It wasobserved that the homogenizatidoes not

affect the grain structure so that the homogenized structure would have the same grain size that as

cast sructure has.

To measure the thickness of the transverse weld the extrudate was sectioned at different positions,

polished

and

etched for

60

seconds

usi n,d75Poul tonbd

mL water) and digital images were taken usimg optical microscope with variable lightning filter to

see the contrast between the clad layer and the extrudate. Measurements of transverse weld thickness
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for thethird series of trialsTable4-3) was performed by eworkers & ARDC [103] using the same

procedure but the etchant of HF 0.5% solution.

Figure 4-8 Polarized light micrograph showing the starting grain structure of the ascast billet[17].

4.1.2.2Electron Back Scattered Diffraction (EBSD) microscopy and data analysis

To better investigate the deformed microstructure in terms of grain dimensions and subgrain size,
Electron Back Scattered Diffraction (EBSD) microscoyas performed on asxtruded samples that

were distinguished to be unrecrystallized by optical microscbaigle 4-4 shows the list of samples
selected for EBSD analysis. EBSD microscopy was perforameifferent positions from center to

the surface of each sample to investigate the possible microstructural transitions through the extrudate
radius. This work wasahe using the FESEM system available at Manchester University in the

UK. Some other EBSD work was also completed byvookers at UB(J17].

Table 4-4 Samples selected for EBSDrelysis

Sample Extrusion Homogenization Billet temperature Ram speed
number ratio condition (°C) (mm/sec)
#1 17 550°C for 8 hours 400 8
#2 70 550°C for 8 hours 400 2
#3 280 550°C for 8 hours 400 2
#4 70 500°C for 8 hours 500 2
#5 17 550°C for 8 hours 500 8
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The EBSD scans were done in a CAMSCAN Maxim F&EEM instrument that was equipped
with HKL Channel 5 EBSD acquisition system. The step sizes of 0.2 and 0.4 pm were used to
observe the subgrain and grain structures, respectively. EBSD maps ograsfigb0,006a1,250,000
pixels were theranalyzedoy VMAP, an inhouse software packad£04]. To avoid fake boundaries
from Aorientation noiseo in heavily deformed stru
ignored.In this work boundaries with misorientation between 2° and 15° were defined as Low Angle
Grain Boundaries (LAGB) and those with misorientation greater than 15° were defined as High
Angle Grain Boundaries (HAGB).

The sampling plane was parallel to extrasitirection and passing through the center of extrudate
to cover the whole radiugtigure 4-9 shows a schematic of sectioned extrusion sample and the
locations of EBSD scans. EBSD sample preparation was perfousied a Struers automatic
polishing machine and included:

1 Grinding on standard silicon carbide (SiC) paper from grade #600 to #1200.
1 Polishing on 3 um diamond cloth to remove scratches from the grinding.
9 Polishing with OPS colloidal silica suspension &b g high quality finish.

Addi ti onal EBSD at UBC wa s-SEMequipmed witk the GEBIININng Ze i s s
column and EDAX DigiView IV EBSD Camera. Data was collected using EDAX TSL Orientation
Imaging Microscopy (OIMTM) Data Collection software and processed using EDAX TSI @
Analysis 6[17].

2HKL Channel 5 is a trademark of Oxford Instruments plc.
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Figure 4-9 Locations on longitudinal section of extrusion sample chosen for EBSD analyses.

4.1.2.3Electrical resistivity measurement

Conductivity measurementgere performed on samples before and after extrusion and converted to
resistivity. This was done to assess how much precipitation occurred during the extrusion process.
The measurements were performed using a Sigrfia2e869 made by Foerster Instruments.™

with absolute accuracy of -©.5% and resolution of 4.1 at the frequency of 60 kHZ05]. The

device was calibrated prior to each set of measurements and the measured electrical conductivity was

converted to electricaksistivity using the Equaticshownbelow.

4-1

p T
m —
r

Wheremi s el ectri cal [ éelécsidalicanduttiyityin MS/m.qm and

4.2 Mathematical Model

4.2.1Thermo-mechanical Model

The commercial finite element (FE) packages DEFGEM and DEFORM3D were used to
mathematically model the extrusion process. DEFGEMwas used to model the extrusion of the
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round bar extrudate which has an axisymmetric geonzetdyDEFORM3D was used to model the
extrusion of the -beam profile. The codes are based on the flow formulation approach using an
updated Lagrangian procedure. The choice of FE package to use was dictated by two factors: 1) the
requirement that it couldhodel the largescale plastic deformation associated with extrusion (with the
ability to remesh), and 2) the need to predict loads over the entire range of the extrusion process (i.e.,
under both the transient stanp phase, followed by steadyate).

Figure4-10 shows a schematic of the billet extruded into-fiedm section and the mesh used in
the billet, extrudate and tooling. Due to existence of two symmetric planes in the geometry of the
model, only one quarter of the extrusion geometry (shaded r@giBigure 4-10 on the left) was
simulated to save computational tinkégure4-11 shows the schematic of the 2D round bar extrusion
model and the mesh used. In this study, the model consisted of feetsoto be simulated and
included: the billet, ram, container, feeder plate, andFlgure 4-10 also shows the location of the

thermocouple at the midpoint of the die bearing length, which was used to measure the surface

tempeature of the extrudate during the extrusion trials.
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Figure 4-10 Schematic showing the billet being extruded into an-beam sectiorshowing Solid model of the billet and

I-beam (left) and mesh used in th container, billet and Fbeam (right).
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Figure 4-11 Schematic showing the billet being extruded into a round bar: secti@d solid model (right), and FEM

mesh used in the billet and tooling (left).

Since there is large plastic deformation associated with the process, the billet material was
assumed to behave as a rigidcoplastic material. Whereas the other objects were defined as being
rigid during deformation; only the billet was involved in deformatio which the flow formulation
applies. In order to get a reasonable combination of accuracy and speed, the mesh density was
optimized spatially (finer near the die, and coarser away from the die) and dynamically during the
extrusion simulation based ohnet gradient of the strain rate and strain being experienced so that the
mesh density would be higher in regions with localized deformation. Consequently, there were three
criteria to determine relative mesh density for a given location; relative meshkihécteis applied by
defining windows with specific mesh size, strain rate gradient and strain gradient. A weighting factor
was specified to each criterion that shows the priority and effectiveness of that criterion in
determination of mesh density. In thi®rk weighting factors of 0.7, 0.2 and 0.1 were used for mesh
windows, strain rate distribution and strain distribution, respectifédyire4-12 shows typical mesh

size distribution for 2D and 3D extrusion models near thedalieer.
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Figure 4-12 Typical mesh resolution distribution at the die corner for (a) fbeam and (b) Rod extrugon with

extrusion ratio of 70.

4.2.1.1Finite Element formulation
For the theam extrusion the 3D geometry of the model diasretized into a series of fonpode

tetrahedral elements and for the round bar extrukiegeometry was modeled as a 2D axisymmetric
extrusion seup with a series of founode, quadrilateral elementsigure4-10 andFigure4-11). For

both 2D and 3D models linear and isoparametric elements were used.
The FEM formulation in DEFORM is based on minimum work rate principle that can be shown

by Equatiord-2. This equation is determined using the variational method for solving the work rate

equation. To remove the incompressibility constraint, the penalty method ifpuds&8]

1A J-Ro 0 -17-Qo €171Q°%Yn 4-2

Where_ ,1 -Rais the variational form of the work done by body forces or the plastic work,
. €171'Q" the term for sudce traction work and . - 1 - ‘Q arepresents the change in volume

that is multiplied with a very large positive constafitwhich is called the penalty const§@t]. This
number is usually chosean be larger than £@o ensure that the volume change or volumetric strain
rate,- , remains negligible. Using a very large numberKowill cause convergence problems and

hence increase the numerical calculation ii®. In this workK was chosen to be 10

Because of nofinearity of the plastic deformation formulations, Equatidf®2 which is

formulated in terms of nodal velocity, can beegrated usinghe NewtorRaphson numerical
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integrdaion method. Convergence criteria were based on both velocity and force convergence with a

velocity error limit of 0.001 and force error limit of 0.01.

For the thermal part of the problem, the thermal energy balance equation is used. It is assumed
that theonly heat source inside the body is heat generated from plastic deformation. Using the
divergence theorem and finite element formulation the energy balance equation can be written in

following form [97]:

M £ CE 43

Where'Ais the heat capacity matri&,js the heat conduction matrisgis the heat flux vecton
is the vector of nodal point temperatures, gni$ the vector of naal point temperature rates. The

heat flux has several components and can be written as below inNisi¢hterpolation function:

E o —,-TRo  , -Y YERY QY "YRI
4-4
QY YR [

The first term in right hand side is the heat generated by plastic deformatienisride heat
generation efficiency and represents the faactf the mechanical work that is converted to heat.
Only a small part of the plastic work is stored in the material and the rest of it generally converted
into heat. After some level of strain the material can no longer store the plastic workemdins
close to 1.0 for the rest of deformati¢h06]. The critical strain at which this occurs for some
aluminum alloys (AA2024) is reported to be in order of [A@6]. Because of the very large amoun
of deformation taking place in the material, it was assumed that all of the mechanical work done
during deformation was converted to heat. The second and third terms are the heat transferred from
the environment through radiation and convection, thecsiptse and s (in T, and Ty) stand for
environment and surfac&he fourth term is the heat transferred from the die to the workgigeed
T, are temperatures of the die and workpiece surface, respectively, and the last term is the heat

generated by iction at the dieworkpiece interface.

The thermal equation is also ntnear which was also solved numerically using the Newton

Raphson iteration method with an error limit of 0.00001.
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Deformation and thermal equations are solved for each time stefnem#w values for nodal

coordinates, velocities and temperatures are initial values for the next step.

4.2.1.2Material properties

In this work the physicalipased constitutive model developed by Kocks and ¢88hshown in
Equation 4-5 was used to capture the temperature and strain rate dependency of the material as it is
being deformed as well as the influence the chemistry and homogenization treatment had on the flow

stress of the material:

N ¢ |
T 0T 2 eN ey o
Where,l is the stres<G is the temperature dependent shear modulissthe stress exponentijs
the strain ratek is the Boltzman constant, is the deformation tempature,b is the temperature
dependent magnitude of the Burgers ved@ris the activation energy for diffusion of the diffusing
speciesRis the gas constamyandn are material constants that were calculated based on the starting

chemistry and homogization treatmenfll1]. Values and units of parameters used in Equatibn

are listed inTable4-5 [11].

Table 4-5 Values and units of parameters used in Equatiod-5[11].

Parameter value Unit
8H500 8H550 24H600
A 4.87x10" 1.04x10% 5.51x10°°[17]
n 10.5 9.7 8.1
Qq 211.4 kJ-mol*
G GPa
Y wo6,JO0 ¢@&"006—— T
@300°C @400°C @500°C @600°C
° 0.291 0.292 0.293 0.295 m
k 1.3806%10°° Pa-m-K*
R 8.314 J-K"-mol*
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Thermophysical properties used for the billet (AA3003) and container, die and dummy block

(H13 tool steglused in the model are shownTiable4-6 for thermal conductivity and emissivity and

in Figure4-13for volumetric heat capacity.

Table 4-6 Thermophysical properties used in the mode]107].

_ Thermal conductivity Emissivity
Material _—
(W.m~.K™)
AA3003 180.2 0.5
H13 24.5 0.7
8000
- --H13 e
¥ o0 | —a3003 -
£ e
2 /
2 4000 - L
(%) -~
o -
g /
S
-Ir-& 2000 A
(<]
-
0 T T T T
0 200 400 600 800 1000

Temperature (°C)

Figure 4-13 Volumetric heat capacity change®ver the temperature for the billet (AA3003) and tooling material

(H13) [107].

4.2.1.3Boundary and initial conditions

Friction conditions and the heat transfer coefficient between the billet and tooling are two important

boundary caditions that play major roles in extrusion both from a modeling and also from an

industrial point of view. Because of high temperature and inevitable large hydrostatic pressure inside

the container as well as no lubricant usage, there is almost no conttbk friction conditions

between the billet and container, and the billet and the feeder. The friction condition at these

interfaces (boundaries #1 and #3Figure4-14) is considered to be sticking with almost no relative

movement of billet on the container surf468].
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To model the friction between the dummy block and the billet (boundary #2) and also between
the extrusion and the bearing part of die (boundary #4), an interface shear famachppas used

as shown inhe Equation shown below

fs=mk 4-6

Wherefs is the frictional stressk is the sheaflow stress of the material amd is the interface

shear factor which was considered to be 1.0 in this work.
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Figure 4-14 Boundary numbering and directions of heat transfer inside tooling

The heat transfer coefficient (HTC) between the billet and tooling was assumed to be 2B kWm
1 [57] and the convection coefficient of air to have asrage value of 0.02 KWAK™[107, 108] In
Equation4-4, HTC and convection coefficient of air is shownlyy andh respectively. The initial
model parameters were set to follow those of the experimental extrusionRoiated extrusionthe
initial temperature of the ram was set to 250°C for alld@gns andthe initial temperature of the
container, die and feeder were set to 350°C, 400°C and 480°C for billet temperatures of 350°C, 400

and 500°Crespectively For l-beam extrusion the initial temperature of tool{egntainer, die and
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feeder)wasset to 450°C for all conditionand the temperature of the ram was set to 250°C for all

simulations.

4.2.1.3.1Postextrusion quench: evaluation of HTC in the quench bath

Evaluation of the post extrusion cooling rate is an important issue in modeling the thistorsl df

the material. As mentioned earlier, there is a water quench bath placed after the die to quench the
extrudate. In this work, it is assumed that a constant average surface heat transfer coefficient (HTC)
could be used to quantify the heat trandfetween the water quench and the extrudate. This is
obviously a simplification since boiling water heat transfer will occur however during the quench but
will provide us with an overall average rate of heat transfer in the bath. To evaluate the HTC in the
quench bath the temperature change was calculated for different values of HTC and the value which

gives the best fit with experimental measurement was chosen.

Figure 4-15 shows the predicted temperature changes at the surfdhe ektrudate during the
water quench followed by air cooling after the quench. Different HTC values of 6, 7 and 86N/m
were used in the thermal model and the results were compared to experimental measurements. As
shown inFigure4-15an HTC of 8 kW/r°C shows the best fit with experiment so that this value was
taken for calculation of temperature change of extrusion inside the quench bath. The convection
coefficient during the air cool portion of the quench was assumed to haaeeeage value of 0.02
KWm?K*[107, 108]
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Figure 4-15 Predicted temperature change at the surface of the extrudate during the water quench and subsequent

air cooling with different HTC values, compared to experimental measurement (ram speed = 32 mm/sec).

4.2.1.4Mesh size sensitivity

All FEM models are sensitive to mesh size, but as long as the element size is appropriate with respect
to the time step size, spatial effegbu want to resolve, the magnitude of the velocity and distribution

of the strain rate, accurate results can be obtalfigdre 4-16 shows the effect of the minimum
element size in the deformation zone (near the die corner) on the distribution of strain. The mesh sizes
of 0.15, 0.25 and 0.5 mm (mentionedHRigure 4-16) corresponds to element size at tiie corner

and at the center parts of the die the mesh size is about 5 times larger. As shown in the diagram, the
effect of mesh size has a minimal effect on the accumulated effective strain predictions except close
to the surface. These results are fribra early stages of the simulation for an extrusion ratio of 70
extruded at 500°C.
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Figure 4-16 Effect of minimum element size on distribution of accumulated plastic strain

To determine the mesh sensitivity of the model close to the surface, a number of simulations were
carried out with different mesh sizes (0®25, 0.15, 0.1 and 0.07mm) at the die corner where the
smallest element size was defined due to highest gradient of velocity and strafigate4-17a
shows the effect of mesh size at the die corner on the extrusionTloadsecondary vertical axis
shows the normalized values that are calculated by dividing the predicted load by 3.32hiIN
calculated load for the smallest mesh size (0.07 mm). As observed when using small enough elements
at the die corner the model errdue to mesh size can be reduced to less than 1%. As shown in
Figure4-17b, a decreasing mesh size causes the computation time to simulation the whole extrusion
cycle for one billet to increase dramatically from a couple of days using a mesh size of 0.5mm (near
the die corner) to more than a year using a mesh size ah0The time for small mesh sizes (0.15,

0.1 and 0.07 mm) was estimated by determining the time needed for a given ram stroke and
calculation of the time needed for the complete ram stroke assuming linear relation between the ram
stroke and time. Hence ampromise is needed that reflects the need for accurate results that can be

produced in a timely manner. For our simulations we used a minimum mesh size of 0.25mm near the
die corner and a maximum size of 6mm nearcén@erof the billet. For the-beam &trusion, due to

low thickness of extrudate, smaller mesh size was used at the die corner (<0.1 mm).
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Figure 4-17 Effect of mesh size at the die corner on (a) the predicted extrusiordd (at 50% extruded), and (b)

computation time for simulation of extrusion of the whole billet.

4.2.2Experimental validation of FE model

To validate the model, load/temperature predictions during extrusion were compared to measured
data acquired during the exsion trials. InFigure4-18 andFigure4-19, it can be seen that the model

is able to capture both the transient breakthrough phase and the following steady state regime well
relative to the measurements made (within 5% for load and 3% for tempei@twases shown in
Figure4-18 andFigure4-19).
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Figure 4-18 Round bar extrusion (2D model)- comparison between model predictions (lines) and measurements
(symbols) for extrusion load and temperature (a) billet temperature = 400°C and ram speed=2mm/s, (b) billet
temperature = 500°C and ram speed=32mm/s, (for both cases exdran ratio= 70, billets homogenized at 550°C for 8

hours and minimum mesh size=0.25mm.
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Figure 4-191-beam extrusion (3D model} validation of simulation results for: (a) Extrusion load and (b)

Temperature (Homogenization treatment prior to extrusion: 550°C for 8h, Extrusion temperature = 550°C).

The initial difference between the measured and predicted surface exit temperature arises due to
the difference between the initial temperature used in the model (which is set to the billet preheat
temperature) and the actual temperature of the die close to the positlun tbEtmocouple at the
beginning of the extrusion. As shown in the figure, during the steady state part of the extrusion, the

predicted temperature is in good agreement with the measurements.
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Due to the billet/container clearance, initially the billet teabe upset to fill the container before
extrusion can commence. Assuming that the bthekugh (when the extrusion starts to exit the die)
takes place when the billet fills in the die, the manually calculated ram stroke forthreagh is
16.3 mm. Theretically, the maximum load happens immediately after the Hieakigh. The
predicted stroke for maximum load shownFigure 4-18 is 16.5 mm which is in good agreement

with manual calculations.

Figure 4-20 shows the capability of the 2D FEM model to predict the extrusion load over the
range of extrusion conditions outlinedTiable4-2 by comparing the predicted and measured loads at
a ram position of 50% of the whole billet. As shown in the figure the difference of predicted load
from measured values fall within-£1% of the measured load, with the average differeneg. 4%

and average absolute difference of 5.3%.
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Figure 4-20 Graphical comparison of predicted and measured extrusion load for different conditions listed in

Table 4-2, at a ram stroke where 50% of billet is extruded

4.2.3Postprocessingof FEM results

4.2.3.1Point tracking using DEFORM post-processor
The preliminary results from the FEM model were gmsicessed to get more interpretable data such

as the flow pattern, temperature history aactumulated plastic strain. Techniques were also
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developed to use the FEM mogekdictionsin conjunction with an algorithm to predict changes to

the grain shape and increases in the grain boundary area and how these varied spatially during
extrusion. Pst processing was also needed to extract the appropriate thermomechanical history data
for use in the microstructure model equations. The first step in the post processing of the FEM results
was tracking different pointhroughthe velocity field from thebillet during extrusion and into the

final extrudate. The spatial locations of the tracked points were selected so that the entire cross
section of the extrudate was included and these were therirbakikd into the original billet. Baek
tracking was doa using the DEFORM post processor point tracking tool.

4.2.3.2Grain shapecalculation
Figure4-21 shows the flow paths of different points in the round bar extrusion and also the schematic
of the method used for calculation of gralmickness after the extrusion. It is assumed the original

unreformed grains are spherical.

In this work a simple but effective method has been used to calculate the thicktiesgrains
after the deformation. In order to avoid complexity that arise frracking of strain components,
element rotation and the effect of remeshing, the thickness of the deformed grains are calculated
based on the distance between two adjacent tracked points before and after deformation. As the
number of grains between th&o points remains unchanged during the deformation, an estimate of
the final thickness of the deformed grains can be dsirgy the Equation shown below

"0 aOIR® Qe QD |

51 OO0 GiRy GO ad

Where D is the distance between two adjacent tracked points before deformation and d is the
distance between those points after the deformakauie 4-21). The original grain thickneswas

measured experimentally, so the only unknown parameter in the Eqdefiaa the final grain

thickness.
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Figure 4-21 Flow pattern for different points that all go to the same section in the extrudate and blowps showing

the schematic of original shape and arrangement of initially spherical grains before and after the deformation.

During axisymmetric extrusion, the three principal strains are approximately dlirdution of
the cylindrical coordinate system axis @r,z). Hence, the width and the length of deformed grains
can be estimated as follows:

"0QE"d awidRQO |

51 000 embd D 48

Wherei andi are final and original coordinates in the r directibnaddition, usingvolume

constancy the final length of the grain is:

"0'Q¢ "G ad@ €000 Q
01 "QQVE @WiEIRG O

i
8 T 4-9

The same method was used to estimate the grain dimensions in 3D(neoddleam extrusion)
after converting the Cartesian coordinates to Cylindrical coordinates using the Equations shown

below:
O nmH &® , U 4-10
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