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RESUME

Les séries 1xxx des alliages daluminium sont laeyg utilisées pour des
applications ou une excellente aptitude au formepele la conductivité thermique et
électrigue sont nécessaires, tels que les tubelsatigeur de chaleur et les cables coaxiaux
de revétement. La demande pour une productivitééélg@endant le traitement conduit a
une augmentation de l'aptitude au formage a chaodr gournir une contrainte
d'écoulement faible avec les propriétés mécanifjnates souhaitées. Commercialement,
les billettes coulées sont généralement homogénéigént I'extrusion ou le laminage a
chaud, afin d'améliorer leur fluidité et leurs miépes mécaniques. Cependant, les travaux
de recherche antérieurs restent limités au sujet I'dfficacité du traitement
d'’homogénéisation dans la production des alliagesx.1De plus, aucune étude
systématique de l'influence des différents élémetdafliage (Fe, Si, Mn et Cu) sur le

comportement de déformation a chaud des alliadaéadi Al-Fe-Si est disponible dans la

littérature.

Dans la présente étude, l'effet des différents é@hdsnd'alliage ainsi que le traitement
d'homogénéisation sur le formage a chaud et laostiarcture des alliages dilués Al-Fe-Si
ont été étudiés en utilisant des tests de compressthaud, la microscopie optique, SEM,

EBSD, TEM, ainsi que les mesures de conductivaétafue.

L'effet du traitement d’homogénéisation sur la pstucture et le formage a chaud de

deux alliages diluées Al-Fe-Si a été étudiée. L'bgéméisation a favorisé la transformation



de phase a partir de la phase métastable AlImFe-AliFeSi vers la phase d'équilibre
Al3Fe, et induit un changement significatif des @amtrations de soluté dans la solution
solide. L'homogénéisation a 550 ° C a significatieat réduit les niveaux de solution
solide en raison de I'élimination de la sursatoraten provenance du lingot coulé et a
produit une contrainte d'écoulement plus basse wuss les conditions de déformation
étudiées. Une augmentation de la température dténéisation de 550 a 630 ° C
augmente la contrainte d'écoulement de 10 a 23¢e €5 a 45% pour les alliages Al-
0.3Fe-0.1Si et Al-0.3Fe-0.25Si, respectivement, sdda plage des conditions de

déformation examinées.

Le comportement a la déformation a chaud des eliatjluées Al-Fe-Si contenant
diverses quantités de Fe (0,1 a 0,7% en poids) @ 5a 0,25% en poids) a eté étudié par
des tests de compression uniaxiale réalisés adfities températures (350-550 °C) et des
vitesses de déformation (de 0,01 a 10 s-1). Laramné d'écoulement des alliages 1xxx
augmente avec l'augmentation de la teneur en $e Eaugmentation de la teneur en Fe de
0,1 a 0,7% a augmenté la contrainte d'écoulemeritlda 32% dans les alliages Al-Fe-
0.1Si, tandis que la contrainte d'écoulement a anggnde 5 & 14% lorsque la teneur en Si
est portée de 0,1 a 0,25% dans les alliages AF@-5i. Les données de contrainte-
déformation expérimentales ont été utilisées padrivdr les équations constitutives en
corrélation entre la contrainte d'écoulement, tapérature de déformation et la vitesse de
deformation, compte tenu de linfluence de la cositpon chimique. Les résultats de
l'analyse de la microstructure a révélé que le vemment dynamique est le seul

mécanisme de ramollissement lors de la déformationaud des alliages diluées Al-Fe-Si.



L'augmentation de la teneur en Fe et Si a retardédouvrement dynamique et a entrainé

une diminution de la taille des sous-grains etedgéisorientation des joints des grains.

En outre, le comportement en déformation a chdesl alliages dilués Al-Fe-Si
contenant diverses teneurs en Mn (0,1 et 0,2% &s)pet en Cu (0,05, 0,18 et 0,31% en
poids) a également été étudié. Il a été constaél@unanganése et le cuivre en solution
solide ont une influence significative sur le fogeaa chaud des alliages dilués Al-Fe-Si.
Sur une base de pourcentage massique, le Mn peésereffet de renforcement plus fort
par rapport au Cu. Les énergies d'activation pautéformation ont été calculés a partir de
données expérimentales pour tous les alliageséstudivec I'ajout de 0,2% en pourcentage
massique de Mn, I'énergie d'activation augmentéédeet 176 kJ / mol, a faible Fe (0,1%
en pourcentage massique) et de haut Fe (0,5% engmdage massique) Les alliages a base
de 181 et 192 kJ / mol, respectivement. L'additienCu jusqu'a 0,31% en pourcentage
massique n'a que légérement augmenté |'énergiivdiaan de faible alliage a base de Fe
de 161 a 166 kJ / mol. La diffusion du soluté aegtant que mécanisme de controle des
taux de déformation dans ces alliages dilués. Uksges contenant du Mn ont une
contrainte d'écoulement plus €levée et une éndtgativation plus élevée en raison de la
vitesse de diffusion considérablement plus faitdasdl’aluminium de Mn par rapport aux
alliages contenant du cuivre. Une addition de MrCeta aussi retardé le recouvrement
dynamique et a généré une diminution de la tdi#e sous-grains et une désorientation des

joints de grains.

En outre, sur la base des données expérimentadessdais de compression a chaud,
un modele base sur les réseaux de neurones aftfiai été développé pour prédire le

comportement en écoulement a haute températuréalliages Al-0.12Fe-0.1Si-Cu en



fonction de la composition chimique (avec difféeenteneurs en Cu de 0.002-0.31 en
pourcentage massique) et les parametres de prddaddé&seau de neurones de type back-
propagation a trois couches avec 20 neurones datmuthe cachée a été établi dans cette
étude pour prédire le comportement de I'écoulengent'alliage Al-0.12Fe-0.1Si avec
différents niveaux de Cu (0.002-0.31 en pourcentagssique) a différentes conditions de
déformation. Les parametres d'entrée étaient keureen Cu, la température, la vitesse de
déformation et la contrainte, tandis que la contead'écoulement constitue la sortie. La
performance du modele proposé a été évaluée a tasl différents parametres statistiques
classiques. Un excellent accord entre les résutbgpgrimentaux et prédits a été obtenu.
L'analyse de sensibilit¢ a indiqué que le taux déorthation est le paramétre le plus
important, tandis que la teneur en Cu présentatinifluence modeste mais significatif sur
la contrainte d'écoulement. Le modele ANN proposgsdcette étude peut prédire avec

précision le comportement de déformation a chasdatmges Al-0.12Fe-0.1Si.



ABSTRACT

The 1xxx series of aluminum alloys are widely uded applications in which
excellent formability and thermal and electricahdactivity are required such as heat-
exchanger tubing and coaxial cable sheathing. madd for high productivity during
processing leads to the requirement for an increabet workability to provide low flow
stress with desirable final mechanical propert€emmercially, D.C cast billets are
typically homogenized prior to extrusion or rolling improve hot workability and
mechanical properties. However, there is very Bahiprior work on the effectiveness of the
homogenization treatment in 1xxx alloy productioRurthermore, no systematic
investigation of the influence of different allogielements (Fe, Si, Mn and Cu) on the hot

deformation behavior of dilute Al-Fe-Si alloys a#lable in the literature.

In the present study, the effect of different alhgy elements as well as the
homogenization treatment on the hot workability anttrostructure of dilute Al-Fe-Si
alloys was investigated using hot compression ,tegiical microscopy, SEM, electron

EBSD, TEM, electrical conductivity measurements.

The effect of the homogenization treatment on tihe@aestructure and hot workability
of two dilute Al-Fe-Si alloys was first investigadteHomogenization promoted the phase
transformation from the metastable &b or a-AlFeSi phase to the AfFe equilibrium
phase and induced a significant change in soluteldein the solid solution.

Homogenization at 550°C significantly reduced thadids solution levels due to the
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elimination of the supersaturation originating froine cast ingot and produced the lowest
flow stress under all of the deformation conditiostudied. An increase in the

homogenization temperature from 550 to 630°C irsgdahe flow stress by 10 to 23% and
15 to 45% for the Al-0.3Fe-0.1Si and Al-0.3Fe-0.R&oys, respectively, over the range

of deformation conditions examined.

The hot deformation behavior of dilute Al-Fe-Siogs containing different amounts
of Fe (0.1 to 0.7 wt%) and Si (0.1 to 0.25 wt%) sasdied by uniaxial compression tests
conducted at various temperatures (350-550 °C)sar&in rates (0.01-10"% The flow
stress of the 1xxx alloys increased with increadgtegand Si content. Increasing the Fe
content from 0.1 to 0.7% raised the flow stressliy82% in Al-Fe-0.1Si alloys, whereas
the flow stress increased 5-14% when the Si conteméased from 0.1 to 0.25% in Al-
0.1Fe-Si alloys. The experimental stress-straira detre employed to drive constitutive
equations correlating flow stress, deformation terajure and strain rate considering the
influence of the chemical composition. The micrestural analysis results revealed that
dynamic recovery is the sole softening mechanisnngwot deformation of dilute Al-Fe-
Si alloys. Increasing the Fe and Si content rethrdignamic recovery and resulted in a

decrease in the subgrain size and mean misorientatigle of the boundaries.

Furthermore, the hot deformation behavior of d@iluil-Fe-Si alloys containing
various Mn (0.1 and 0.2 wt%) and Cu (0.05, 0.18 am@l wt%) contents was also
investigated. It was found that both manganese @mper in solid solution have a
significant influence on the hot workability of die Al-Fe-Si alloys. On a wt% basis, Mn
exhibits a stronger strengthening effect compaedCu. The activation energies for

deformation were calculated from experimental dataall the alloys investigated. With a
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0.2 wt% Mn addition, the activation energy increhfem 161 and 176 kJ/mol for low-Fe
(0.1wt%) and high-Fe (0.5wt%) base alloys to 188 482 kJ/mol, respectively. The
addition of Cu up to 0.31 wt% only slightly incredsthe activation energy of low-Fe base
alloy from 161 to 166 kJ/mol. Solute diffusion attas the deformation rate controlling
mechanism in these dilute alloys. Mn containingyalhave higher flow stress and higher
activation energy due to the considerably lowerfudibn rate of Mn in aluminum
compared to Cu containing alloys. An addition of kimd Cu also retarded the dynamic
recovery and resulted in a decrease in the subgragnand mean misorientation angle of

the grain boundaries.

In addition, based on hot compression tests, aficatt neural network model was
developed to predict the high temperature flow badreof Al-0.12Fe-0.1Si-Cu alloys as a
function of chemical composition (with Cu conterdé 0.002-0.31wt%) and process
parameters. A three-layer feed-forward back-propagartificial neural network with 20
neurons in a hidden layer was established in thidysto predict the flow behavior of Al-
0.12Fe-0.1Si alloy with various levels of Cu adufti (0.002-0.31wt%) at different
deformation conditions. The input parameters ware@ntent, temperature, strain rate and
strain, while the flow stress was the output. Tkefggmance of the proposed model was
evaluated using various standard statistical patiensieAn excellent agreement between
experimental and predicted results was obtainedsifaty analysis indicated that the
strain rate is the most important parameter, wthite Cu content exhibited a modest but
significant influence on the flow stress. The ANNboael proposed in this study can

accurately predict the hot deformation behaviofAled.12Fe-0.1Si alloys.
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INTRODUCTION

1.1 Background and problem definition

Wrought 1xxx series aluminum alloys are used inidewange of applications and
product forms where excellent formability, corrasisistance and electrical and thermal
conductivity are desirable such as foil and stap gackaging and heat-exchanger tubing,
cable sheathing and fin stock [1, 2]. In generbkse products are hot deformed by
extrusion or rolling from direct chill (DC) castlleits or ingots. To reduce production cost,
high processing rates, which are controlled pritpdoy the flow stress, are desirable. The
hot working characteristics of the cast billet mgat have a significant influence on the hot
forming process, which in turn are determined by ltiiilet or ingot’s microstructure and

hot deformation regimes [3, 4].

Commercially, DC cast billets or ingots are typigdlomogenized prior to extrusion
or rolling to improve hot workability and mecharigmoperties [5, 6]. In many cases, the
hot workability can be optimized by proper selectiof the homogenization method
applied to the cast materials [7]. However, thereary limited information in the literature

on the effectiveness of the homogenization treatnmeiixxx alloy production.



Commercial 1xxx aluminum alloys exhibit higher sigéh and work hardening than
high purity aluminum. The main alloying additioms,controlled impurities, in these alloys
are Fe and Si. Typically, the levels of iron anecsn in a specific alloy are controlled to
give the required performance such as strengtmdbility or corrosion resistance. This
can result in many commercial variants existinghimita given AA specification. Many
believe that the metallurgical performance of Lxafloys is determined by the solid
solution levels of Fe and Si and the second phas#icies type, morphology and
distribution [5]. Zhao et al. [8] reported that &ed Si play a major role in the strength and
work hardening of commercial 1xxx alloys and thhe tcontribution from the other
impurities is negligible. McQueen et al. [9-11] ctuded that dynamic recrystallization
(DRX) could not occur in commercially pure aluminyixxx alloys) and that dynamic
recovery (DRV) was the sole restoration mechanisming hot deformation. Although a
few researchers [9, 11, 12] have studied the hioaation behavior of commercially pure
aluminum, no systematic investigation of the infloe of different Fe and Si contents on

the hot deformation behavior of dilute Al-Fe-Siogi is available in the literature.

An alternate approach to gain strength in a speeifioy is to add other alloying
elements such as manganese and copper for sogit@mgthening. Mn is normally added
to aluminum in order to control dynamic softeningpqgesses. Generally, Mn in the
presence of other elements of low solubility suchimn and silicon, forms coarse
constituent particles and fine dispersoids thavesexs obstacles against grain boundary
migration and dislocation movement [13, 14]. But Iso has a significant influence on

the strength of aluminum alloys when presents iid solution [13]. Copper as alloying



element is often added to improve the aluminunmgtie[1, 15]. However, additions of Cu
more than 1.1% result in formation of coarse inwatlics during casting which can
establish initiation site for corrosion. Consideyithe role of the large copper containing
intermetallics in corrosion, the most recent wohHows rather an improved corrosion

resistance, when the copper remains in solid swiyfi6].

A number of studies have been performed on thed silution strengthening of
materials [5, 13, 17, 18]. Solute addition resuttgetardation of dislocation movement,
enhancing the rate of dislocation multiplicationdarestriction of dynamic softening
processes [5, 19]. The size and shear modulugeliifes between solute atoms and solvent
matrix both have significant impact on the streegihg effect of solute elements [17, 20,
21]. Normally, the size effect is strong, which guoes an attractive force between the
solute atoms and the dislocation cores [21]. Theashmodulus difference becomes
significant when the solvent and solute atoms skowilar sizes [21]. Spittel et al. [20]
showed that 1% Mg with higher atomic radius differe, increases the flow stress of
aluminum more significantly than 1% Cu with a sreatitomic radius difference. Ryen et
al. [13] revealed that both Mg and Mn in solid ¢mlo give a nearly linear concentration
dependence of strength for commercially pure alumiralloys. Although, due to the
clustering effect between Mn and trace elemenwlid solution, Mn gave a considerably
higher hardening effect per atom compare to Mg.ri8het al. [22] studied the effect of
trace amounts of iron addition on the creep belmadiothe pure aluminum and found that

the creep rate is controlled by the rate of soatten diffusion in the subgrain boundary



region. However, a systematic investigation onefiect of different Mn and Cu contents

on the hot deformation behavior of 1xxx aluminutoyd cannot be found in the literature.

In the first two parts of present study, systemadgearch work was carried out to
clarify the effects of homogenization treatmentwadl as Fe and Si content on the hot
deformation behavior of dilute Al-Fe-Si alloys. Thehe impact of Mn and Cu elements on
the hot workability of these alloys was investighteith the long term view of optimizing

1xxx alloy design for strength and hot processgbili

Finally, the capability of the artificial neural meork (ANN) approach to predict the
high temperature flow behavior of Al-0.12Fe-0.1%i-@lloys was examined as a function
of chemical composition and process parameters.flblae behavior of materials is very
important for the design of hot-forming processe® do its substantial impact on the
required deformation load as well as the kinetids neetallurgical transformations.
Traditionally, the trial and error method has beemployed to optimize the
thermomechanical processes. To overcome the hugberuof tests required to achieve a
reliable conclusion in the trial and error practi@édNN provides an efficient modeling
approach that permits a significant reduction & pnoduction cost. Recently the ANN has
been successfully applied to model the high tentpexdlow behavior of stainless steels
[23], aluminum alloys [24, 25], magnesium alloys]2titanium alloys [27, 28] and Al-
base metal matrix composites [29]. To date, no ANbddel has been found to include the
effect of both chemical composition and deformatraniables simultaneously in aluminum
alloys. In the present study, an ANN model has leposed to predict the flow behavior

of the AI-0.12Fe-0.1Si alloy with various levels @fu addition (0.002-0.31wt.%) at



different deformation conditions. Sensitivity areb/was carried out in order to quantify
the relative importance of the Cu content and iidial deformation variables on the high

temperature flow stress.
1.2 Objectives

This research project is divided in four parts. Disgectives of each part are detailed

as follows:

1) Effect of homogenization treatment;

a) Investigating the effect of the homogenization paeters on the
intermetallic phase transformation and solid solutievels of Al-Fe-Si
alloys.

b) Improving the hot workability of 1xxx alloys throbgadjusting the
optimum homogenization conditions.

2) Influence of iron and silicon contents;

a) Systematically studying the effect of iron and caih contents and
deformation variables on the hot workability ofudd Al-Fe-Si alloys.

b) Developing proper constitutive equations to coteeldlow stress,
deformation temperature and strain rate considdteginfluence of the
chemical composition.

c) Investigating the effects of the deformation coiodis and the chemical
composition on the microstructural evolution durimgt deformation of

dilute Al-Fe-Si alloys.



3) Effect of minor additions of Mn and Cu;
a) Assessing the impact of Mn and Cu minor additionstiee flow stress
and activation energy of 1xxx alloys.
b) Studying the effect of Mn and Cu additions on thbséructures of dilute
Al-Fe-Si alloys.
c¢) Investigating the strengthening mechanism of Mn @adninor additions
in 1xxx alloys.
4) Modelling the effect of thermomechanical paramet and chemical

composition on the hot deformation behavior of Alfe-0.1Si-Cu alloys using

ANN
a) Evaluating the capability of the ANN approach tceegict the high-
temperature flow behavior of Al-0.1Fe-0.1Si-Cu gflaas a function of
chemical composition and process parameters.
b) Quantifying the relative importance of Cu additi@nd individual
deformation variables on the flow stress of Al-@4F=1Si-Cu alloys.
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CHAPTER 2

LITERATURE REVIEW

2.1 Hot working

Hot working usually refers to the processes wheegals are plastically deformed at

an elevated temperaturg, 0.5 (Ty melting point) and high strain raté&)((0.01 -100 S)

[1]. Hot working processes are of great industimé¢rest because most metals show low
flow stress and high ductility at high temperatur€eday more than 80% of all metals
products are manufactured by the various hot wgrkpnocesses such as rolling and
extrusion. Generally, the plastic deformation ie thsult of dislocation glide, which leads
to considerable strain hardening. In hot workidge strain hardening is simultaneously
alleviated by dynamic softening processes. Thec&lpdynamic softening processes are
dynamic recovery in high stacking-fault energy ($FBaterials and dynamic
recrystallization in low SFE materials [2]. Geneualderstanding of the strain hardening
and various restoration mechanisms in hot worksngseful to maximize productivity and
minimize product defects. Furthermore, constiitequations relating toe, £ and T

could be used to describe flow behavior of a mietajlstem [3, 4].
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2.1.1 Work Hardening

Work hardening is one of the most important chamstic properties of metallic
alloys. The maximum amount of uniform plastic defation that a metal can undergo is
defined as the work hardening coefficient [5]. Tiere, metals with a higher work
hardening coefficient can undergo more complex-fognoperations without failure.
Plastic deformation of crystalline materials occhysthe movement of dislocations along
crystal planes due to the applied stress. Workdmangj or strain hardening is a result of the
fact that the stress needed for dislocation movémesually rises during plastic
deformation as the dislocation motion becomes asingly impeded by microstructural
obstacles. Solute atoms, other dislocations, sepbade particles and grain boundaries are

the most common obstacles to dislocation moveniers, [6].

Generally, dislocations contribute most to the at@oh in obstacle density. The
dislocation density gradually rises as deformagpooceeds because some fraction of the
mobile dislocations that produce the strain doexit through the surface, are not absorbed
in grain boundaries, and do not annihilate eaclerptbut are stored in the crystals.
Therefore, the stress required for plastic flowr@ases due to the multiplication of the

dislocations and the dislocations interactions [7].

2.1.2 Solid solution hardening

Solute atoms have a significant influence on thekwwardening behavior of most
metals and alloys. A high solute content can deerélae stacking-fault energy, resulting in

more difficulty in cross slip. However this soludééfect on stacking-fault energy can be
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neglected in dilute alloys. The dislocation-soluteractions have a significant effect on
work hardening. In solid solution, the interactid@tween solute elements and the
dislocation significantly reduces their mobilityetleby increasing the stress required for
plastic flow. The size and shear modulus diffeesnisetween solute atoms and the solvent
matrix both have significant impact on the intei@ctenergy [8]. Normally, the size effect
is the strongest and produces an attractive foetwden the dislocation core and the solute
atoms as a result of the elastic distortion ofdbee which can accommodate solute atoms
of sizes different from those of the solvent matiiike shear modulus difference becomes
significant when the solvent and solute atoms skiowlar size. In this case, the difference
of the shear modulus of the matrix with solute @niration leads to additional interaction
energy as a result of the dependence of flow swasthe shear modulus. During plastic
deformation, the solute atoms tend to confine ikkdations to slip planes, decrease their
capacity to recover dynamically by local climb acebss-slip, hinder the formation of
‘clean’ cell structures and thereby increase tl#todation density for a given amount of

deformation [5].

Two different mechanisms have been proposed to agxptislocation-solute
interactions: 1) solute atoms, which drag/lock thslocations and 2) stationary solute
atoms acting on moving dislocations as frictionthié solutes can diffuse to the suitable
positions near dislocations (at relatively high pemature), the locking mechanism is
preferred, while in low temperature regions, sautge more stationary and act like

obstacles on moving dislocations [9].
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2.1.3 Precipitation hardening

Alloying elements in the form of second phase pkasi usually harden the material by
creating an additional barrier to dislocation motidhe second phase particles will lie
across the passage of dislocation movement and thecdislocations to expend additional
energy either by cutting the particle or by loopiagund them [5]. The former case
happens when precipitates are coherent with theimethile the later occurs when
precipitate particles are incoherent with the matiattice planes. In this case, the
dislocations have to bypass the obstacles (pratgsit by bowing around them or by cross
slip and climb to an alternative slip system. Hertbhe presence of precipitates increases
the dislocation density due to the accumulationgebmetrically necessary dislocations

around these particles [2].

2.1.4 Softening Mechanisms

Increase in dislocation density within grains oy &t deformed metal is continually
counteracted by softening processes. The softegmiogesses are generally divided into

dynamic recovery (DRV) and dynamic recrystallizat{®RX) [2, 5, 10].

2.1.4.1 Dynamic Recovery

Dynamic recovery consists of all the processesl#aat to annihilation of dislocations
and rearrangement of the remaining dislocationse Iotv angle grain boundaries and
cell/subgrain structures. In metals of high stagkiault energy, such as aluminum and its

alloys, dislocation climb and cross slip happerdilgao provide a significant amount of
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recovery. Therefore, in these materials dynamiovery tends to be the main softening

mechanism which occurs during elevated temperakefi@mation [2, 10, 11].

Dynamic recovery is a thermally activated procedsictv results in dislocation
movement and rearrangement. Both the strain radedaformation temperature have a
significant influence on the dynamic recovery natéch in turn determines the steady state
flow stress. The dynamic recovery rate increaseth wmcreasing temperature and
decreasing strain rate [2, 3, 11]. Figure 2.1 sdcimally illustrates a series of

microstructural evolutions occur during dynamicaeery [2].

In the early stages of the hot deformation procels® to a high rate of work
hardening, dislocation density and flow stressaase rapidly. An increase in dislocation
density raises the driving force for dynamic reggverhich leads to the annihilation of
some dislocations and the rearrangement of otleefsrin low angle boundaries and a
subgrain structure. Beyond a certain strain, thte & work hardening and recovery

become equal which results in a steady state ftoegs.

Figure 2.2 illustrates a typical microstructureaofot deformed aluminum alloy as it
undergoes dynamic recovery. The grain boundariggate locally in response to the
boundary tensions of the substructure and to ldtsibcation density variations, and

become serrated with a wavelength which is clossbted to the subgrain size [2, 5].
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Fig. 2.1. Various stages in the recovery of pladiyodeformed material [2].
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Fig. 2.2. Microstructure in ND-RD plane of Al-0.1%9Mdeformed in plane strain

compression at T = 380, £ = 0.25 § ande = 1. (a) EBSD map showing LAGBs (white)
and serrated HAGBs (black), (b) SEM channellingt@st image showing the subgrain

structure [2].

2.1.4.2 Dynamic Recrystallization

In the hot deformation of metals and alloys wittv lor medium stacking fault energy
such as copper, nickel and austenitic iron, dynamgicovery proceeds slowly and
dislocation density rises drastically. At some paims high dislocation density can provide
enough driving force, allowing the initiation ofcrgstallization during hot deformation
which is known as dynamic recrystallization (DRRRX is barely observed in metals and
alloys with high stacking fault energy such as ahum and its alloys due to the high rate
of dynamic recovery that inhibits the accumulatminsufficient dislocations to sustain

dynamic recrystallization [10, 11]. However, these some reports of dynamic



18

recrystallization in aluminum of very high puritymwé aluminum alloys containing large

particles such as Al-5Mg-0.8Mn [10, 12].

Two types of dynamic recrystallization have beeported thus far: discontinuous
dynamic recrystallization (DDRX) and continuous dgmc recrystallization (CDRX) [2,
10, 13]. Classical DDRX, which has clear nucleatimd growth stages, can take place in
high purity aluminum [14, 15]. The nucleation of RRs a critical factor in determining
both the size and orientation of final grains. Tneferred sites for nucleation are defects,
such as grain boundaries as well as dislocatiodsd&fiormation bands that are formed
during deformation. The nucleation must reach fcatisize before it grows and must be
bounded by high angle boundaries since growth lisemed by grain boundary migration
[10]. Furthermore, there is some evidence for plrtstimulated dynamic recrystallization
in aluminum alloys containing large particles [18, 17]. During the hot deformation of
an alloy containing large particles (> 1um), thslatations drastically accumulate in the
vicinity of the large particles. The higher densitiydislocations around the particles can
lead to the nucleation of a new subgrain with faghle boundaries in the surrounding area
of these particles. The newly formed subgrains whlen grow and consume the

surrounding subgrains. This is known as a partitraulated nucleation (PSN) [10].

Recent studies show that in certain conditions erastructure of high angle grain
boundaries could gradually develop during elevaégaaperature deformation in ways other
than DDRX which generally classified as a contirudynamic recrystallization (CDRX).

Dynamic recrystallization by progressive latticetatmn and geometry dynamic
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recrystallization (GDRX) are the most commonly népd processes that can be considered

as CDRX [2].

There is significant evidence that in some materiaw grains with high angle
boundaries may be developed during hot deformabignthe progressive rotation of
subgrains adjacent to the original grain boundafiiegs phenomenon is mostly observed in
aluminum alloys in which dislocation motion is hardd by solute drag such as Al-Mg
alloys [18, 19]. The mechanism of the rotation ystallization involves an interaction
between grain boundary deformation and the graimbary serrations as shown in Figure
2.3[2]. High angle grain boundaries (HAGB) devesgprations due to interaction with the
deformation substructure (Figure 2.3(a)). Grainrolaury sliding can then only take place
on parts of the boundary, e.g. A, while other pagtg. B, have to accommodate the strain
by plastic deformation (Figure 2.3 (b)), leadingsteear and local lattice rotation as shown

in figure 2.3 (c) [2].

Geometric dynamic recrystallization occurs on materwhich are subjected to a
large reduction in cross section. At low plasticasts the original grains boundaries
become serrated and subgrain boundaries form. \Wieestrains increase the serrated high
angle boundaries become progressively perpendit¢alahe force direction and grains
become elongated. Eventually, grain boundary senston opposite sides of the grains
begin to touch and annihilate each other, leadimgydrains to ‘pinch off’, as shown in
Figure 2.4 [2, 3, 20]. There are some reports ef dbhcurrence of GDRX in aluminum

alloys such as Al-5Mg-0.6Mn and Al-3Mg-0.2Fe [2Q].2
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Fig. 2.3. Mechanism of DRX by progressive lattiogation in Al-Mg alloys. (a) HAGB
serrations form, (b) Grain boundary sliding ocaomshorizontal boundaries, but slip occurs

on bulged sections, leading to local lattice rotadi associated with the bulges, (c) [2].
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2.1.5 Dynamic recovery flow curves

In hot working tests at a constant temperaturesarain rate, the stress-strain curve of
a material undergoing dynamic recovery is typicalharacterized by a rise to a plateau
followed by a constant or steady state flow stesshown in Figure 2.5. The steady state
flow stress gives evidence of constant dislocatlensity as a result of a balance between
the rate of dislocation generation and annihilatign3, 22, 23]. The generation rate is
determined by the strain rate while the annihitatrate is a function of the dislocation
density (and therefore the strain) and the easepefation of recovery mechanisms is
temperature-related [24]. Increasing DRV resultsairdecrease on flow stress and an

increase in ductility [11].
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Fig. 2.5. Typical DRV stress-strain curves [22].
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2.1.6 Dynamic recrystallization flow curves

The stress-strain curves for materials which unaldd@RX normally show broad
peaks followed by the steady state conditions asvshn Figure 2.6 [2, 3, 10]. In these
materials strain hardening and DRV are the onlyhmrisms operating until near the peak
stress, when the nucleation of DRX results in adrdpcrease in strain hardening to zero at
the peak strain, and a further decrease in the fimass as the recrystallized grains form
with lower dislocation density and less strengti3][2At a low strain rate and high

temperature, multiple peaks could appear at loairstr2].
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Fig. 2.6. Typical DRX stress-strain curves [2].
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2.2 AAlxxx series aluminum alloys

The 1xxx series aluminum alloys are considerechascommercial purity aluminum,
ranging from the baseline 1100 (99.00% min. Al)the relatively purer 1050/1350
(99.50% min. Al) and 1175 (99.75 % min. Al). Theowght 1xxx series aluminum alloys
are strain hardenable and offer excellent formighitorrosion resistance, and thermal and
electrical conductivity. Typical applications indel foil and strip for packaging, heat
exchanger tubing and finstock, coaxial cable shegtichemical equipment, tank car or

truck bodies and electrical conductors [25, 26].
2.2.1 Microstructure of AAlxxx series aluminum allys

The 1xxx series alloys contain at least 99.0%naum with iron and silicon as the
main alloying elements or impurities [27]. Since xmmaum solid solubility of Fe in
aluminum is very low (~ 0.05 wt% at 65WC), most of the iron combines with both
aluminum and silicon to form secondary intermetgtihases [28, 29]. Comparing Si with
Fe, Si has a higher solid solubility in aluminumiefhcan reach 1.6 wt.% at 577°C, so low
levels of Si (0.1-0.2%) can easily dissolve in klematrix and iron aluminides. The Fe
content, cooling rate and other impurities contexftsct the type of constitutive particles,
which form during solidification and casting. Thge, size and distribution of the iron
reach intermetallic phases have a significant erflee on the properties of the alloy such as
strength, ductility, hot workability, corrosion rsance and creep resistance. Furthermore,
the solid solution level has a great impact on tad conductivity and softening

characteristics [27, 30, 31].
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2.2.1.1 Binary Al-Fe phases

Figure 2.7 exhibits the Al rich corner of the dduium Al-Fe binary phase diagram.
As seen, during the equilibrium solidification of-Pe alloys thed-AlsFe intermetallic,
which is also denoted as AfFe, is formed by the eutectic reaction at 6§65and 1.8 wt%
Fe [32]. AkFe has a C-centered monoclinic crystal structuB. [BlsFe normally forms
relatively large angular precipitates in as-castrostructures (Fig.2.8), which improve
hardness but reduce formability and fatigue rest#d27]. The lattice parameters are:

a=1.5489nm, b=0.808nm, c=1.2476nm #rd07°43" [34].
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Fig 2.7. Al rich corner of the equilibrium Al-Fertary phase diagram [27].
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Fig. 2.8. (a) AlFe at grain boundaries in cast ingot under TEM @érdtypical [110]
diffraction pattern of a faulted Afe crystal [27].

Reaching an equilibrium condition is almost impbksiin real industrial production,
so in the non-equilibrium condition a range of thedynamically metastable phases such

as AkFe, Al Fe, ALFe can be formed [27, 35-37].

AlgFe is often found in the relatively rapidly solidd regions of Al-Fe alloys and it
has a flake-like morphology with several short veinGhen’s investigation also revealed
that in three-dimensions, &le has a curved plate-like morphology with a nundfenod-
like branches [38]. Figure 2.9 (a) exhibits a tgbimorphology of this phase on a deep-
etched sample. AFe has a C-centered orthorhombic crystal struci2®. The lattice
parameters are: a=0.6492nm, b=0.7437nm and c=h&78&34]. The formation of AFe is

impeded in Al-Fe-Si alloys. In contrast, it is matable in Mn containing Al alloys [27].
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Fig. 2.9. Fe intermetallic phases morphology (detging) under SEM (a) Curved plates
like AlgFe phase and (b) fine feathery likg Ak phase [39].

Metastable AlFe phase forms at regions with higher cooling rttaa those at which
AlgFe and AdFe form. The AlFe exists over a range of compositions, with tHaevaf m
quoted from 4 to 4.4. It has a body-centered tetmaf crystal structure with mostly
dendrite-like morphology [27, 29]. 3-D observatioas also shown that it has a feathery-
like morphology with many fibers growing in varioakrections(Fig 2.9 (b)) [38]. The

lattice parameters of this phase are: a=0.884nnband3.16nm [34].

2.2.1.2 Ternary Al-Fe-S phases

Figure 2.10 illustrates the liquidus projectiontie Al corner of the Al-Fe-Si ternary
phase diagram [27]. Two ternary phasesAlgFeSi andp-AlsFeSi, can be formed during
the equilibrium solidification of dilute Al-Fe-Silays. As seen each phase can exist over a
range of compositions. In the low Si content Abgdl, thef} phase cannot form under DC-

casting conditions, therefore only ternary phasdong with binary phases such asfd,
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AlgFe and AlFe form in these alloys. Figure 2.11 shows the amsitjon ranges of the

common iron reach intermetallics found in Al-FeaBoys.

The a-phase can adopt different crystal structureshénequilibrium condition the-
phase has a hexagonal crystal structure[40] howaditions of V, Cr, Mn, Cu, Mo and W
promote a body-centred cubic structure for thélFeSi phase. The promotion and
stabilization of the cubia phase by trace elements common in commercialypaliibys
leads to the cubic form being the one which is camiynfound in commercial alloys[27].
The a-phase illustrates a dendritic morphology whichgenerally described as Chinese
script under optical microscope imaging. For thexdgenal structure the unit cell

parameters are a = 1.24 nm, ¢ =2.623 nm[34].
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Fig. 2.10. Liquidus projection in the Al cornertbk ternary Al-Fe-Si phase diagram [27].
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2.2.1.3 Transformation of metastable phases

All commercially pure aluminum grades contain vemall amounts of insoluble
elements that segregate to cell or grain bounddresast materials. In the as-cast
microstructure different iron intermetallic such Als,Fe, AkFe, AkFe, AkFeSi (denoted
as a-phase) and body-centered cubic structure forotiplhase known as. can be

observed [27, 35-37].

Many authors, such as Kosuge [42], Griger et &],[4endvai et al. [44, 45] and
Murgas et al. [46], have reported transformations roetastable phases during
homogenization of Al-Fe and Al-Fe-Si alloys in tieenperature range of 350-650. They

have observed that all the metastable phases;eAlAkFe and als@-AlFeSi transform to
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equilibrium AkLFe phase after homogenization at a sufficientlyhhigmperature for an
appropriate time. Kosuge et al. [42] studied theatfof homogenization in the range of
300-640C on the microstructure of Al-Fe alloys (Al-0.6F&daAl-0.8Fe-0.1Mg) and found
that with increasing homogenization temperaturepitogportion of Al,Fe and AdFe after
one hour began to reduce from 800and had totally converted tosRe by 646C. Figure
2.12 illustrates the effect of homogenization terapge on the normalized intensities of
X-ray peaks from AlFe, AkFe and AlFe. Kosuge and co-workers observed that the
Al,Fe and AdFe particles dissolved into the aluminum matrix leviAlsFe nucleated and
grew remotely from the dissolving particles. Frohstmicrostructural observation he
proposed that transformation proceed via diffusabri-e from the dissolving metastable
phases to the precipitating s&kk. Kosuge also studied the effect of Si on the
transformations of metastable Al-Fe phases anddaimat the transformation of both
Al,Fe and AdFe phases took place more rapidly in the alloygaioimg silicon [42]. The
mechanism of transformation efAlFeSi to AkFe seems to be similar to that for the
transformation of AjFe and AdFe. Grieger et al. [43] reported that during transfation
the Chinese scripti-AlFeSi phases first coarsened and then dissolvddle AlsFe

precipitated from the solid solution as aciculaqgipitates.
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Fig.2.12. Variation of normalized X-Ray intensity él,Fe, AkFe and AdFe with
homogenization temperature in (a) Al-0.8Fe andK).6Fe alloys [42].

2.2.2 Hot deformation behavior of AA1xxx aluminum #oys

Hot deformation processes are of great industmglortance since most metals show
low flow stress and high ductility at high temperats & 0.5 TM). In addition to changing
the shape, hot working plays a significant roleinmproving the structure for further
forming operations and for service [3, 5]. Therefoit should be carried out as
economically and effectively as possible. The eafseorking, called the workability, is
measured in terms of the power consumed and teearat size of the possible reductions
[3]. In order to have the best combination of pesability and physical and mechanical
properties, it is important to understand the hotkability and microstructural evolution of

1xxx aluminum alloys during hot deformation.

Dynamic recovery is the main softening mechanisminduhot deformation of

aluminum and its alloys, which exhibit high stagkifault energy (SFE). In these alloys,
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the strain hardening is alleviated by the climb ajidle of dislocations to mutually
annihilate or rearrange into simple low energyysr]. Previous studies have shown that
chemical composition, initial microstructure anderimomechanical parameters have
significant effect on the softening behavior andcnostructural evolution of aluminum
alloys. J.C. Blade [47] investigated the effectamfditions of Fe and Si to super-purity
aluminum and the variations of the Fe and Si cdsteh commercial purity aluminum on
the recrystallization behaviors of these alloys@fi0% hot rolling and a 30sec delay before
quenching. He found that in commercially pure alwm the extent of recrystallization
was reduced by increasing the total iron and silicontent and, for most conditions, by
increasing the Fe/Si ratio. Although both Fe ands&owed a retarding influence on
recrystallization, the effect of Fe was more sigaifit. Vandermeer’s [48] investigation on
the static recrystallization behavior of commergiatity aluminum- alloy AA1050 showed
that AkFe precipitate particles have a profound effecttan recrystallization kinetics of
this alloy. Indeed, large non-deformablei”é particles were the preferred sites where the
new recrystallized grains appeared upon annealidike static recrystallization, iron
intermetallic particles such as #&k (as nucleation sites) cannot promote dynamic
recrystallization in hot deformed aluminum alloysdain commercial purity aluminum,
DRV is the only operative dynamic restoration meutim [3, 11]. Yamagata [15]
compared the restorative process of high purityngium (99.999%Al) to that of 99.99%
aluminum and found that dynamic recrystallizationlyooccurred in the high purity
aluminum while 99.99% aluminum experienced dynarmavery. McQueen et al. [11, 22,

49] also showed that dynamic recrystallization doanbt occur in commercially pure
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aluminum (1xxx alloys) and that dynamic recoveryswibe sole restoration mechanism

during hot deformation.

The most basic parameter for characterizing thetiplaleformation properties of
alloys is the flow stress [50]. McQueen et al.’d][Investigation showed that the hot
deformation of commercial aluminum and its alloygtie range from I0to 1G s* above
350°C leads to a steady state flow stress at constam sate and temperature. The steady
state regime gives evidence of a constant dislmcatensity as a consequence of a balance
of the work hardening and the dynamic softeningvfus studies also showed that the
flow stress during hot deformation of commercigliyre aluminum alloys decreases with

increasing deformation temperature and decreasiam sate [11, 22, 51].

Commercial 1xxx aluminum alloys exhibit higher sigéh and work hardening than
high purity aluminum. Zhao et al. [52] reportedttii@ and Si play a major role in the
strength and work hardening of commercial 1xxxyaland that the contribution from the
other impurities is negligible. The flow stresscofmmercial purity aluminum is related to
the strain rate and temperature by the hyperbatie squation. The activation energy for
hot working varies with the composition, the midrasture as well as the deformation
parameters and has been reported from 152 to ¥@wkibr commercial purity aluminum,
rising with alloy content [3, 4, 22, 23, 49, 53hd activation energy for pure Al is about

140-156 kJ/mol [3, 4, 22, 23].
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2.2.2.1 Substructure evolution during hot deformation

Substructure development in materials with highclstay fault energy such as
aluminum takes place as dislocations become emdrdjiring strain hardening and then
form a three dimensional subgrain structure, charaed by low or medium
misorientation angles and relatively low interiorsldcation densities [7, 54]. The
equilibrium subgrain size increases with increasidgformation temperature and
decreasing strain rate and is largely independestirain [55, 56]. During large strains, the
subgrains do not elongate with the grains as thlewadls continually decompose and
reform in a process named repolygonization, maiirigi characteristic wall spacing and
dislocation arrays [3, 57, 58]. When the temperatand strain rate, as the controlling
parameters, are changed a new equilibrium struetitelevelop which is independent of
the previous one. The stable subgrain sizelnges with the deformation conditions

according to the following relationship [3, 49, 62}

ds'=a+blogZz (2.1)
where a and b are constants, and Z is the ZendoiHah parameter4 = Sexp%)).

Figure 2.13 shows the effect of the Z parametethensubgrain structure in the Al-
0.65%Fe alloy. The micrographs show fine elongatesfrains at 300C/ 0.1 S' and well

recovered subgrains at 500/ 0.1 S".
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Fig. 2.13. TEM micrographs of subgrains structure®\l-0.65Fe alloy deformed at (a)
300° C/ 0.1 & and (b) 500C/ 0.1 & [3].

2.2.2.2 Effect of homogenization

Homogenization before hot working has significarftuence on the workability and
the degree of microstructural evolution which oscduring hot deformation. The main
purpose of homogenization is to shrink and sphe&eithe constituent particles, remove
nonequilibrium eutectics and particles, and elitenaoring by diffusion to achieve a
material as uniform as possible. Reduction in the ef particles>1 pm can remove sites
for recrystallization nucleation and the re-pretepon of a higher density of fine particles
can restrain it further; on the other hand, theleszence of small particles reduce their

ability to hinder restoration [3].
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Homogenization normally is able to improve dudfibind reduce hot strength by up to
20% [3, 27, 63]. Prasad et al. [64] reported thstiitable homogenization treatment, which
dissolved the intermetallic particles present a¢ thrain boundaries, improves hot
workability of as-cast AZ31 Mg-alloy by reducingetlintercrystalline cracking and flow
instability regimes. Totik et al. [63] showed tHaimogenization at 518C significantly
improved the hot workability of AA 2014 alloy andsulted in the uniform workability of
the tested ingots. Zhang et al. [65] studied tliileémce of the initial microstructure on the
hot workability of a AA2219 aluminum alloy and fodithat the aged (53%C for 10h
following by natural aging in open air) microstru produced the lowest hot deformation
resistance and the solutionized (46010h) microstructure showed the highest deformatio

resistance under the same deformation conditions.

The effects of homogenization on hot workabilitylafx series aluminum alloys are
complex but in general, the particles formed durirasting are re-dissolved during
homogenization, while new particles precipitatenfréhe supersaturated solid solution
(more details can be found in section 2.2.1.3). fpe, size, density and distribution of
intermetallics as well as the solid solution legéhlloying elements or impurities in 1xxx
series aluminum alloys can be affected by the hamiagtion temperature and soaking
time. Finding the proper homogenization treatmfentcertain chemical composition is,

therefore, of great interest.
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2.2.2.4 Effect of Mn

Small additions of transition elements such as ranage are often made to wrought
aluminum alloys for the purpose of controlling dgme softening processes. In hot
deformation of aluminum alloys, the softening pssms such as DRV, DRX and grain
growth can be affected by the presence of tramsglements in either solid solution or as

precipitates.

Generally, Mn in the presence of other elementkwf solubility such as iron and
silicon forms coarse constituent particles and @ispersoids that serve as obstacles against
grain boundary migration and dislocation movemes#, [66]. In Al-Fe-Mn alloys the
precipitation of A§(Mn,Fe) particles are favorable whike-Al(Mn,Fe)Si particles are
formed in alloys containing Si [67]. Mn also hasignificant influence on the strength of

aluminum alloys when presents in solid solution| [66

Zhang et al. [68] reported that the alloy Al-0.9Mwmpared to pure aluminum, was
significantly stronger in hot working over the teengture range of 200-58D due to the
presence of fine and uniformly distributed Mn camtag dispersoid. These fine particles
with a sufficient density stabilized the substruet@nd resulted in higher strength and
activation energy. Furu et al. [54] showed thataddition of 1%Mn produced a solute
drag effect during hot deformation of aluminum aesulted in a smaller subgrain size and
lower misorientation angle. Recent investigatiomggested that the solute hardening effect
of Fe and Mn in aluminum are absolutely significand are among the strongest [69].

Ryen et al. [66] reported that Mn in solid solutioad a significant effect on the strength



37

and work hardening rate of both commercial and lpighty aluminum alloys. The solute
hardening rate was about 50% stronger in the cowialgr pure aluminum alloys
compared to the high purity alloys. This strongsgthening effect was considered to be

attributed to the clustering effect between Mn trtade elements in solid solution [66].

2.2.2.4 Effect of Cu

Copper is often added to improve aluminum’s meatanproperties. Addition of
copper increases the strength, hardness, fatigdeci@ep resistance of aluminum alloys
[25, 70]. Mechanical improvement resulting from pep addition strongly depends on
copper content and the form in which it is pres@mtsolid solution or as precipitates).
Aluminum alloys containing a high amount of coppe2 wt.%) form an important group
of alloys which respond to solution treatment anddsequent aging with an increase in
strength and hardness by formation of calledd as precipitate. When the amount of
copper is low (< 1 wt.%) because it has relativeigh solubility in aluminum 5.7% at
550°C [8, 66] copper can be present in solid solutin.in solid solution can increase
strength by interacting with dislocations througtmaspheres which either pin static
dislocations or at high temperature are draggedlioyng dislocations [1, 9]. Considering
the role of copper in corrosion resistance, thetmesent work shows a rather favorable

influence while the copper remains in solid solut@l].

Unfortunately, no systematic investigation has bperiormed to study the effect of
the minor addition of Cu on the hot deformation debr and microstructural evolution of

1xxx series aluminum alloys.
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2.3 Modeling the high temperature flow behavior ofnetals and alloys

The flow behavior of crystalline materials duringttdeformation is complex. The
work hardening and dynamic softening mechanismsaite strongly affected by a number
of factors, such as chemical composition, formiemperature, strain rate and strain [4,
22]. Therefore, prediction of the hot deformatioehavior of metals and alloys under
various thermomechanical conditions is of greahnémal interest. Constitutive models are
normally used to describe high-temperature flow avedr. These models are mainly
divided into three categories: 1) analytical [#};72) phenomenological [75-77] and 3)

artificial neural network (ANN) [78-81].

Analytical constitutive models are based on thespal aspects of the material’'s
behavior and require comprehensive understandinth@funderlying mechanisms that
control the material’'s deformation. In additioneté are many independent parameters in
the analytical constitutive equations that havédodetermined through materials testing.
Phenomenological constitutive models are the aaksipproach for modeling the forming
processes of materials at high strain rates angdeatures. These models describe the flow
behavior based on the empirical observations usioigie mathematical functions to
consider the influence of the deformation varialweghe flow stress of metals and alloys

[82].

The application of an ANN in a hot working arearédatively new. It is, however,
becoming popular due to its great ability to sineilaomplex and nonlinear problems,

which are difficult to simulate by using existingathematical approaches. The most
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important advantage of ANNs is that they do notuneq postulation of a mathematical
model at the outset or the identification of itsgmeters. ANNs learn from examples and
recognize patterns in a series of input and outfaid without the need for any prior
assumptions about their nature and interrelati®® B4]. Recently ANNs have been
successfully applied to model the high-temperaflow behavior of stainless steels [79,
83-85], aluminum alloys [78, 80, 86], magnesiumoyadl [87], zirconium alloys [88],

titanium alloys [89, 90] and Al-base metal matrongposites [91].

2.3.1 Phenomenological constitutive equations

Phenomenological constitutive equations are widebed to model the hot
deformation behavior of metals and alloys. At avated temperature, the strain rafgig

related to the temperature and the flow stresfi®yAtrhenius type equation [4, 82, 92-95]:
&= Af(0) expeg) (2.2)
RT

where ¢ is the strain rate {3, A is a constant, Q is the activation energy Fmt
deformation (KJ mat), R is the universal gas constant (8.314 J'not), T is the absolute
temperature (K) andl(o) is the stress function which can be expressed39p-101]:

o aoc <08

f (o) =1 expBo) ao =12 (2.3)
[sinh@o)]" forallo
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whereo is the flow stress (MPa)y 3 and n are material constant amd= 5/n, [98-100] is

a stress multiplier. Substituting the suitable fimcof f () into Eq. (1) leads to the power

law, exponential and hyperbolic sine law equatioaspectively:

Y . Q

£=Ao™ expt _RT) (2.4)
. Q

&= A expBo)expt RT) (2.5)
. Al n v @

& = Asinh(@o)]" exp¢ RT) (2.6)

where A andA; are the material constants. Generally, the poswerdquation breaks down
at high stress values, and the exponential equdireaks down at low stress values.
However, the hyperbolic-sine law is suitable fonsiitutive analysis over a wide range of

temperatures and strain rates [4, 92-95].

Furthermore, the effect of the temperature andstreen rate on the hot-deformation
behavior could be represented by the Zener-Hollopamameter (Z) in an exponential

equation [3, 51, 53, 75, 95, 102]:
z :éexpé) (2.7)
T

2.3.2 Artificial neural network (ANN)

The artificial neural network model has been depetbin an attempt to emulate the
organizational skills and process abilities of thammalian brain. An ANN consists of

processing units (artificial neurons) grouped ilatgers and related to each other by parallel
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connections. The strength of these interconnectisnggulated by the weight related to
them. In every network, the first and last layems imput and output layers while all the
layers in between are termed as the hidden layeessnumber of layers, number of neurons
in each layer and the nature of transfer functiaresthe most important parameters that
should be carefully considered during developmérmazh ANN. The number of neurons
in the input and output layers shows the numbevapiables employed in the prediction
and the number of variables to be predicted, rébmbe To establish the relationships
between the inputs and outputs, neurons in theehidiyers must perform the intermediate
computations. The number of hidden layers and timeber of neurons in each layer are not
predetermined and have to be defined by the desicediracy in the neural network
predictions. However, though there is no theorétioat on the number of hidden layers
there is, generally, just one or two. A maximunttoke hidden layers are enough to solve
problems of any complexity [85]. Figure 2.14 illkedes a typical multilayer feed-forward

ANN with a single hidden layer.

In the feed forward neural network, every neurom okrtain layer is connected to all
the neurons of the layer next to it. Each of tharaes receives inputs and generates a
single output. The inputs can be raw data or thgpuiuof other neurons and have an
associated weight indicating the strength of theéneations between correspondent

neurons. The output can also be the final outpittcan be used by the next neurons.
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Fig.2.14. Schematic structure of an artificial maubetwork [85].

The transformation function defines the relatiopshbetween the inputs and the final
output of the neurons. Various transformation fioms can be used as the neurons
activation function. However, as mentioned aboke,dareful selection of this function can
have a significant impact on the accuracy of thawvok. The differentiable sigmoid
function, given by equation 2.8, is the most populansfer function used in back

propagation networks, as shown in Fig.2.15 [103].

1

- 1+expEx) (28)

F(x)
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Fig.2.15. Shape of sigmoid function [85].

Once the network is designed, training of the neétweeeds to be done using an
appropriate algorithm such as back propagationsigdawton, Levenberg-Marquardt
algorithms and so on [103]. Network training ipracess by which the connection weight
and bias on an ANN are adapted through a repetpireess of computation and
comparison. The most important objective is to miae the difference between the
predicted and the desired output by adjusting teglis and biases on all the inputs. The
learning process is usually attained on a set & kiaown as "training data". Training data
is a set of known inputs and outputs that illustréite correct solution to the problem.
Several iterations of the complete training dagraquired to produce a consistent set of
weights and biases [103]. A back propagation dlgoriis the most popular learning

algorithm which is used in many various engineegpglications.

Since most of the training algorithms are sensitivehe scale of data in order to

ensure the learning efficiency of the algorithm aondprevent a specific factor from
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dominating learning for the model, both input andpoit data are generally normalized

within the range of 0-1. The following equationwiglely utilized for unification [78, 80].
X=X
X'=01+08%x(———™mn— 2.9
X x.) (2.9)

where X is the original data,m and Xnax are the minimum and maximum value of X, and
X" is the unified data corresponding to X. Finallpce the ANN is trained, statistical

performance measures can be used to evaluaterfoenp@nce of the proposed network.
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CHAPTER 3

EFFECT OF HOMOGENIZATION TREATMENT AND SILICON
CONTENT ON THE MICROSTRUCTUREAND HOT WORKABILITY

OF DILUTE AL-FE-SI ALLOYS *

Abstract

The effect of the homogenization treatment on tih@aestructure and hot workability
of two dilute Al-Fe-Si alloys was investigated ugioptical microscopy, SEM, EBSD,
electrical conductivity measurements and hot cosgioe testing. Homogenization
promoted the phase transformation from the metbkstalyFe ora-AlFeSi phase to the
AlsFe equilibrium phase and induced a significant geam solute levels in the solid
solution. The AlFe dissolved and transformed completely at 550°Boih alloys. Theu-
AlFeSi was transformed at 590°C in the low Si al{8y-0.3Fe-0.1Si), whereas it began to
decompose and transform tozAé¢ at 630°C in the high Si alloy (Al-0.3Fe-0.25Sihe
flow stress behavior of dilute Al-Fe-Si alloys wasmarily controlled by the amount of Fe
and Si in the solid solution. Homogenization at ®5Gignificantly reduced the solid
solution levels due to the elimination of the sigaéuration originating from the cast ingot

and produced the lowest flow stress under all ef deformation conditions studied. An

! Published at Mater. Sci. Eng. A, 2014, 619, pf2-189.
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increase in the homogenization temperature fromt6®B0°C increased the flow stress by
10 to 23% and 15 to 45% for the low Si alloy and kigh Si alloy, respectively, over the
range of deformation conditions examined. An insee@ the silicon level from 0.10 to

0.25% raised the overall flow stresses by 4-11% tduieicreased solute levels for given

homogenization conditions.
3.1 Introduction

The 1xxx series of aluminum alloys are strain haalbde and offer excellent
formability, corrosion resistance, and thermal aekbctrical conductivity. Typical
applications include foil and strips for packagirggat exchanger tubing and finstock,
coaxial cable sheathing and electrical conductby2]. In general, these products are hot
deformed by extrusion or rolling from direct ch(iDC) cast billets or ingots. The demand
for high productivity during processing leads t@ trequirement for an increase in hot
workability to provide low flow stress with desitabfinal mechanical properties.
Therefore, many variants of the 1xxx series allagesin commercial use today, balancing
mechanical and physical properties along with pgsability. One example is the use of
1xxx series alloys in the form of hot extruded tgpifor heat transfer and sheathing
applications. To reduce production costs, high uskbn speeds, which are primarily
controlled by the flow stress during hot deformati@re desirable. The hot working
characteristics of the cast billet or ingot havsignificant influence on the hot forming
process, which in turn are determined by its micuasure and hot deformation regimes [3,
4]. Commercially, DC cast billets or ingots areitgly homogenized prior to extrusion or

rolling to improve hot workability and mechanicabperties [5, 6]. In many cases, the hot
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workability can be optimized by proper selectiorntltd homogenization method applied to
the cast materials [7]. Prasad et al.[6] reporteat & suitable homogenization treatment,
which dissolved the intermetallic particles presanthe grain boundaries, improves hot
workability of as-cast AZ31 alloy by reducing thetercrystalline cracking and flow
instability regimes. Totik et al.[7] showed thatnhogenization at 516C significantly
improved the hot workability of AA 2014 alloy andsulted in the uniform workability of
the tested ingots. Zhang et al.[3] studied theugrite of the initial microstructure on the
hot workability of a AA 2219 aluminum alloy and fodi that the as-aged microstructure
produced the lowest hot deformation resistance thiedas-solutionized microstructure
showed the highest deformation resistance undesdhee deformation conditions. Liu et
al.[8] investigated the effect of cooling rate afteomogenization on the elevated
temperature flow behavior of AA 7050 aluminum albmyd found that furnace-cooled alloy
exhibited higher hot workability than water-quengtaioy. However, there is very limited
information in the literature on the effectivenedshe homogenization treatment in 1xxx

alloy production.

The 1xxx series alloys contain at least 99.0% ahumi with iron and silicon as the
main alloying elements or impurities (all alloy cpasitions are given in wi% unless
otherwise indicated). Because the solid solubitifyiron in aluminum is very low (i.e.,
max. 0.05% at 650°C), most of the iron combine$ Wwibth aluminum and silicon to form
secondary intermetallic phases [9, 10]. The equuiib intermetallic AlFe phase can form
at slow solidification rates. However, dependingtiom alloy composition, cooling rate and

presence of trace elements, a wide range of inthatee intermetallic phases, such as
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Al Fe, AkbFe, AkFe, AkFe anda-AlFeSi (AlsFeSi), can form and are considered
metastable Fe-rich phases in the literature [9-Thg metallurgical performance of 1xxx
series alloys during hot deformation can be infaeshby secondary intermetallic phases in
terms of their type, size and distribution. Althbuthere are abundant studies on the
formation of iron-rich intermetallic phases duriaglidification of 1xxx series aluminum
alloys [12], studies of their evolution during themogenization treatment are limited.
Kosuge et al. [13] and Griger et al. [14] reportedolid-state phase transformation from
Al Fe, AkFe anda-AlFeSi to AkFe in dilute Al-Fe-Si alloys. Li et al. [15] alsdgerved
the phase transformation fromfFeMn) to Ag(FeMn) in AA5182 after homogenization

at 520°C.

In the current study, the microstructural evolutadriwo typical dilute Al-Fe-Si alloys
during homogenization was investigated using opaoa electron microscopy as well as
electric conductivity measurements. The effecthif homogenization parameters on the
intermetallic phase transformation and solid solutilevels was studied. The hot
deformation behavior under different homogenizawonditions was evaluated using the

uniaxial hot compression test at various defornmetémnperatures and strain rates.
3.2 Experimental Procedure

Two dilute Al-Fe-Si alloys with chemical composii® shown in Table 3.1 were
selected for investigation. Both alloys were pregafrom commercially pure aluminum
(99.7%), Al-20%Fe and Al-50%Si master alloys. Facte alloy, approximately 10 kg of

material was melted in an electrical resistancedae. The melting temperature was kept at
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about 75(°C. The molten metals were grain-refined by addit$9.015% Ti in the form
of an Al-5Ti-1B master alloy. The melts then cadbia rectangular permanent steel mold
measuring 30x40x80 minThe chemical compositions of each alloy were messusing

optical emission spectroscopy (OES) technique.

Table 3.1. Chemical compositions of two Al-Fe-3ogs studied (wt%)

Alloys Fe Si Cu Mn Cr Ni Zn Ti B Ga \% FelSi

Low Si 0.31 0.11 0.002 0.002 0.001 0.002 0.002 4€.00.0029 0.014 0.011 2.82
HighSi 0.31 0.26 0.002 0.002 0.001 0.002 0.002 24.00.0029 0.014 0.011 1.19

Cast ingots were homogenized at 550, 590 and 68f°arious soaking times (2, 6
and 12 h) followed by water quenching. All homogation treatments were conducted in
an air circulating electrical furnace. As-cast &odnogenized samples were taken from the
same ingot position for metallographic examinationeliminate the influence of the

cooling rate.

The microstructures of the as-cast and homogersaadples were examined using
optical microscopy (OM) and scanning electron nscapy (SEM, JEOL-6480LV)
equipped with an electron backscatter diffracti@@B$D) system. Because iron-rich
intermetallic phases have different morphologieg [lI7] and the stoichiometry of iron-rich
phases are not always fixed, the EBSD techniqueengsloyed to provide unambiguous
characterization of the iron-rich phases. The ati@mjraphic data for all of the binary Al-

Fe and ternary Al-Fe-Si compounds listed in ther$eds Handbook [18] were entered
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into a customized Channel 5 software databasehfasgidentification. A total of 12 fields
with dimensions of 15@m x 150um were observed in each sample. All of the Fe-rich
intermetallic particles in each field were idemdi by the EBSD analysis and more than
100 particles in each sample were characterizetkr Adentifying all of the intermetallic
particles appearing in each field, the volume foacbf each phase was quantified using the

CLEMEX image analyzing system.

The electrical conductivity was measured using a@ Alectrical conductivity
instrument (SIGMASCOPE SMP 10) on the polishedamgtlar ingot blocks measuring
50x35x25 mm. This machine measures the electrical conductiviiyg the eddy current
method. All tests were conducted at frequency oki8g. In order to consider the influence
of temperature on the electrical conductivity ok tsamples the temperature of the
specimens was directly measured by one sensor wthitr sensor measured the electrical
conductivity. SIGMASCOPE SMP 10 gives electricahdoctivity of different metals and
alloys in comparison with international annealegpmr standard (%IACS). IACS is 100%
for annealed copper standard. For each conditigrelsctrical conductivity measurements

were performed to provide an average value.

Cylindrical specimens of 10 mm diameter and 15 mrheaight were machined for hot
compression testing. The uniaxial hot compressestistwere conducted using a Gleeble
3800 thermo-mechanical testing unit at strain rate®.01 and 1 S and deformation
temperatures of 400 and 500°C. During the testtherGleeble 3800 unit, specimens were

heated at a rate of 2 °C/s and maintained for 1a80tke desired temperature to ensure a
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homogeneous temperature distribution. The specimens deformed to a total true strain

of 0.8 and then immediately water-quenched to reemperature.
3.3 Results and Discussion
3.3.1 As-cast and homogenized microstructures

Figure 3.1 shows the optical microstructures of #ld-e-Si alloys in the as-cast
condition, which consists of-Al dendrites (matrix) and different Fe-rich intestallic
phases distributed along the aluminum dendrite Bades. The mean aluminum grain
sizes were 110 and 130n for the low Si alloy (Al-0.3Fe-0.1Si) and high &ioy (Al-
0.3Fe-0.25Si), respectively. In general, four ddfe types of Fe-rich intermetallics
including equilibrium AlFe and metastable Afe, a-AlFeSi and AiFe phases were
observed in the cast microstructure. In the lowalBy, the dominant phases were the
feather-like Al,Fe and acicular AFe (Fig. 3.1a), and in the high Si alloy, the magbases

were Chinese scripi-AlFeSi and acicular AFe (Fig. 3.1b).

During homogenization at the temperature rangeiedu@550 to 630 °C), the
metastable AlFe andu-AlFeSi phases became unstable and transformdub tequilibrium
AlsFe phase. Figure 3.2 shows an example of the niaobsre after homogenization at
630 °C for 12 h for both alloys. The feather-likg,Ae was completely changed to acicular
and plate-like AdFe in the low Si alloy (Fig. 3.2a), while most diet Chinese scripi-
AlFeSi was transformed to plate-likesfke and only a few spheroidizedAlFeSi remained

in the high Si alloy (Fig. 3.2b).
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Fig. 3.2. Microstructures after homogenization a0 6C for 12 h: (a) low Si alloy (Al-
0.3Fe-0.1Si) and (b) high Si alloy (Al-0.3Fe-0.256Si

3.3.2. Evolution of iron-rich intermetallic phasesduring homogenization

To better quantify their evolution during heat treant, all of the Fe-rich intermetallic

particles were first identified by EBSD and them tolume fraction of each phase was
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quantified by image analysis [19, 20]. Figure 3t®ws typical morphologies and their
EBSD solutions for the four different intermetadliobserved in the two alloys in the as-
cast and homogenized conditions. In the EBSD aisglyhe mean angular deviation
(MAD) between the experimental and simulated pasteepresents the accuracy of the
solution. A smaller value indicates a closer mdietween the experimental and simulated
results. Typically, a MAD value smaller than 0. t@sidered to be critical for an accurate
solution [21]. The MAD values obtained for fde, AkFe, AkFe anda-AlFeSi phases

presented in figure 3.3, were approximately 0.2400.18 and 0.23, respectively, which
are much lower than 0.7 and confirm the reliabld ancurate identification of all four

phases.

The quantitative results for phase evolution asuaction of homogenization
temperature are shown in Figure 4. In the low Soyal(Fig. 3.4a), the as-cast
microstructure was dominated by both,Aé and AdFe with a minor amount af-AlFeSi.
After homogenization at 550 °C for 6 h, /e decomposed and completely transformed to
AlsFe while then-AlFeSi remained unchanged. After increasing tinepierature to 590 °C,
a-AlFeSi dissolved and transformed to ;PAé¢. Therefore, at higher homogenization

temperatures (590 to 630 °C),sR¢ is the only intermetallic phase in the microstinee.

For the high Si alloy (Fig. 3.4b), the as-cast wétructure consisted of a major phase
of a-AlFeSi and two minor phases consisting ofFAd and AlLFe. During homogenization
at 550 °C for 6 h, all of the AFe was converted to &fe but theo-AlFeSi remained

stable. The majoa-AlFeSi phase only began to decompose at 630°@r &fh, most of the
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a-AlFeSi particles transformed to &le. Therefore, the majar-AlFeSi co-existed with

AlsFe at 550 and 590 °C, and;A& become the predominant phase at 630 °C.

In both alloys, AlFe was present as trace amounts of isolated @artice., less than
3% of the constituent particles) in the as-castrosictucture. As reported by Griger et al.
[14] and Tezuka et al. [22], the use of Al-Ti-Bagrain refiner can promote the formation
of Al,Fe over AlFe. During homogenization, the ¢&kk phase was stable at 550 °C and

disappeared after homogenization at 590 °C in blblys.
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Fig. 3.3. Backscattered electron images and cavreipg EBSD solutions for different
type of Fe-rich particles: (a) AFe (as-cast Al-0.3Fe-0.1Si), (b)¢RE (as-cast Al-0.3Fe-
0.1Si), (c) AkFe (Al-0.3Fe-0.25Si homogenized at 68D for 12 h) and (dy-AlFeSi (as-
cast Al-0.3Fe-0.25Si).
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and homogenized conditions: (a) low Si alloy andhigh Si alloy.

It should be mentioned that the total amount ofrimietallic phases measured in the
as-cast condition were approximately 1.3 and 11394dor the low Si and high Si alloys,
respectively. During homogenization, the total wo& fraction of intermetallics may
slightly change due to the phase transformatiorwé¥er, these small changes tend to be

within the accuracy range of the image analysissuesnent.
3.3.2.1. Solid-state transfor mation from Al ,Fe to AlsFe

Figure 3.5 shows the solid-state transformatiomfil,Fe to AkFe in detail at 550°C
for the low Si alloy, starting with the cast micmegture in Fig. 3.5a where the #Ke
phase formed during solidification. During homogation at 550°C for 2 h (Fig. 3.5b and
c), AlnFe first spheroidized and then dissolved in thenaium matrix. Simultaneously,
plate-like AkFe particles precipitated either in the aluminuntrivaclose to the original

Al,Fe phase or on the pre-existing”@ phase formed during solidification. It is appére
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that the solid-state transformation from Ak to AkFe proceeds via a dissolution-
reprecipitation mechanism where iron is requiredliftuse from the dissolving AFe to
the precipitating AJFe particles. Therefore, the controlling factor ftie phase
transformation is the diffusion of iron between theo species. By increasing the
homogenization time to 6 h (Fig 3.5d), all of thé&,Pe transformed to AFe, which
continued to coarsen into large plate-like paricldomogenization at a higher temperature
or for a longer time, as shown in Figure 3.2 (apnpoted the formation of coarse block-

shaped or plate-like AfFe, which most likely result from phase ripening @oalescence.

18 S8 BEC XZ,588 18Mm 18 58 SEI

zZeku X9, 888 - HZ, B rm 18 48 BEC

Fig. 3.5. Transformation from AFe to AkFe in the low Si alloy: (a) As-cast, (b) 550 °C
for 2 h, (c) 550 °C for 2 h at high magnificatiomdx(d) 550 °C for 6 h.
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3.3.2.2. Solid-state transformation from a-AlFeS to AlsFe

Figure 3.6 illustrates the microstructural evolatiduring homogenization at 630°C
and shows the solid-state transformation frodlFeSi to AkFe in the high Si alloy. In the
as-cast condition, the Chinese scriphlFeSi particles were located along the aluminum
dendrite boundaries (Fig. 3.6a). During homogeronaat 630 °C for 2 hg-AlFeSi first
coarsened and spheroidized (Figs. 3.6b and c) iaatlyf dissolved releasing Fe and Si
atoms into the solid solution. Simultaneously;F precipitated either in the vicinity of the
original a-AlFeSi (Fig. 3.6¢) or on the pre-existingsAk particles. The-AlFeSi to AkFe
transformation also proceeded via a dissolutiome@pitation mechanism. The phase
transformation rate is believed to be controlledtbg growth rate of the Affe phase,
which in turn is controlled by the diffusion of Re the aluminum matrix from the

dissolvingo-AlFeSi to the precipitating AFe.

After homogenization for 12 h, most afAlFeSi had completely transformed and
AlsFe continued to coarsen into large plate-like pksi However, a small amount of
spheroidala-AlFeSi still remained in the microstructure (FR6d). For the low Si alloy,
all of thea-AlFeSi particles transformed to Ale at 590 °C, whereas in the high Si alloy,
a-AlFeSi was stable at this temperature and onlgtexdato transform at 630°C. Due to the
higher bulk silicon contenti-AlFeSi in the high Si alloy is more stable thaattin the low

Si alloy.
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Fig. 3.6. Transformation from-AlFeSi to AkFe in the high Si alloy: (a) As-cast, (b) and
(c) 630 °C for 2 h and (d) 630 °C for 12 h.

3.3.3. Solid solution levels

Solid solution levels can significantly contributethe high temperature flow stress
in dilute aluminum alloys [5, 23]. However, dueltov solubility of iron in aluminum and
also low amount of Si concentration in the investgl alloys it is very hard to directly
measure the solute level of these elements in ltn@ium matrix by EDX technique
precisely. Furthermore, using XRD technique to meaghe solute levels of iron and
silicon based on the variation of lattice parangetsrtechnically challenging, because it

needs an advance XRD machine and also reliablelathnThe increase or decrease in
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electrical conductivity is widely used to followeldissolution and precipitation of solutes
in aluminum alloys [24, 25] and was used as anxrafesolid solution levels of Fe and Si

in this study.

The impact of the homogenization treatment on thetecal conductivity of the two
alloys is shown in Figure 3.7. In comparison to lthe Si alloy, the high Si alloy generally
exhibited lower conductivity for a given conditiandicating overall higher levels of solute
in solution. During the rapid solidification in thgermanent mold casting, which has a
similar cooling rate range to DC cast ingots, sdmeand Si atoms are retained in the
supersaturated solid solution. Homogenization a0°65 significantly increased the
electrical conductivity of both alloys compared tioee as-cast condition due to the
elimination of supersaturation as excess Fe ange®¢ precipitated as intermetallics. As
the homogenization temperature was increased to°63@he conductivity decreased to
levels similar to the as-cast condition, indicatihg dissolution of Fe and Si containing

constituent phases.

In the low Si alloy, the phase transformation of,”¢ to AkFe occurred at 550 °C
and reached completion with increased homogenizatioe. However, the conductivity
changed only slightly as the homogenization tinmdased at this temperature (Fig. 3.7a),
which indicated that this type of phase transforomatlid not significantly affect the solid
solution levels. However, by increasing the homaggion temperature from 550 to 590
°C, the transformation af-AlFeSi to AkFe was promoted resulting in a release of Si atoms

into the solution. Therefore, the decrease in cotidty was more significant. An increase
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in the temperature to 630 °C further decreaseadneuctivity, which corresponded to the
re-dissolution of the constituent phases and furtbkease of Fe and Si into the solution

due to increased solid solubility at a higher terapee.

As shown in Fig. 3.7b, the high Si alloy only exted a slight decrease in electrical
conductivity from 550 to 590 °C because no phasasformation occurred in this
temperature range (Fig. 4b). However, a more sgamt drop in conductivity was
observed when the temperature was increased froth t69 630 °C because the
transformation oti-AlFeSi to AkFe released free Si atoms into the solution andsdlid
solubility increased with temperature. After sogkat 630 °C, the conductivity continued
to decrease as the homogenization time increadeafter 12 h the conductivity of the high
Si alloy was actually lower than that at the ag-casdition, which indicated that the solid

solution levels progressively increased as the lgemization time increased.
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Fig. 3.7. Effect of homogenization practice on ¢hectrical conductivity: (a) low Si alloy

and (b) high Si alloy.
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The results for both alloys in Fig. 3.7 indicatattithe solid solution levels initially
decreased during homogenization at 550 °C and ittmerased at higher homogenization
temperatures. It is also evident that the,/Ad to AkFe phase transformation had little
influence on the solid solution levels, and theggh&tansformation of-AlFeSi to AkFe

significantly increased solute levels in the s@ntduring homogenization.
3.3.4. Flow stress behavior during hot deformation

The hot workability of two dilute Al-Fe-Si alloywas assessed by a series of flow
stress curves. Figures 3.8 and 3.9 show the trassstrue strain curves for both alloys as a
function of homogenization temperature for a 6 aksiime compared to the as-cast starting
material. For most of the test conditions, the p#al stress was followed by a steady
state region, as shown in Figures 3.8 and 3.9. Mewyat the highest Z conditios<1 s’
and T=400 °C), the flow stress continued to inceeasth increasing strain. The former
case occurs when dynamic softening is in balandk work hardening while the latter
phenomenon is indicative of work hardening beingorgjer than softening during
deformation. In general, such flow stress behavamescharacteristic of hot working where
dynamic recovery is the main softening mechanismHér the low Si alloy (Fig. 3.8), the
flow stress behavior was very similar for all fodeformation conditions. The as-cast
material always exhibited the highest flow strealki®s. Homogenization at 550 °C yielded
the lowest flow stress values. The flow stress gaéy increased when the homogenization
temperature was increased to 590 and 630 °C. Eohigh Si alloy (Fig. 3.9), the highest

overall value of flow stress was obtained after bgenization at 630°C followed by the
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as-cast condition. The minimum values of flow <resere still obtained after

homogenization at 550 °C.
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Fig. 3.8. True stress-true strain curves for déferinitial states of the low Si alloy under
different deformation conditions: (&F0.01 §', T=400 °C, (b)é=0.01 §', T=500 °C (c)
é=1s', T=400 °C and (dj=1 s*, T=500 °C.

Typical flow stress values at a strain of 0.8 dreven in Figure 3.10 as a function of
the homogenization temperature for deformation it wheres=1 s* and T=400 and
500°C. The two alloys exhibited a similar trend adunction of the homogenization

temperature. Homogenization decreased the flovgsttempared to the as-cast condition,
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and treatment at 550°C vyielded the minimum flovessdrfor both alloys. This result is
consistent with the supersaturated state of thmassingot and the maximum precipitation
of the solute at 550°C. However, the flow stressaased again at higher homogenization
temperatures as the solute levels increased. largerthe high Si alloy exhibited higher

flow stress values (4-11%) under all deformatiomditbons due to the higher solute

content.
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In the low Si alloy, an increase in the soak terapee from 550 to 630°C produced a
10 to 23% increase in the flow stress over the eaoigdeformation conditions due to
increased Fe and Si levels in the solid solutiar.tRe same range of conditions, the flow
stress of the high Si alloy increased by 15 to 4%%s larger increase in the flow stress
was associated with the higher proportion@lFeSi, which promoted the release of more

Si solute during the transformation to;Pé.
3.3.5. Discussion

The Fe and Si present in the 1xxx DC cast ingotsledberate alloy additions or
impurities are generally present in two forms: ¢bnstituent particles that are Fe-rich
intermetallics distributed along aluminum cell agrdin boundaries and (2) solute elements
that are in the aluminum solid solution. Both cdosnht particles and solute elements can

have significant impacts on the hot workabilityadiminum alloys [5]. Homogenization of
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DC cast ingots prior to extrusion or rolling oftessults in significant changes in the type,
size and distribution of constituent particles aglvas the solute levels in the aluminum

matrix, which in turn, can alter the hot workalyilgf a given alloy.
3.3.5.1. Effect of constituent particles

Al-Fe and Al-Fe-Si intermetallic (constituent) peles in dilute Al-Fe-Si alloys were
originally eutectic secondary phases that solidif@ound aluminum cells and grains. In
general, when intermetallic particles are relagivighe (<1 pum) and uniformly distributed
in the matrix, they can effectively pin dislocatsrstabilize subgrains and retard dynamic
recovery and recrystallization, leading to a lamg@ease in the flow stress during the hot
deformation process[5]. In the current study, tize sf all of the intermetallic particles in
the as-cast and homogenized conditions were caige I(i.e., from one to tens pi, as
shown in Figs. 3.1 and 3.2), and the total volumaetions of the intermetallic particles
were also quite low (i.e., approximately 1.3 arfal \iol.% in the low Si and high Si alloys,
respectively). Therefore, the low volume fractitarge size and large interparticle spacing

of the intermetallic particles limit their overalinning ability.

During homogenization at different temperaturesagghtransformations (AfFe to
AlsFe andu-AlFeSi to AkFe) occurred, and the type and size of intermetgpdrticles were
partially modified. However, the size of the pddgafter homogenization was still large
(1-20 um), and their location in the microstructure renedinunchanged (Fig. 3.2).

Therefore, it is reasonable to conclude that therdmution to high temperature flow stress
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from the various intermetallic particles and thdistributions produced by changes in the

alloy composition and homogenization treatmenissignificant.
3.3.5.2 Impact of solute elements

Solute elements can have a strong influence onhttedeformation behavior of
aluminum alloys by interacting with mobile disloceis and retarding softening processes
[5, 23, 26]. The solution strengthening effect oba@ute is strongly dependent on the
specific solvent/solute pair [27]. The rapid sdichtion of the permanent mold casting
used in this study resulted in the retention ofaRd Si atoms in the supersaturated solid
solution. Therefore, the as-cast samples typicatlyibited the highest flow stress in both
alloys. Homogenization at a lower temperature (860 significantly reduced the flow
stress compared to the as-cast condition due telittnénation of Fe and Si supersaturation.
However, an increase in the homogenization temypegdtom 550 to 630 °C increased the
flow stresses by 10-23% and 15-45% for the low laigt Si alloys, respectively (Figs. 3.8
and 3.9). The increase in flow stress is believedéd closely related to the high solid

solution levels of both Fe and Si produced at &dndgnomogenization temperature.

Figure 3.11 shows the Al-Fe phase diagram whweeesolubility of iron increases
rapidly as the temperature increases [28]. The golid solubility limits for the Al-Fe
binary system at 550, 590 and 630 °C are approeimad.012, 0.024 and 0.04%,
respectively (i.e., the iron solute content cannt@re than tripled over this temperature
range). Although iron typically has low solid sailitly in aluminum (i.e., several hundred

ppm), it is a potent solute that has a signifidafitience on dislocation movement due to
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its low diffusivity [29]. Marshall et al. [30] repted that very small concentrations of iron
in a solid solution of high purity aluminum may gu@ss softening processes. Shelby et al.
[29] also demonstrated that a small amount of irosolution (i.e., at the level of several

hundred ppm) could significantly improve the creegistance of pure aluminum.

In addition to the effect of iron solid solubilityhe phase transformation from
AlFeSi to AkFe at higher temperatures released Si atoms tm#tex and increased the
overall solute level, which augmented the flow sdreé~or the high Si alloy-AlFeSi was
the dominant intermetallic phase, and it occupiggppraximately 60% of the total
intermetallic volume fraction prior to the transfation (Fig. 3.4b). The phase
transformation ofi-AlFeSi to AkFe at 630 °C produced a significant increase irstieon
content in the solid solution (Fig. 3.7b), whiclsuted in a significant increase in the flow

stress that exceeded the as-cast value.
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Fig. 3.11. Phase diagram of the binary Al-Fe systhowing the solid solubility of iron in

aluminum as a function of temperature [27].
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In summary, for dilute Al-Fe-Si alloys, the effaxdtintermetallic particles on the flow
stress is quite limited. The solute level of iravdailicon in the solid solution is believed to
be the predominant factor controlling the flow sgrend therefore the hot workability of

the alloy.
3.3.5.3 Industrial aspect

Based on industrial experience, the as-cast mitrdsire is undesirable for hot
deformation processes (e.g., high speed hot eatrusf thin wall tubing) due to the
inherent high solid solution levels, which promdiggh flow stress, and the coarse
intermetallic structures, which can cause hot ditictielated surface defects, such as die
lines or pick-up. The selection of homogenizati@rgmeters (i.e. temperature and time)

should consider both aspects.

Homogenization of dilute Al-Fe-Si alloys inducepragressive transformation either
from Al,Fe to AkFe at lower temperatures or fromAlFeSi to AkFe at higher
temperatures. In both cases, extended homogemzaties can promote coarsening of
AlsFe, which may be detrimental to the hot ductilibdasurface finish quality of extruded

products.

The results of the current study indicate thatdbleite levels of Fe and Si are the key
factors controlling the flow stress during hot defation of dilute Al-Fe-Si alloys.
Homogenization at a lower temperature (550 °C) ielated the supersaturation of solute
elements and therefore greatly reduced the flowsstr However, an increase in the

homogenization temperature cannot further softenntlaterials, as traditionally believed.
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On the contrary, an increase in the homogenizagmperature significantly increased the
flow stress up to 23 and 45% from 500 to 630 °C ttee low and high Si alloys,

respectively, due to the increase in the solid tsmiulevels at higher temperatures.
Increases of this magnitude in the flow stress laghly significant for the extrusion

process where the productivity is typically limitbg the press capacity. One of the key
factors affecting extrusion productivity of dilufd-Fe-Si alloys is the high temperature
flow stress. In general, an extrusion press haeaific pressure available to push the billet
through the die and this is a direct function af flow stress. Aluminum alloys exhibit

strain rate sensitivity, namely the higher theistrate (the ram speed), the higher the flow
stress is. Therefore, for a given press capacityofile geometry, the flow stress of the
material will dictate the maximum ram speed at \utitee press can operate. A higher flow
stress also produces a larger temperature inciehaseg extrusion, which increases the
surface exit temperature for a given extrusion g@pesulting in an earlier onset of surface

defects.

If the minimum flow stress is the primary considerna, the use of a relatively low
homogenization temperature, such as 550°C, offgnéfisant potential benefits in terms of
the extrusion speed and productivity for dilute A-Si alloys. A reduction in the silicon
level can also be beneficial. In comparison toltve Si alloy, the high Si alloy exhibited
higher flow stresses (4 to 11%) for a given defdromacondition. This further increase in
flow stress is also significant in term of the pFssing speed. This effect was further
compounded at high homogenization temperaturebdydiease of Si during theAlFeSi

to AlsFe transformation, which resulted in a further @ase in flow stress. Commercially,
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an increase in Si in the alloy is often utilizedinorease the room temperature strength.
Therefore, there is a potential trade-off betwdesé two aspects. If the final mechanical
property requirement dictates the use of a higitosil alloy, the proper selection of
homogenization temperature and time should be dermil to avoid the phase

transformation fronw-AlFeSi to AkFe.
3.4 Conclusions

1) The as-cast microstructures of two dilute Al-FeaBoys (Al-0.3Fe-0.1Si and Al-
0.3Fe-0.25Si) consisted ofAl dendrites and metastable /e anda-AlFeSi, as
well as equilibrium AdFe intermetallic particles. The proportion afAlFeSi
intermetallic increased with a higher silicon cantte

2) Homogenization promoted the phase transformatiom fthe metastable AFe or
a-AlFeSi phase to the equilibrium e phase via a dissolution-reprecipitation
mechanism. The AFe dissolved and transformed completely at 550°Math
alloys. Thea-AlFeSi was transformed at 590°C in the low Siyallal-0.3Fe-0.1Si),
whereas it began to decompose and transformgteeAdt 630°C in the high Si alloy
(Al-0.3Fe-0.25Si).

3) Homogenization at 550°C significantly reduced tlodéidssolution levels in both
alloys due to the elimination of the supersaturaboiginating from the cast ingot.
Above 550°C, the solid solution levels progresgivetreased.

4) The flow stress behavior of dilute Al-Fe-Si alloyss primarily controlled by the
solute levels of Fe and Si. Homogenization at 55@t@duced the lowest flow

stress for all of the deformation conditions stddieAn increase in the
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homogenization temperature from 550 to 630°C irsmdahe flow stress by 10 to
23% and 15 to 45% for the low Si and high Si allogsspectively, which is
commercially significant in terms of the productyvduring hot forming processes.
5) An increase in the silicon content from 0.10 to59&2in dilute Al-0.3Fe-Si alloys
increased the solid solution levels for all of th@mogenized conditions studied,

which resulted in an increase in the overall flaress by 4 to 11%.
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CHAPTER 4

EFFECT OF IRON AND SILICON CONTENT ON THE HOT
COMPRESSIVE DEFORMATION BEHAVIOR OF DILUTE AL-FE-SI

ALLOYS?

Abstract

The hot deformation behavior of dilute Al-Fe-Sioght (1xxx) containing various
amounts of Fe (0.1 to 0.7 wt%) and Si (0.1 to Ov&86) was studied by uniaxial
compression tests conducted at various temperaf888s550 °C) and strain rates (0.01-10
s%). The flow stress of the 1xxx alloys increasedhwiincreasing Fe and Si content.
Increasing the Fe content from 0.1 to 0.7% raibedibw stress by 11-32% in Al-Fe-0.1Si
alloys, whereas the flow stress increased 5-14%nwihe Si content increased from 0.1 to
0.25% in Al-0.1Fe-Si alloys. The influence of tleenperature and the strain rate on the hot
deformation behavior was analyzed using the Zeraiehhan parameter, and the effect of
the chemical composition was considered in termshef materials constants in the
constitutive analysis. The proposed constitutiveadigns yielded an excellent prediction of
the flow stress over wide ranges of temperature stran rate with various Fe and Si
contents. The microstructural analysis resultsatethat the dynamic recovery is the sole

softening mechanism of the 1xxx alloys during hetodmation. Increasing the Fe and Si

2 published at J. Mater. Eng. Perform., 24, 2018;415.
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content retarded the dynamic recovery and resufteddecrease in the subgrain size and

mean misorientation angle of the boundaries.
4.1 Introduction

The 1xxx series aluminum alloys are primarily ugadapplications in which superior
formability and excellent thermal and electricalndactivity are required. Typical
applications include foil and strips for packagifggat-exchanger tubing and fin stock,
coaxial cable sheathing and electrical conductdss2]. These products are generally
subjected to hot-forming processes such as extrusiod rolling. Therefore, the
development of a method to analyze and predict thei deformation behavior under

various thermomechanical conditions is the pringosl.

The high-temperature flow behavior of various matsrin hot-forming processes is
very complex. The work hardening and dynamic sdafiggrare both significantly affected
by many factors, such as the chemical compositfenforming temperature, the strain rate
and the strain [3, 4]. The flow behavior of matksria very important for the design of hot-
forming processes due to its substantial impadherrequired deformation load as well as
the kinetics of metallurgical transformations. Titeahally, the trial and error method has
been employed to optimize the thermomechanicalgases. To overcome the huge number
of tests required to achieve a reliable conclusionhe trial and error practice, various
modeling techniques have been developed that pesmsignificant reduction in the

production cost.
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The modeling of materials flow behavior is oftemdacted by proper constitutive
equations, which correlates the dynamic materiap@rties such as the flow stress to the
process parameters such as the deformation teraperand strain rate [5-7]. Normally,
uniaxial hot compression tests are employed toigeothe necessary data to extract the
constitutive equations. Several analytical [8], pdmaenological [9], and empirical [10]
models have been proposed to describe the highetatupe flow behavior for a wide range
of metals and alloys. Johnson and Cook [11] prapasephenomenological model to
develop a cumulative-damage fracture model. Sedibed. [12] proposed a hyperbolic-sine
constitutive law to describe the elevated tempeeatiow behavior of various materials.
Sloof et al. [13] introduced a strain-dependentapaater into the hyperbolic sine
constitutive equation to improve its accuracy. etral. [14] proposed a revised hyperbolic
sine constitutive equation to describe the flowawetr of 42CrMo steel by considering the
compensation of the strain and strain rate. Ashégal. [6] established strain-compensated
constitutive equations to predict the flow behawbcommercially pure aluminum. Among
various constitutive equations available, the higpkec sine constitutive equation, proposed
by Sellars et al. [12], has proven to be applicaier a wide range of materials and alloys

[5-7, 15, 16].

Commercial 1xxx aluminum alloys exhibit higher sigéh and work hardening than
high purity aluminum. The main alloying additioms,controlled impurities, in these alloys
are Fe and Si. Zhao et al. [17] reported that EeSirplay a major role in the strength and
work hardening of commercial 1xxx alloys and thhe tcontribution from the other

impurities is negligible. McQueen et al. [4, 18] tB&ncluded that dynamic recrystallization
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(DRX) could not occur in commercially pure aluminyixxx alloys) and that dynamic
recovery (DRV) was the sole restoration mechanisming hot deformation. Although a
few researchers [4, 6, 19] have studied the hairdedtion behavior of commercially pure
aluminum, no systematic investigation of the infloe of different Fe and Si contents on

the hot deformation behavior of dilute Al-Fe-Siogi is available in the literature.

In the present study, the hot deformation behawfodilute Al-Fe-Si alloys with a
systematic variation of the Fe and Si contents magstigated by hot compression tests
conducted at various deformation temperatures &nathsrates. The experimental stress-
strain data were employed to drive constitutive atigms correlating flow stress,
deformation temperature and strain rate considetimg influence of the chemical
composition. Moreover, the effects of the defororaticonditions and the chemical
composition on the microstructural evolution asated with the dynamic softening were

investigated.
4.2 Experimental

To cover the range of Fe and Si of commercial @gein 1xxx alloys, seven dilute Al-
Fe-Si alloys containing 0.1 to 0.7 % Fe and 0.D.85 % Si were investigated (all alloy
compositions in this study are in wt% unless othgswindicated). The chemical
compositions of the experimental alloys are pre=skim Table 4.1. They were prepared
from commercially pure aluminum (99.7%), Al-20%FedaAl-50%Si master alloys. For
each composition, approximately 5 kg of materiaswaelted in an electrical resistance

furnace and then cast into a rectangular, permasteat mold measuring 30x40x80 thm
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Prior to the cast, the melts were grain-refinecbyaddition of 0.015% Ti in the form of an
Al-5Ti-1B master alloy. The cast ingots of theskleyd were homogenized at 550 °C for 6

h, followed by water quenching at ambient tempeeatu

Cylindrical samples of 10 mm in diameter and 15 mrheight were machined from
the homogenized ingots. The uniaxial hot-compresgsests were conducted using a
Gleeble 3800 thermomechanical testing unit at rstrates of 0.01, 0.1, 1 and 18 and
temperatures of 350, 400, 450, 500 and 550 °C.ngute tests on the Gleeble 3800 unit,
the specimens were heated at a rate of 2 °C/s adtamed for 120 s at the desired
temperature to ensure a homogeneous temperatutdbution. The specimens were
deformed to a total true strain of 0.8 and then ediately water-quenched to retain the

deformed microstructure.

Table 4.1. Chemical compositions of the experimeaitays (wt%).

Alloys Si Fe Cu Mn Cr Ni Ti Zr \%

Al-0.1Fe-0.1Si 0.10 0.12 0.002 0.000001 0.007 0.016 0.0015 0.012
Al-0.3Fe-0.1Si 0.10 0.28 0.003 0.002001 0.007 0.017 0.0015 0.012
Al-0.5Fe-0.1Si 0.10 0.49 0.004 0.002001 0.007 0.017 0.0014 0.012
Al-0.7Fe-0.1Si 0.11 0.68 0.006 0.003001 0.007 0.018 0.0013 0.012
Al-0.1Fe-0.25Si 0.24 0.13 0.002 0.000001 0.007 0.018 0.0014 o0.012
Al-0.3Fe-0.25Si 0.24 0.30 0.001 0.002001 0.007 0.017 0.0014 o0.012
Al-0.5Fe-0.25Si 0.26 0.52 0.002 0.002001 0.008 0.017 0.0015 0.012
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The deformed samples were sectioned parallel toctmpression axis along the
centerline direction. Because conventional meclaumpolishing can cause surface plastic
deformation on the relatively soft surfaces of caanerally pure aluminum and introduces
a large number of artifacts in the electron backsoed diffraction (EBSD) maps, an argon
ion-beam cross-section polisher (JEOL SM-09010) wasployed in this study. All
samples were polished in an*Apn beam at 5 kV with a current of 80 mA for 8The
microstructural evolution of the compressed samplas investigated using the EBSD
technique under a scanning electron microscope (SEH@L JSM-6480LV). In the EBSD
analysis, the boundaries of grains and subgraiesdafined as low-angle boundaries,
medium-angle boundaries and high-angle boundarigsmisorientation angles of 1-5°, 5-
15° and greater than 15°, respectively [20]. Tlep size between the scanning points was
set as 1.um. The line intercept method was used to measwgestibgrain size of the
deformed samples. To ensure the statistical rétigbimore than 100 subgrains were
measured in each sample. For the quantitative measmt of the misorientation
distribution of the boundaries, EBSD line scannives performed with a step size of 0.2

um.
4.3 Result and discussion
4.3.1 Flow stress behavior

A series of true stress-true strain curves werainbtl for all seven alloys at various
deformation temperatures (350 to 550 °C) and staties (0.01 to 10%3. Figures 4.1 and

4.2 display typical true stress-true strain curfiggsthe Al-0.1Fe-0.1Si and Al-0.5Fe-0.1Si
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alloys as examples. At the beginning of deformatithe flow stress increased rapidly
because of dislocation multiplication and the higite of work hardening [21, 22].
Subsequently, the flow stress increased at a dangeaate with an increase in the strain
and then either remained fairly constant or, inaercases with a high Zener-Holloman
parameter (Z), continued to increase until the ehdhe deformation. The steady state
regime (after the strain of ~0.1) gives evidenca gbnstant dislocation density as a result
of a balance of the work hardening and the dynasuoftening. In the cases of high Z, the
strain hardening without saturation is indicatiiel® work hardening being stronger than
the dynamic softening during the deformation. Imeayal, both flow behaviors are
characteristic of high temperature deformation imok dynamic recovery (DRV) is the
dominant softening mechanism [18, 21, 23]. Theotffeof the deformation temperature
and strain rate on the flow stress behavior ofdrabys were significant. The flow stress
increased with decreasing deformation temperatnceiacreasing strain rate, which is in
good agreement with previously reported result6[424]. The highest value of the flow
stress was obtained at a strain rate of 1@rsl a temperature of 350 °C for all of the alloys
investigated, whereas by decreasing the strain tat0.01 & and increasing the

temperature to 550 °C, the flow stress reacheatiitgmum value.

Figures 4.3 and 4.4 demonstrate the influence efRé and Si levels on the flow
stress at a strain of 0.8 for all of the alloy$vad extremes of strain rates (0.01 and 1) s
respectively. Increasing the Fe content increades flow stress at all deformation
conditions (Fig. 4.3). However, its effect was meignificant when the Si level remained

low (0.1 %). For example, in the low Si series wl¢Al-Fe-0.1Si), at a given deformation
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condition (350 °C and 0.1% increasing the iron content from 0.1 to 0.3 @8 %

increased the flow stress from 34.9 to 38.3 ané MPa, respectively. In the high Si series

alloys (Al-Fe-0.25Si), by raising the Fe conterdnfr 0.1 to 0.3 and 0.5, the flow stress

increased from 39.5 to 42.1 and 42.8 MPa, respaygtiGenerally, in the case of the low Si

alloys, raising the iron content from 0.1 to 0.5r%éreased the flow stress by 7 to 26% over

the range of deformation conditions studied. Howglg raising the iron content from 0.1

to 0.5 % in the high Si series alloys, the flovestrincreased only 4 to 16%.
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Fig.4.1. True stress-true strain curves of Al-0-DEESi alloy at various strain rates &F
0.01¢, (b)é=0.18" (c)é=1s"and (d)¢ =10 s~
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Fig.4.3. Effect of iron on flow stress at strain(8, (a) Al-Fe-0.1Si¢ = 0.01 &, (b) Al-Fe-
0.1Si¢ = 10 ', (c) Al-Fe-0.25Sk = 0.01 § and (d) Al-Fe-0.25S¢ = 10 s".

As seen in Fig. 4.4, the addition of Si can alswaase the flow stress of dilute Al-Fe-
Si alloys. Raising the silicon content from 0.1a@5 % in the Al-0.1Fe and Al-0.5Fe
alloys increased the flow stress by 4 to 14% ard 2%, respectively, over the range of
deformation conditions applied. The results indidhtat the influence of the Si content was
more evident at a low Fe level. It appears thatinigact of the individual alloy additions

was more significant when the concentration ofdter element was low.
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Fig.4.4. Effect of silicon on flow stress at strain0.8, (a) Al-0.1Fe-S¢ = 0.01 &, (b) Al-
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4.3.2 Constitutive analysis

Constitutive equations are widely used to model hiog-deformation behavior of
metals and alloys. At elevated temperature, titzensrate £) is related to the temperature

and flow stress, by the Arrhenius type equatiorlf¥,24, 25].
&E=Af(0) expeg) 4.1)
RT

where £ is the strain rate 3, A is a constant, Q is the activation energy hmt
deformation (KJ mat), R is the universal gas constant (8.314 J'not), T is the absolute

temperature (K) anfdl(o) is the stress function which can be expresse8,db| 26-28]:
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o aoc<08
f (o) =< expBo) ao>12 (4.2)
[sinh@o)]" forallo

whereo is the flow stress (MPa)y 3 and n are material constant afi¢- ,B/nl [26-28] is a

stress multiplier. Generally, the power law equativeak down at high stress values, and
the exponential equation break down at low stredaes. However, the hyperbolic-sine
law proposed by Sellars and McTegart [12], is flétdor constitutive analysis over a wide
range of temperatures and strain rates [3, 7, 43,23]. Furthermore, the effect of the
temperature and the strain rate on the hot-deféomaehavior could be represented by the

Zener-Holloman parameter (Z) in an exponential &qod6, 7, 21, 29J:

Z :éexp%) (4.3)

Using the experimental results obtained from the&doonpression tests at various
temperatures and strain rates, the material coisstard activation energy of the above
mentioned equations could be determined for adlyallinvestigated. The following is the
solution procedure for determining the materialsstants and activation energy, using an
Al-0.1Fe-0.1Si alloy as an example. In this stutig value ok is taken from the value of

the flow curves at a true stain of 0.8.

For the low éo < 0.8) and the highot > 1.2) stress levels, substituting suitable
function (the power law and exponential lawf ¢&)) into Eq. (4.1) leads to Egs. (4.4) and

(4.5), respectively:

£=Ac" (4.4)
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&=Aexpfo) (4.5)

where A andA; are the material constants. Taking the naturarittgm of both sides of

Egs. (4.4) and (4.5) yields,

1 1
In(0)=—Iné——In 4.6
©) o o A (4.6)

:’%Iné‘—%lnA2 4.7)

Then, substituting the values of the flow stresmed corresponding strain rates into
the Egs. (4.6) and (4.7) gives the relationshipvben the flow stress and strain rate, as
shown in figure 4.5. The value gfand n could be obtained from the slope of the lines in
the IN€ -5 andIN€ — In o plots, respectively. The mean valuesdadind n for the range

of temperature studied were found to be 0.28415a8859 respectively. Consequently, the

value ofa was defined agr = /n = 0.048 MP4.
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Fig.4.5. Plots of (aJné- ¢ and (b)INé- Inc for Al-0.1Fe-0.1Si alloy.
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For wide range of stress level, Eq. (4.1) coulddymesented as the hyperbolic sine

law:

£ = Asinh@o)]" exp(—%) 4.8)

Differentiating Eq. (4.8) results in:

- diné din[sinh@o)] | _
Q_F{aln[sinhba)]M 4(1000'T) l"RnS’ (4.9)

where R is a universal gas constant, n is the nsigpe of Iné vs.aln[sinf(aa)] at

various temperatures and S is the mean slope cﬁlm[sinl‘(aa)] vs.6(100¢T) at various
strain rates. Figure 4.6 exhibits the relationstiptween In S-Gln[sinf(aa)] and

aln[sinl(a’a)]-d(100¢T) for the Al-0.1Fe-0.1Si alloy. Therefore, the vaue n, S and Q

of the Al-0.1Fe-0.1Si alloy can be obtained fromg.F.6 and Eq. 4.9. Combining Eq. (4.8)

with Eqg. (4.3) results in:

., - n
Z=¢£ex = Asinh 4.10
pﬁ) Asinh@o)] (4.10)
Taking the natural logarithm of both sides of Eif)(results in:
InZ =In A+ nIn[sinh(@o)] (4.11)

The linear correlation betweelnZ and In[SinP(aa)] are shown in Figure 4.7. The

value ofIn A is the intercept of the plot dfi Z vs.ln[sinf(aa)] :
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In a similar way, the values of the materials cant,a, n and A, as well as the
activation energy, Q, can be computed for all & dther alloys. Table 4.2 presents the

values of the materials constants and activatiarges corresponding to all of the alloys
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investigated. As can be seen, the value décreases as the values of n, A and Q increase
with increasing Fe or Si contents. The calculataldies of the activation energies of 1xxx
alloys lie between 167 and 182 KJ/mol in this studlues which are in general agreement

with those reported previously for commercially @atuminum [3, 4, 19, 21, 30, 31].

Table 4.2. Values of material constants and actimagnergies of all experimental alloys.

Alloys o (MP) n A(sh) Q (KJ/mol)
Al-0.1Fe-0.1Si 0.048 4.11 1.84E+11 167.2
Al-0.3Fe-0.1Si 0.046 4.36 5.75E+11 174.5
Al-0.5Fe-0.1Si 0.044 4,52 1.50E+12 181.2
Al-0.7Fe-0.1Si 0.043 4.48 1.55E+12 181.9
Al-0.1Fe-0.25Si 0.046 4.08 2.87E+11 171.3
Al-0.3Fe-0.25Si 0.043 4.30 1.16E+12 179.6
Al-0.5Fe-0.25Si 0.042 4.35 8.42E+11 177.8

4.3.3 Effect of chemical composition

So far, the constitutive equations have been ereglap study the influences of
deformation conditions such as the temperature strain rate on the flow stress of
individual alloys with a specific chemical compa®it. As can be seen, the effect of the
chemical composition is not considered in Egs.)(drd (4.3). In this section, the effects of
the chemical composition on the materials constamd activation energy in the
constitutive equations were also considered. Fuljlthis goal, the values of the materials
constants and activation energy @, InNA and Q) obtained from the constitutive eopres
are considered as a function of the Fe contenur€ig.8 illustrates the variation in the

materials constants and activation energy withedifiy Fe contents for both the low- and
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high-Si series alloys. A second-order polynomiaiction, as shown in Eqg. (4.12), was

found to represent the influence of the Fe conteith very good correlation and

generalization (Fig. 4.8). The coefficients of p@ynomial fit are provided in Tables 4.3

and 4.4 for the alloys containing 0.1 and 0.25&ipectively.

a =B, +BFe+B,F¢
Q=C, +CFe+C,F¢&
n=D, +D,Fe+D,F&
LnA=E, + EFe+E,F¢&

where Fe is the Fe content in wt%.
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Fig.4.8. Relationship between @)b) Q, (c) n and (d) InA and Fe level by polynohiia

for both Al-Fe-0.1Si or Al-Fe-0.25Si alloys.
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Table 4.3. Coefficients of the polynomial fit@f Q, n and InA for the Al-Fe-0.1Si alloy.

a Q n In A

Bo 0.0493 G 161.44 ) 3.9108 E 25.049
B -0.0135 G 58.565 ] 2.12 B 9.2095
B, 0.0063 G -41.313 D -1.875 E -6.9063

Table 4.4. Coefficients of the polynomial fit @f Q, n and InA for the Al-Fe-0.25Si alloy.

o Q n In A
BO 0.0483 Co 163.34 DO 3.9063 EO 25.04
Bl -0.025 C1l 91.85 D1 1.95 El 15.595

B2 0.025 Cc2 -125.87 D2 -2.125 E2 -21.512

Figure 4.8 demonstrates that the polynomial fumcpoovides a good description of
the relationship between the materials constardstlaa Fe level in 1xxx alloys. The value
of o decreases with increasing Fe content, whereasahes of n and A increase with
increasing Fe contents for both the low and highl®ys. Moreover, the activation energy
for hot deformation, Q, is an important indicatdr tbe degree of difficulty of plastic
deformation. The change in the hot deformationvatibn energy as a function of the Fe
content for both the low and high Si series arenshm Fig. 4.8b. The Q values gradually
increase with increasing Fe content in all of theya except for Al-0.5Fe-0.25Si. It is
worth noting that the effect of the Fe content lom activation energy is more significant at
low Fe levels. By increasing the Fe content fromt0.0.5% in the low Si series alloys, the
Q value increases from 167.2 to 181.2 kJ/mol, wdeelies value only slightly increases
from 181.2 to 181.9 kJ/mol as the Fe content irs@edrom 0.5 to 0.7%. On the other
hand, the value of the activation energy even 8ligtecreases from 179.6 to 177.8 kJ/mol

in the high Si series alloys as the Fe conteneases from 0.3 to 0.5 %.
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From EqQ. (4.10), the flow stress, can be expressed as a function of the Zener-

Hollomon parameter as follows:

1 7 % 7 %
J:Em NS +1) ¢, (4.13)

After the relationship between the materials cantstand the Fe content are well
established, the flow stress of the 1xxx alloyshwiairious compositions (Fe level) at any

given deformation condition can be predicted by ®yipg Eq. (4.13).

To verify the constitutive equations developedditute Al-Fe-Si alloys, the predicted
flow stress values were plotted against the expartal flow stress measurements (Fig.
4.9). The correlation coefficients between the expental and predicted results were
greater than 99% for all of the alloys investigatiédan be seen that the proposed models
could accurately predict the flow stress of 1xxioyd through the entire range of Fe
contents, temperatures and strain rates, which snéwat they can be used for numerical
simulation of the hot deformation process and imosing the proper deformation

parameters in commercial practice.
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4.3.4 Microstructural evolution during hot deformation

Figure 4.10 illustrates optical micrographs of Al#e-0.1Si and Al-0.5Fe-0.25Si
alloys after homogenization. Because the solidlsliy of iron in aluminum is very low
(i.e., max. 0.05% at 650 °C), most of the iron camab with both aluminum and silicon to
form secondary Fe-rich intermetallic phases [33, 3Bese Fe-rich intermetallic particles
are distributed predominantly in the dendrite ckbdundaries. In the homogenized
microstructure, the dominant constituent phase Akfe in the low Si series alloys,
whereas in the high Si series alloys, the majorsphaaso-AlFeSi. With increasing Fe
content, the number of Fe-rich intermetallic pagscincreases. Increasing the Si content

increases the amounts of the constituent partiale$ solute atoms simultaneously. A
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detailed description of the Fe-rich intermetallicapes in dilute Al-Fe-Si alloys and the

effects of homogenization were reported in our jney study [34].

To study the influence of the deformation condiiiamn the microstructural evolution
of Al-Fe-Si alloys, the Al-0.1Fe-0.1Si compositiaras selected to be analyzed by EBSD,
and the effect of the deformation conditions onrtisorientation angle of the boundaries
and the subgrain size were quantitatively evaludteglre 4.11 shows orientation imaging
maps of the deformed microstructure under variog®rchation conditions for the Al-
0.1Fe-0.1Si alloy after compression to a straif.8f In hot-worked aluminum alloys, the
original grain boundaries are generally charaoteriby high-angle boundaries (>°L5
whereas low-angle boundaries (3-8nd medium-angle boundaries (531form subgrain

structures [22].
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Fig. 4.10. As-homogenized microstructures of (apAlFe-0.1Si and (b) Al-0.5Fe-0.1Si.
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During hot deformation, the original grains wer@rgjated perpendicular to the
compression direction. The deformation performed high Z condition (400 °C and 10 s
Y resulted in a high density of low-angle bounda@ed consequently a great number of
small subgrains (Fig. 4.11(a)). Irregular deformiatibands were observed inside the
original grains (see arrows in Fig. 4.11(a)) du¢hi® deformation occurring on a different
slip system [22]. When the strain rate was reduoei015" at a temperature of 400 °C, the
deformation bands became less visible, and largbgrains were formed with neatly
arranged boundaries (Fig. 4.11(b)), thereby indigatan increased level of dynamic
recovery due to the greater time for dislocatiolygonization [22]. Furthermore, when the
temperature increased to 500 °C at a strain ra@.aff §', the substructure was further
recovered, which involved the rearrangement andhdation of dislocations, resulting in
the presence of coarsened subgrains with highdeangundaries (Fig. 4.11(c)). The
increased polygonization consisted of an enlargéemein the subgrains and the

rearrangement of the subboundary dislocationsriatder networks [19].
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Fig.4.11. Orientation imaging maps of Al-0.1Fe-0.B80y under various deformation
conditions: (a) 10°5, 400°C, (b) 0.01%, 400°C and (c) 0.018 500°C. White lines 1-§
blue lines 5-1%and black lines > 15

Table 4.5 shows the variation in the mean misoaigm angle and the subgrain sizes
with the deformation conditions in the Al-0.1Fe-8i&lloy. As the temperature increased
and the strain rate decreased, both the mean emigation angle of the boundaries and the
subgrain size increased. This suggests a higherofatiynamic recovery with increasing
temperature and decreasing strain rate [21, 22tk consistent with the microstructural
observations shown in Fig. 4.11. Dynamic recoveryaithermally activated process, of

which the level is improved as the temperature eases [22]. When the strain rate
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decreases, the increased level of dynamic recageajtributed to the increased time for

subgrain coalescence [21, 22].

Table 4.5. Evolution of the mean misorientationlarand the subgrain size under various

deformation conditions in the Al-0.1Fe-0.1Si alloy.

Deformation condition Mean misorientation angl€)( Subgrain size (um)

400°C/10¢ 7.42 3.58
400°C/0.01% 9.27 7.29
500 °C/0.013 13.27 16.52

To understand the effect of the Fe and Si contarthe microstructural evolution of
1xxx alloys, a fixed deformation condition (500 &@d 0.01 3) was selected to compare
different alloys. Figure 4.12 illustrates the otsion imaging maps of the deformed
samples with various Fe and Si contents. The impiaEe on the subgrain structure can be
seen from Fig. 4.11(c) and Figs. 4.12(a) and (khad-e content increases from 0.1 via 0.3
to 0.5%. Generally, samples displayed a similaroaieéd microstructure, where only
dynamic recovery occurred during hot deformatioowver, the levels of the dynamic
recovery of those samples varied with the Fe casters also shown in Figure 4.13. At a
given Si content, both the mean misorientation @majl the boundaries and the subgrain
size were continuously decreased with increasingdfgents. For example, the Al-0.7Fe-
0.1Si alloy displays the smallest mean misorieatafingle and subgrain size among the
four low-Si alloys, indicating a slowing of the dymic recovery with increased Fe content.
On the other hand, when comparing Fig. 4.11(c) With 4.12 (c) and Fig. 4.12(b) with

Fig. 4.12(d), it is found that the high-Si alloyghéited finer subgrain structures relative to
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the low-Si alloys. At the same Fe content, the @igthe Si level, the lower the mean
misorientation angle and the smaller the subgrége svere (Fig. 4.13). These results
indicate a decreased level of dynamic recoverphasst content increases. To find a
quantitative relationship between the average subgdiameter and the deformation
conditions, three alloys (Al-0.1Fe-0.1Si, Al-0.1625Si and AIl-0.5Fe-0.1Si) were
selected for analysis. Fig. 4.14(a) shows the io#lahip between the deformation
conditions (Z) and the subgrain diameter (d). lapgparent that the subgrain size became
smaller as the Zener-Hollomon parameter increaaad, a good linear fit between the
reciprocal subgrain diameter and the logarithmhef Zener-Hollomon parameter is found,

as expressed in Eq. 4.14:

d*=00193nZ - 0.3598, (4.14)

Figure 4.14(b) illustrates the relationship betwéen steady-state flow stress and the
subgrain diameter. It is evident that the flow s$rencreases with decreasing subgrain
diameter, and a linear function between the stesaty flow stress and the reciprocal
subgrain diameter, based on the equation propog@&dcueen et al. [35] and Jonas et al.

[36], is established (Eqg. 4.15):

0,=19135d" - 753. (4)15
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Fig.4.12. Orientation imaging maps of (a) Al-0.3%&Si (b) Al-0.5Fe-0.1Si, (c) Al-0.1Fe-

0.25Si and (d) Al-0.5Fe-0.25Si alloy deformed &b %0 and 0.013.
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Fig.4.13. Effect of Fe and Si contents on (a) Meagorientation angle, (b) subgrain size of
1xxx alloys deformed at 5% and 0.01°%,
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Fig. 4.14. Relationship between (a) the recipracaigrain diameter {§j andlogarithm of
the Zener-Hollomon parameter (Z), (b) the steadyesflow stressd) and reciprocal

subgrain diameter (1.

The deformation conditions (Z), such as the tentpezaand strain rate define the
steady-state subgrain size, which in turn determihe flow stress. As the temperature
decreased and the strain rate increased, a higistless was induced as a result of the fine
subgrain size generated during hot deformatioshttuld be mentioned that this relation
could not be used at very high temperatures whegestibgrain size becomes very large

(>25um).

Based on the microstructural observations in Figutdl and 4.12, it is clear that
dynamic recovery is the sole softening mechanisah dperates during hot deformation of
the dilute Al-Fe-Si alloys. The subgrain structumeghese figures were the result of the
mutual annihilation of many dislocations and therrangement of the remaining
dislocation into regular low/medium-angle boundsri&@his phenomenon is commonly

observed during deformation in metals and alloysh wigh stacking fault energies [4, 18,
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21]. The relatively high rate of dynamic recovergndficantly offsets the work-hardening
effect and reduces the driving force for dynamirystallization[21, 22]. It is evident that
the level of dynamic recovery increases when tHerg®ation temperature increases and
the strain rate decreases, which is associated amtimcrease in the mean misorientation
angle of the boundaries and the subgrain size €T4l). Furthermore, the addition of Fe
and Si enhances the strain hardening and impedesndy recovery during hot
deformation, leading to a finer subgrain struct(Figys. 4.12 and 4.13). In the case of Fe
addition, Fe-rich intermetallic particles greatesr several um in length cannot be sheared
or bypassed by the moved dislocations [21]. Thetaleformation is performed by the
flow of the aluminum matrix around them, which ssaciated with a local lattice rotation
in the vicinity of the intermetallic particles [22This results in an increased deformation
resistance and the formation of smaller subgrages the intermetallic particles [21, 22]
With a higher Fe content, the increased amounteefi¢h intermetallic particles acts as a
stronger barrier to deformation and thus resulis farther increase in the flow stress and a
decrease in the overall subgrain size. On the dthed, Si addition increases both the
amounts of Si solute atoms and intermetallic pladic The deformation resistance is
increased due to the solute-drag effect and tharex@d barrier to plastic flow [21, 22, 37].
Therefore, at a given Fe addition, the alloy withhigher Si content demonstrates an

increase in the flow stress and a decrease iretlet df dynamic recovery.

The use of extruded 1xxx alloys is commerciallypartant for the production of
thin-walled tubing for refrigeration, heat transf@nd conductor applications. Given the

perceived simplicity of this alloy family, there & surprisingly wide range of alloys in
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commercial use just for extruded applications, udolg AA1050, AA1060, AA1235,

AA1100 and AA1350, with many compositional variantsthin the registered AA

specifications. Extrudability is a term used totca@ the ability to process an alloy at high
speed into thin-walled shapes; for 1xxx alloys,\idrich the extrusion ratios are high even
with multistranding, this is primarily controlledylithe flow stress. In general, this alloy
family is considered to have good extrudability dadts dilute nature and high melting
point. However, the current work has indicated tratll changes in the iron and silicon
content can have a significant impact on the flaness and thus on the extrusion
productivity and cost, which is an important aspiett should be considered for alloy

selection and design.
4.4. Conclusions

In the present study, the hot-deformation behawfodilute Al-Fe-Si alloys with a
systematic variation in the Fe and Si contents stadied. From the results obtained, the

following conclusions can be drawn.

1) Increasing the iron content increased the high eratpre flow stress for all of the
alloys studied. In the case of low Si (0.10%) adloycreasing the iron level from
0.1 to 0.7% produced 11 to 32% increase in the fkikess over the range of
deformation conditions investigated. However, faghh Si (0.25%) alloys, by
increasing the iron level from 0.1 to 0.5%, thenlistress increased only 4 to 16%.

2) The addition of silicon also increased the highyiemature flow stress. Increasing

the silicon level from 0.1 to 0.25 % in the Al-OelBnd Al-0.5Fe alloys increased
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the flow stress by 4-14% and 2-8%, respectivelyerawe range of deformation
conditions investigated.

The materials constants and activation energiebdtdeformation as a function of
the Fe content were determined from the experinh@oi@pression data obtained.
The applied constitutive equations yielded an d&oelpredication of the flow
stress over wide temperature and strain-rate raofjésxx alloys with various Fe
and Si contents.

The activation energy for hot deformation graduatigreased with increasing Fe
and Si contents. Increasing the Fe content fromt6.D.7% in low-Si alloys
increased the activation energy from 167.2 to 1&l/6nhol, whereas increasing the
Si level from 0.1 to 0.25% in the Al-0.1Fe-Si all@ised the activation energy from
167.2 to 171.2 kd/mol.

Dynamic recovery is the sole softening mechanisreratmg during the hot
deformation of dilute Al-Fe-Si alloys. The rate tbe dynamic recovery increased
with increasing deformation temperature and deangastrain rate. Increasing the
Fe and Si contents promoted the retardation ofdgmeamic recovery due to the
increased amounts of intermetallic particles andgdite atoms in the aluminum
matrix.

The impact of small changes in the Fe and Si césiten the flow stress and
resulting extrudability of 1xxx alloys is signifiog and this fact should be

considered in alloy selection and design for exdcudpplications.
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CHAPTER 5

HOT DEFORMATION BEHAVIOR AND RATE CONTROLLING
MECHANISM IN DILUTE AL-FE-SI ALLOYS WITH MINOR

ADDITIONS OF MN AND CU

Abstract

The hot deformation behavior of dilute Al-Fe-Siogk containing various amounts of
Mn (0.1-0.2 wt%) and Cu (0.05-0.31 wt%) was invgstied by hot compression tests
conducted over a range of deformation temperai@3-550 °C) and strain rates (0.01-10
s1). Both Mn and Cu in a solid solution have a siigaifit influence on the hot workability
of dilute Al-Fe-Si alloys. On a wt% basis, Mn exitéba stronger strengthening effect
compared with Cu. The activation energies for hefodmation were calculated from the
experimental flow stress data obtained using a ghe sine constitutive equation for all
of the alloys investigated. The activation enemgyeased from 161 kJ/mol for the low-Fe
base alloy to 181 kJ/mol for the alloy containingd @t% Mn, while the addition of Cu up
to 0.31 wt% only slightly increased the activatienergy to 166 kJ/mol. The solute
diffusion acted as the deformation rate-controllmgchanism in these dilute alloys. Mn
containing alloys have a higher flow stress andhéigactivation energy due to the

considerably lower diffusion rate of Mn in aluminwmompared with Cu containing alloys.
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Dynamic recovery was the sole softening mechanisso@ated with the hot deformation
of all of the alloys investigated. The additionMh and Cu retarded the dynamic recovery

and decreased the subgrain size and mean misaieenaagle of the grain boundaries.
5.1 Introduction

Al-Fe-Si (1xxx) wrought alloys are used in a widenge of applications where
excellent formability, corrosion resistance, anéctical and thermal conductivity are
desirable. Typical applications include foil andigstfor packaging and heat-exchanger
tubing, cable sheathing and fin stock [1, 2]. Galrthe levels of iron and silicon in a
specific alloy are controlled to yield the requirethterial properties, such as strength,
formability and corrosion resistance. The effaatsron and silicon contents on the hot
workability of the 1xxx alloys have previously beeeported by Shakiba et al. [3].
Increasing both the iron and silicon content gehemacreases the high temperature flow
stress, which can negatively impact the hot worlkgtj3]. Consequently, there is a trade-
off between room temperature mechanical propedras hot workability. An alternate
approach to increase the room temperature stresgthadd minor alloying elements, such
as manganese and copper, for solid solution stiengtg, which is the case in the widely

used AA1100 alloys.

Mn is normally added to aluminum in order to cohttbe dynamic softening
processes. Generally, Mn in presence of iron aimbsj forms coarse constituent particles
and fine dispersoids that serve as obstacles dgair@sn boundary migration and

dislocation movement [4, 5]. Mn also has a sigatfic influence on the strength of



119

aluminum alloys when present in a solid solutioh @Gopper is often added to improve the
strength of aluminum [1, 6]. However, addition ofi @ore than 1.1% results in the
formation of coarse intermetallics during castimipjch act as initiation sites for corrosion.
Compared with the negative effect of copper-coimgitarge intermetallics on corrosion,
the research work [7] shows rather a favorableuarfte on corrosion resistance while the

copper remains in a solid solution.

A significant amount of work has been reportedmdolid solution strengthening of
materials [4, 8-10]. Solute additions result inegardation of dislocation movement, an
enhanced rate of dislocation multiplication andrestriction of dynamic softening
processes [10, 11]. The size and shear modulusreliftes between solute atoms and a
solvent matrix both have significant impact on geengthening effect of solute elements
[8, 12, 13]. Normally, the size effect is strondjieh produces an attractive force between
the solute atoms and the dislocation cores [13k $hear modulus difference becomes
significant when the solvent and solute atoms sBomilar sizes [13]. Spittel et al. [12]
showed that 1% Mg with a higher atomic radius défee increases the flow stress of
aluminum more significantly than 1% Cu with a sreatitomic radius difference. Ryen et
al. [4] revealed that both Mg and Mn in a soliduimin give a nearly linear concentration
dependence of strength for commercially pure alumimlloys. Due to the clustering effect
between Mn and trace elements in a solid solutidn, gave a considerably higher
hardening effect per atom compare with Mg. Furalef5] showed that an addition of 1%
Mg produces a solute drag effect during the hoobmeftion of aluminum resulting in a

smaller subgrain size and a lower misorientatiogi@arSherby et al. [14] studied the effect
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of additions of trace amounts of iron on the crbepavior of pure aluminum and found
that the creep rate is controlled by the rate ef $blute atom diffusion in the subgrain

boundary region.

The present investigation was conducted to as$essrtpact of minor Mn and Cu
additions on the hot workability of commercial 1xaloys with the long term view of
optimizing alloy design in terms of strength andt lppocessability. Hence, the hot
deformation behavior of dilute Al-Fe-Si alloys withifferent levels of Mn and Cu was
investigated by a hot compression test conductadmdus temperatures and strain rates.
The experimental data were employed to derive dotise equations correlating flow
stress, deformation temperature and strain ratee vRlues of the activation energy and
other material constants were calculated for edtdy aising a hyperbolic sine type
constitutive equation. The effects of Mn and Cuitholgs on the microstructural evolution

associated with the dynamic softening process aisestudied.
5.2 Experimental procedure

Commercially pure aluminum (99.7%), Al-20%Fe, Al%S8i, Al-25%Mn and Al-
50%Cu master alloys were employed to prepare thmeremental alloys. All alloy
compositions in this study are in wt% unless othsewindicated. The chemical
compositions of the experimental alloys are presgimh Table 5.1. The additions of 0.1
and 0.2 % Mn were made to two different base all@®is0.1Fe-0.1Si and Al-0.5%Fe-
0.1Si). Three different amounts of Cu (0.05, 0.48 6.3%) were added to the low-Fe base

alloy (Al-0.1Fe-0.1Si). For each composition, apqmeately 5 kg of materials was melted
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in an electrical resistance furnace and then cdeta rectangular permanent steel mold
measuring 30 x 40 x 80 mimPrior to casting, the melts were grain-refinedabyaddition

of 0.015% Ti in the form of an Al-5Ti-1B master@ll The cast ingots were homogenized
at 550 °C for 6 h, followed by water quenching atbéent temperature, which gives the

lowest flow stress in the dilute Al-Fe-Si alloy$]1

Cylindrical samples of 10 mm in diameter and 15 mrheight were machined from
the homogenized ingots. The uniaxial hot compressests were conducted using a
Gleeble 3800 thermomechanical testing unit at rstrates of 0.01, 0.1, 1 and 18 and
temperatures of 400, 450, 500 and 550 °C. Specimwens heated at a rate of 2 °C/s and
maintained for 120 s at the desired temperaturengure a homogeneous temperature
distribution. The specimens were deformed to altbtae strain of 0.8 and then

immediately water-quenched to retain the deformextostructure.

The deformed samples were sectioned parallel toctmpression axis along the
centerline direction and then prepared by an argofbeam cross-section polisher (JEOL
SM-09010) for electron backscatter diffraction (EBSanalysis under a scanning electron
microscope (JEOL JSM -6480LV). In EBSD analysise thoundaries of grains and
subgrains are defined as low angle boundaries, umedngle boundaries and high-angle
boundaries with misorientation angles of 1-5°, 8-Ahd greater than 15°, respectively
[16]. The step size between the scanning points se& as 1.um. The line intercept
method was used to measure the subgrain size indéf@med samples. To ensure
statistical reliability, more than 100 subgrainsrevemeasured in each sample. All

misorientation angles larger than®°Mere ignored in calculating the mean misorientatio
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angle because they were assumed to be the orlggtalangle grain boundaries. Thin foll
samples were examined on the JEM-2100 transmisslentron microscope (TEM)
operated at 200 kV after electropolishing the samph a solution of 30% nitric acid and

70% methanol at 15 V and at -22 °C

Table 5.1. Chemical compositions of experimentalyal (wt%)

Alloys Si Fe Cu Mn Cr Ni Ti Zr \%

Al-0.1Fe-0.1Si (A0) 0.10 0.12 0.002 0.001 0.001 0¢.0 0.016 0.0015 0.0012
Al-0.1Fe-0.1Si-0.1Mn (AM1) 0.11 0.13 0.003 0.11 @O 0.007 0.015 0.0015 0.012
Al-0.1Fe-0.1Si-0.2Mn (AM2)  0.11 0.13 0.003 0.21 @O 0.007 0.014 0.0016 0.012
Al-0.1Fe-0.1Si-0.05Cu (AC1) 0.10 0.12 0.051 0.001.000 0.007 0.016 0.0014 0.0012
Al-0.1Fe-0.1Si-0.15Cu (AC2) 0.11 0.13 0.181 0.001.000 0.007 0.015 0.0014 0.0013
Al-0.1Fe-0.1Si-0.31Cu (AC3) 0.11 0.13 0.31 0.00 0a.0 0.007 0.015 0.0014 0.0012
Al-0.5Fe-0.1Si (BO) 0.10 0.49 0.004 0.002 0.001 0G.0 0.017 0.0014 0.012

Al-0.5Fe-0.1Si-0.1Mn (BM1) 0.11 05 0.00 0.11 0.00D.007 0.014 0.0014 0.012

Al-0.5Fe-0.1Si-0.2Mn (BM2) 0.11 05 0.00 0.22 0.00D.007 0.015 0.0015 0.012

5.3 Results and discussion
5.3.1 Flow stress behavior

Figures 5.1 and 5.2 illustrate the series of tyititee stress-true strain curves obtained
during the hot compression of dilute Al-Fe-Si alayontaining various amounts of Mn and
Cu, respectively. Generally, all of the alloys ditad similar deformation behavior. In

most cases, the peak flow stresses reached aphteacertain strain, indicating a dynamic
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balance between softening and work hardening. I d¢hse of high Z deformation
conditions, the flow stress continued to increasté wrogressive straining, indicating that
the work hardening rate was higher than the safterate. Normally, both flow behaviors
are characteristic for hot working conditions, whetynamic recovery (DRV) is the
dominant softening mechanism [17, 18]. In all casks flow stress increased with the
increasing strain rate and decreasing deformagompérature, which is in good agreement
with previously reported results [19-22]. Furthermancreasing the Mn and Cu contents
enhanced the deformation resistance of dilute ABFalloys at all of the combinations of

temperature and strain rate.

Figure 5.3 illustrates the effect of Mn and Cu &dds on the flow stress at a strain of
0.8 as a function of temperature at two extremestrafn rates (0.01 and 18)sAs shown,
both Mn and Cu additions increase the flow stréstilote Al-Fe-Si alloys significantly for
a given deformation condition. However, the inflaerof Mn on the flow stress was more
evident when the iron level remained low (0.1%)r Egample, in the low Fe alloy (Al-
0.1Fe-0.1Si), the addition of 0.2% Mn increasedfltw stress from 16 to 21 MPa (a 31%
increase) at T= 400 °C ard= 0.01 & (Fig. 5.3a) and from 47 to 54 MPa (a 15% increase)
at T= 400 °C and = 10 ' (Fig. 5.3b), respectively. On the other hand, i tiigh Fe alloy
(Al-0.5Fe-0.1Si), the 0.2% Mn raised the flow sgréim 18 to 22 MPa (a 22% increase)
at T= 400 °C and = 0.01 §" (Fig. 5.3c) and from 51 to 55 MPa (a moderate Bétease)
at T= 400 °C andt = 10 §' (Fig. 5.3d), respectively. As seen in Figs. 5aBel f, the
addition of Cu also increases the flow stress endiute Al-0.1Fe-0.1Si alloy. Raising the

Cu content to 0.3% increased the flow stress bar®13% at both deformation conditions
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(T= 400 °C,¢ = 0.01 § and T= 400 °C¢ = 10 &, respectively). The results indicate that
the influence of Cu addition on the high tempemfilow stress is rather weaker than then

influence of Mn addition.

To have a better comparison between the Mn andffeatet a given deformation
condition, the flow stress as a function of theyhg element addition (wt%) is plotted in
Figure 5.4 at a temperature of 400 °C and fouirstaes (0.015to 10 &). It is evident
that on a wt% basis, the Mn addition has a moneifstgnt impact than the copper addition
on the flow stress of the Al-0.1Fe-0.1Si alloy, esplly at lower strain rates (0.01 and 0.1
s%). For instance, at a given deformation conditid®, 400 °C andé = 0.01 &, the
additions of 0.3% Cu and 0.2% Mn increased the #tngss in Al-0.1Fe-0.1Si alloy from
16 to 19 and 21.3 MPa, respectively. At higheristrates (1 $ to 10 &), both Mn and Cu

have a more or less comparable effect on the ftosgs.
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Fig.5.1. Typical true stress-true strain curves(af:Al-0.1Fe-0.1Si, (b) Al-0.5Fe-0.1Si, (c)
Al-0.1Fe-0.1Si-0.1Mn, and (d) Al-0.5Fe-0.1Si-0.1Mf@) Al-0.1Fe-0.1Si-0.2Mn and (f)
Al-0.5Fe-0.1Si-0.2Mn alloys.
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Fig.5.2. Typical true stress-true strain curves (a): Al-0.1Fe-0.1Si, (b) Al-0.1Fe-0.1Si-
0.05Cu, (c) Al-0.1Fe-0.1Si-0.18Cu and (d) Al-0.16~&Si-0.31Cu alloys.
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Fig.5.3. Effect of Mn and Cu on the flow stressaatrain of 0.8: (a) Al-0.1Fe-0.1Si-Mn,
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5.3.2 Constitutive analyses

Constitutive equations are developed to demonstinaténfluences of the deformation
parameters on the state of flow stress. The hyfierlsine Arrhenius type equation
proposed by Sellars and McTegart [23], is widelgduor constitutive analysis over wide

range of temperatures and strain rates [21, 24-27]:

Z = Nsinh@o)]" = é‘exp%) (5.1)
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where Z is a Zener-Hollomon parametér,is the strain rate (3, A and n are constants,
Is a stress multipliers is the flow stress (MPa), Q is the activation ggefor hot
deformation (kJ ma!), R is the universal gas constant (8.314 J'nol) and T is the

absolute temperature (K).

The material constants and activation energy inBhe(5.1) could be determined for
all of the alloys investigated by using the expemtal data obtained from the hot
compression tests at different deformation condgioThe following is the solution
procedure for determining the material constantsl activation energy using the
experimental data obtained for AM2 (Al-0.1Fe-0.02Mn) alloy as an example. In this

study, the value o is taken from the value of the flow curves atwetstain of 0.8. The
value of stress multiplie#s can be calculated from= ,B/nl, where the value of and n

obtained from the slope of the lines in thes -6 and In £ —In ¢ plots, respectively (Fig.
5.5). The mean values @fand n at different temperatures were calculated to ROZ%
and 6.41respectively. Consequently, the valuenofias defined asr =,B/nl: 0.046 MPa

1

Differentiating Eq. (5.1) results in:

- olné dIn[sinh@o)] | _
Q_R{aln[sinhw)]M o@/T) L'R”S (5.2)

where R is a universal gas constant, n is the ralegue of theln & vs.aln[sinlfa'a)] plot at
various temperatures and S is the mean slope oﬁthbinl{a'a)] Vs, 6(100§Z)T) plot at

different strain rates. Figure 5.6 exhibits theatiehship betweerhns‘-aln[sinlfaa)] and
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6In[sin|(aa)]-6(100¢T). Therefore, the mean values of n and S can bénetérom Fig.

5.6 (a) and (b), respectively. The activation ep@aquld then be calculated from Eq. (5.2).
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The linear correlation betweenZ and In[Sinf(a'a)] are shown in Figure 5.7. The

value ofIn A could be obtained from the intercept of the plotmZ vs.ln[sinl(aa)] plot.

36
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Fig.5.7. Plot ofln Z vs. In[SinI'(aa)] :

In a similar way, the values of material constants;, A, and the activation energy,
Q, were computed out for all the alloys studieche§e values are presented in Table 5.2.
The variation in the hot deformation activation gyyeas a function of alloy additions is

illustrates in Figure 5.8.
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Table 5.2. Values of material constants and actimaenergies of all the experimental

alloys at strain 0.8.

Alloys o (MP? n A(sY Q (kJ/mol)
Al-0.1Fe-0.1Si (AO) 0.057 3.84 3E+10 161.22
Al-0.1Fe-0.1Si-0.1Mn (AM1)  0.050 4.36 1.62E+11 173.14
Al-0.1Fe-0.1Si-0.2Mn (AM2)  0.046 4.61 5.23E+11 181.12
Al-0.1Fe-0.1Si-0.05Cu (AC1) 0.053 3.90 4.15E+10 163.9
Al-0.1Fe-0.1Si-0.18Cu (AC2) 0.050 3.88 2.92E+10 162.51
Al-0.1Fe-0.1Si-0.31Cu (AC3) 0.048 3.92 4 93E+10 165.61
Al-0.5Fe-0.1Si (B0O) 0.052 4.25 2.58E+11 176.04
Al-0.5Fe-0.1Si-0.1Mn (BM1) 0.047 4,54 4.11E+11 181.57
Al-0.5Fe-0.1Si-0.2Mn (BM2)  0.044 4.84 3.25E+12 191.71
195
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Fig.5.8. Activation energy of dilute Al-Fe-Si alloywas a function of alloying addition.

Activation energy is an important physical paramesterving as an indicator of the

degree of difficulty of plastic deformation. Thelwas of the activation energy calculated

for two base alloys (i.e., Al-0.1Fe-0.1Si and AbBe-0.1Si) are in general agreement with
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those reported previously for commercially purendghwum [10, 19, 24, 28-30]. The
increases of activation energy in these two bdsgsatompared with the high purity pure
aluminum (142 kJ/mol) [31] could be attributed tbetpinning effect of iron-rich

intermetallic particles in the dislocation movemeBy increasing the iron content, the
density of AkFe intermetallic particles increases, which resalthe enhanced deformation

resistance and higher activation energy [10].

In addition, Mn has a significant influence on tntivation energy of both low and
high iron base alloys. The addition of 0.2% Mn e tAl-0.1Fe-0.1Si and Al-0.5Fe-0.1Si
alloys increased their activation energies from ®d 176 to 181 and 193 kJ/mol,
respectively. In contrast, the addition of Cu omhoderately increases the activation
energy. The 0.31% Cu addition to the low iron bakey (Al-0.1Fe-0.1Si) increased the

activation energy from 161 to 166 kJ/mol.
5.3.3 Microstructural evolution during hot deformation

The solid solubility of Mn and Cu in aluminum argpaoximately 0.45% and 5.7%,
respectively, at 550 °C [4, 12], and hence the tamdi of Mn and Cu up to 0.22% and
0.31%, respectively, in this study are expectedremain in the solid solution after
homogenization at 550°C for 6 h. Studying the nstmacture of the homogenized Al-
0.1Fe-0.1Si-0.2Mn, Al-0.5Fe-0.1Si-0.2Mn and Al-0e1F.1Si-0.31Cu alloys also
confirmed that these elements did not undergo amgciptation reactions during
homogenization. The homogenized structures of &lithe alloys contained uniform

equiaxed grains with an average size of 110 toyi35and the iron-containing intermetallic
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particles (i.e., AJFe) distributed along aluminum dendrite boundaf8sl5]. The phase

transformation from the AFe as-cast to the e after homogenization intermetallic
phase was observed during the homogenization tezdtmvhich is consistent with our
previous work [15]. The size and distribution bé tiron-containing intermetallic particles
were found to remain approximately unchanged dfteraddition of either Mn or Cu in
both low and high iron alloys. The volume fractiah iron-containing intermetallic

particles was increased by increasing the ironll&éeen approximately 0.1% (Al-0.1Fe-

0.1Si) to 0.5% (Al-0.5Fe-0.1Si).

Results of TEM examination confirmed that both M &u additions do not cause
the formation of any dispersoids after homogeniratit 550°C. Furthermore, Mn addition
up to 0.1% did not form any dispersoids during deformation while some fine Fe and Mn
bearing dispersoids were formed in samples com@i®.2% Mn (AM2 and BM2) by
dynamic precipitation. In contrast, no dynamic piation was observed in the copper
containing alloys. Figure 5.9 shows TEM images e Al-0.1Fe-0.1Si-0.2Mn and Al-
0.5Fe-0.1Si-0.2Mn alloys after hot deformation at 200 °C, ¢ = 0.01 & ande = 0.8. A
small amount of fine dispersoid particles were fbtm be randomly distributed within the
grains and at the grain boundaries. The energyedige X-ray spectrometer (TEM-EDX)
analysis showed that the particles were composed, dfin, Fe and Si, which most likely
belonged tar-Al(FeMn)Si type dispersoids. It was reported [33] that in the aluminum
alloys containing Fe, Mn and Si;Al(FeMn)Si dispersoids are a very common type of

dispersoids precipitated during heating and anngali
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Fine dispersoid particles with a sufficient numb#ensity could stabilize the
substructure, retard dynamic softening processdsramease the rate of strain hardening
[10, 22]. However, at high deformation temperatufes., >400°C) the presence of a low
volume fraction of dispersoid particles has a distiad pinning effect as dislocations can
climb around them [10]. As seen in Figure 5.9 (wittages showing the regions of highest
particle density), the dispersoid particles wetatreely large and their number density was
low. Therefore, in the current situation, the @lepinning effect of those dispersoids is

limited because of their low number density andéanterparticle spacing.

0.5 pm

Fig.5.9. TEM microimages of the deformed sample§=a400°C and £é= 1 s* (a) Al-
0.1Fe-0.1Si-0.2Mn (b) Al-0.5Fe-0.1Si-0.2Mn

Other factors, such as grain size and second plpasecles formed during

solidification, may also have significant impact ¢ime hot deformation behavior of
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aluminum alloys. However, microstructural obsemasi showed that the variation of the
second phase particle distribution and grain sias megligible for the alloys studied. From
the observations described above, it could be cded that solid solution strengthening is
the dominant mechanism influencing the hot defoionan the alloys with minor additions

of Mn and Cu investigated in this study, and thkiteocontent is considered as the major

factor between different alloys.

To understand the effect of Mn and Cu additionstba microstructural evolution of
dilute Al-Fe-Si alloys, five deformed alloy sampl€al-0.1Fe-0.1Si, Al-0.1Fe-0.1Si-
0.31Cu, Al-0.1Fe-0.1Si-0.2Mn, Al-0.5Fe-0.1Si andOAbFe-0.1Si-0.2Mn deformed at 500
°C and ¢ = 0.01 §') were selected and analyzed by EBSD analysisr&ifuL0 shows the
orientation imaging maps of the deformed samples abmpression at T = 500°C ad-

0.01 §'to a strain of 0.8.

All five deformed samples had a characteristic veced structure. DRV occurs when
dislocations have sufficient mobility and the raffedislocation removal is equal to their
production, which involves dislocation annihilaticand rearrangement into low and
medium angle subgrain boundaries. As a result o D& subgrain structure develops
inside the deformed grains and the dislocationgndecreases [34, 35]. As seen in Figure
5.10, the microstructures of all five samples e#bibwell defined subgrains with low and

medium angle boundaries inside the elongated ligjtains.

To have a quantitative analysis of the DRV rate, deformed microstructures were

characterized by subgrain size and misorientatiagiea and the results are given in Table
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5.3. The results revealed that both the mean boymdsorientation angle and the average
subgrain size were reduced with the addition of &t Cu. This reduction indicates a

retardation of DRV, which is consistent with thecroistructural observations in Fig. 5.10.

The addition of Mn resulted in a greater decreasgubgrain size and mean misorientation
angle compared with an addition of Cu, which sutgges stronger restriction of dynamic

recovery by the former. Furthermore, when the icomtent was increased from 0.1 to

0.5%, the addition of 0.2 % Mn resulted in a lowdecrease in subgrain size and mean
misorientation angle, indicating a less strongctftd Mn on retardation of DRV in the Al-

0.5Fe-0.1Si-0.2Mn alloy.

Fig.5.10. Orientation imaging maps of (a) Al-0.1%&Si, (b) Al-0.1Fe-0.1Si-0.31Cu, (c)
Al-0.1Fe-0.1Si-0.2Mn, (d) Al-0.5Fe-0.1Si and (e)@&bFe-0.1Si-0.2Mn samples deformed
at 500C and ¢ = 0.01 &. White lines 1-8, blue lines 5-1%and black lines 15°.
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Table 5.3. Subgrain size and mean misorientatigiheanf deformed samples at T = 500
and £ = 0.01 & to strain of 0.8.

Alloy Subgrain size (um) Mean misorientation angle
Al-0.1Fe-0.1Si (A0) 16.55 4.73
Al-0.1Fe-0.1Si-0.31Cu (AC3) 15.06 3.97
Al-0.1Fe-0.1Si-0.2Mn (AM2) 12.03 3.88
Al-0.5Fe-0.1Si (BO) 13.72 4.02
Al-0.5Fe-0.1Si-0.2Mn (BM2) 11.54 3.28

5.3.4 Discussion

The effects of Mn and Cu additions on the hot defdron behavior of dilute Al-Fe-
Si alloys were investigated. In terms of microstuwe, no additional precipitation was
produced when up to 0.31% Cu was added, whereasgad®% Mn resulted in dynamic
precipitation of a low volume fraction efAl(FeMn)Si dispersoids. However, the pinning
effect of these dispersoids is very limited duetheir low density and relatively large
interparticle spacing (as shown in Fig. 5.9) [1@¢nce, solid solution strengthening could

be considered as the dominant mechanism in thkges al

Small additions of Mn (0.1 and 0.2%) increasedflbw stress of the Al-Fe-Si alloys
significantly. Constitutive analysis indicated tHdnh has a significant influence on the
activation energy of both low and high iron coniagnalloys (Fig. 5.8). Conversely, the Cu
addition is found to have a lower effect on thenflstress compared to Mn (Figs 5.3 and
5.4), and the values of the activation energy Fa €u containing alloys only increased

slightly with increasing Cu content (Fig. 5.8).
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The stronger effects of Mn addition compare with &idition can be interpreted as
being due to the higher relative differences inmatsize and shear modulus of Mn with
aluminum than those for Cu with aluminum. Howevwerthe case of atom size difference,
it is the Cu atoms that have the larger size difiee compared with Mn (Table. 5.4), which
results in larger interaction forces between delioms and Cu atoms than between
dislocations and Mn atoms [4, 12]. Spittle et &R][claimed that Cu has a stronger impact
than Mn on the hot flow stress of pure aluminum tiuthe larger difference in atomic radii
between Cu and Al compared with the difference betwMn and Al. Conversely, as seen
in Table 5.4, the modulus misfit of Mn with alummuis higher than that of Cu with
aluminum. This may explain the observed differeneaveen Mn and Cu effects, but it is
difficult to clearly distinguish the effects of ltoelements on hot deformation behavior
based on these two traditional criteria. It wasgasted by Ryen et. al. [4] that despite the
larger atomic radius differences between Mg andcéhpare with Mn and Al, for the
commercially pure aluminum grades, Mn has a strohgedening effect per atom than Mg
because of the clustering effect between Mn anmtedements in solid solution. However,
this theory cannot explain the more significant atipof Mn on the flow stress at lower

strain rates.

The stronger effect of the Mn atoms compared with Cu atoms in the high
temperature flow behavior of Al-0.12Fe-Si alloy, ielhis demonstrated in this study, may
be explained by the dislocation climb model proposg Sherby et.al. [14, 36]. This model
involves solute atom diffusion as the rate-conimnglldeformation process. Both solute

atoms (Mn or Cu) can segregate at subgrain bowwlahring the early stages of hot
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deformation. In this step, the stress field frohe tsubgrain boundary dislocations is
balanced by the stress field from the pile-up diatmns under the applied shear stress.
Then, the opposing stress fields from subgrain batias and from pile-up dislocation are
cyclically relaxed by the diffusion of solute atoisthe subgrain boundary. The release of
energy leads to the unpinning of the lead dislocafirom the pile-up and allows the
dislocation to glide past the boundary, which resui the deformation of the alloy [14,
36]. The solute-diffusion-controlled hot defornmati mechanism suggests that the
deformation resistance of dilute solid solutionnailmum alloys is inversely proportional to

the diffusion coefficient of the solute atoms ie tduminum matrix [36].

Figure 5.11 shows the diffusion coefficient of MmdaCu in aluminum as a function
of temperature. As shown, Mn has a much lower giffa rate than that for aluminum self-
diffusion, while the Cu diffusion rate in aluminusimuch close to that for aluminum self-

diffusion [31].

Table 5. 4. Atomic radius and shear modulus ofyallp elements of aluminum [12].

Atomic Radius  shear modulus

Element (A G (GPa)
Al 1.43 26.2
Cu 1.28 48.3

Mn 1.30 66.8
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Fig.5.11. The diffusion rate of various solutesaluminum as a function of reciprocal

temperature [31].

In the case of deformation of Mn containing allogtse to the low diffusion rate of
Mn atoms, the pile-up dislocations could not eapégs through the subgrain boundaries,
and their movement was strongly hindered at theysuilh boundaries. This hindering of
movement led to an enhanced dislocation multipbcatate, which acted as a barrier to
further dislocation movement and resulted in a @rghvork hardening rate [14].
Furthermore, due to the presence of Mn solutesamym recovery was restrained, which
led to a finer subgrain structure and smaller nesation angle compared with the base
alloys as observed in Figures 5.10 (c) and (e) Balgle 5.3. This fine substructure was
stabilized by the Mn solutes, which acted as effecbarriers to dislocation motion [14,
36]. Hence, the flow stress of Al-Fe-Si-Mn alloygrieases significantly due to enhanced

work hardening, restrained dynamic recovery anthareased subgrain strengthening rate.
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The alloys Al-0.1Fe-0.1Si-0.2Mn and Al-0.5Fe-0.1&2Mn, which contain 0.2% Mn,
had the activation energies for hot deformatiori®t and 193 kJ/mol, respectively, and
these values are close to the activation energifosolute diffusion in aluminum of 203
kJ/mol [31]. These results suggest that the hobrd&dtion process involved manganese
solute diffusion acted as the deformation rate+mdliig mechanism. Similar results have
been observed during the creep processing ofialumalloys containing 0.054% Fe and

1.0% Mn [14, 36].

In the case of Cu addition, due to the small défifee between the diffusivity of Cu in
aluminum and aluminum self-diffusion [31], Cu cdntag alloys exhibited a weaker
solute effect at high deformation temperatures cmegb with the Mn containing alloys.
Furthermore, the activation energy for Cu solutiéudion in aluminum is similar to the
activation energy for aluminum self-diffusion (142mol) [31], indicating a similar energy
barrier to dislocation motion for the pure aluminamd solute Cu containing aluminum
alloys. The comparable values of activation enerdex hot deformation between Cu
containing alloys and the base alloy also can giwgport for the solute diffusion rate-
controlling mechanism. In terms of the microstruatuevolution of Al-Fe-Si-Cu alloys,
due to a still lower diffusion rate of copper iuadinum than the aluminum self-diffusion,
the pile-up dislocations had some degree of diffycypassing through the subgrain
boundaries compared with the base alloy, resultimga decreased level of dynamic
recovery during hot compressive deformation. MoegpvCu solutes in the aluminum
matrix retarded the dislocation motion due to tiute drag effect [34, 37, 38]. By

increasing the Cu content, the increased amourdgobfte atoms produced a stronger
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pinning effect, leading to a lower rate of DRV atmhsequently a moderate increase in

flow stress.

The more remarkable impact of Mn addition on thenflstress than Cu addition,
particularly at low strain rates (i.e., 0.0}) @s shown in Fig. 5.4, also can be explained by
the dislocation climb model. Subgrain boundariesetigped during hot deformation of
aluminum alloys are a natural barrier to dislogatiootion and plastic flow. Previously,
McQueen et al. [35] and Jonas et al. [36] showatlttie flow stress of a specific alloy at a
given deformation condition is a function of thebgtain size. In the early stages of
deformation, clean subgrain boundaries are creatéite deformed grains that are free of
solute atoms. In this condition, aluminum diffusicontrols the deformation rate. Then,
solute atoms start to be absorbed by the coreeoédige dislocations within the boundaries.
Therefore, solute atom diffusion rates become thmidant controlling mechanism. When
the strain rate is low, solute atoms have enougie tio segregate in the subgrain
boundaries, and consequently they have a morefisami influence on controlling the
deformation rate. By increasing the strain ratea@ivlO &, the number of solute atoms
that can segregate on the subgrain boundariesgslyareduced due to limited time, which
leads to the diminished effect of the solute diffasrate on the flow stress of dilute alloys.
Therefore, both alloys containing Mn solute anayall containing Cu solute exhibit more

comparable values of flow stress at high straie canditions (Fig 5.4 (b)).
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5.4 Conclusions

In this study, the effects of Mn and Cu additiomste hot workability of dilute Al-

Fe-Si alloys were investigated. The following carsabns can be drawn:

1. Additions of Mn and Cu increase the flow stressdidfite Al-Fe-Si alloys for a
given deformation condition. On a wt% basis, tlelidon of Mn has a more
significant impact on the flow stress compared it addition of Cu.

2. The activation energies for hot deformation incegasom 161 and 176 for low-Fe
and high-Fe base alloys to 181 and 192 kJ/mol, ectsely, for the alloys
containing 0.2% Mn, while the addition of Cu up&81% to the low-Fe base alloy
raised the activation energy only slightly from 161166 kJ/mol.

3. The solute-diffusion acted as the deformation catetrolling mechanism in these
dilute aluminum alloys. The hot deformation resis&is inversely proportional to
the diffusion coefficient of the solute atoms andrease with an increasing amount
of the Mn and Cu solutes in the aluminum.

4. Additions of Mn and Cu promote the retardation lué tlynamic recovery, which
leads to a finer subgrain structure and a smallesomentation angle after hot
deformation. The addition of Mn results in a greatecrease in subgrain size and

mean misorientation angle compared with the addibioCu.
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CHAPTER 6

MODELING THE EFFECTS OF CU CONTENT AND
DEFORMATION VARIABLES ON THE HIGH-TEMPERATURE
FLOW BEHAVIOR OF AL-FE-SI ALLOYS USING AN ARTIFICIA L

NEURAL NETWORK

Abstract

The hot deformation behavior of Al-0.12Fe-0.1Sowd with varied amounts of Cu
(0.002-0.31 wt%) was investigated by uniaxial coesgion tests conducted at different
temperatures (400-53C) and strain rates (0.01-18)s The results demonstrated that flow
stress decreased with increasing deformation testyrer and decreasing strain rate, while
flow stress increased with increasing Cu contentafodeformation conditions studied due
to the solute drag effect. Based on the experinhéata, an artificial neural network model
was developed to study the relationship betweemmate# composition, deformation
variables and high-temperature flow behavior. Ae#ilayer feed-forward back-propagation
artificial neural network with 20 neurons in a hétdlayer was established in this study.
The input parameters were Cu content, temperasinan rate and strain, while the flow
stress was the output. The performance of the gepmodel was evaluated using various

standard statistical parameters. An excellent agea¢ between experimental and predicted
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results was obtained. Sensitivity analysis indiddtet the strain rate is the most important
parameter, while the Cu content exhibited a mobastsignificant influence on the flow
stress. The ANN model proposed in this study caurately predict the hot deformation

behavior of Al-0.12Fe-0.1Si alloys.

6.1 Introduction

1xxx series wrought aluminum alloys are used inidewange of applications and
product forms, such as foil and strips for packggand heat-exchanger tubing, cable
sheathing and fin stock, where excellent formagikibrrosion resistance and electrical and
thermal conductivity are required [1, 2]. Typicallthe levels of iron and silicon in a
specific alloy are controlled to provide the reegdirperformance characteristics, such as
strength, formability or corrosion resistance, whresulting in many commercial variants
within a given AA specification. The effects obir and silicon levels on hot workability in
1xxx alloys were reported in our previous work [3]ncreasing both iron and silicon
contents generally increases the high-temperatowe dtress, which can negatively impact
the hot workability [3]. For example, the extrusigpeed and corresponding productivity of
thin-wall tubing can be reduced. Thus, there isaale-off between room temperature
mechanical properties and hot workability. An @dtge approach to increase room
temperature strength is to add copper for solwtoengthening, as is the case in the widely
utilized AA1100 alloys. In the current work, the pact of copper content on hot
workability is assessed with the long-term viewoptimizing 1xxx alloy design for both

strength and hot processability.
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The flow behavior of aluminum alloys during hot alehation is complex. The work
hardening and dynamic softening mechanisms are digttificantly affected by a number
of factors, such as chemical composition, formemperature, strain rate and strain [4, 5].
Therefore, prediction of the hot deformation bebawf metals and alloys under various
thermomechanical conditions is of great techniaaterest. Constitutive models are
extensively employed to describe high-temperatione behavior. These models are either
analytical [6-8] or phenomenological [9-11]. Anadyl constitutive models are based on
the physical aspects of a material’s behavior auliire comprehensive understanding of
the underlying mechanisms that control the matsridgéformation. In addition, there are
many independent parameters in analytical const#w@quations that require experimental
determination. These features make this type ofahadifficult to apply. Phenomenological
constitutive models serve as the classical apprdachmodeling forming processes of
materials at elevated temperatures. These modstgible the flow behavior based upon
empirical observations using mathematical functides consider the influence of
deformation variables on the flow stress. Phenorogial models often lack physical
background and are typically restricted to certpincessing domains where a specific
deformation mechanism operates. In the approacssided above, material constants are
defined by experimental results via regression yaigmlon the basis of analytical or
phenomenological constitutive equations. As theaase of deformation behavior at high
temperatures is highly nonlinear, accurate preatictif the flow stress by these methods is

difficult, and the applicable range of these modelgmited.
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In recent years, artificial neural networks (ANN®ve provided a fundamentally
different approach for material modeling and maleprocessing control techniques [12].
The most important advantage of ANNSs is that they bt require postulation of a
mathematical model at the outset or the identificabf its parameters. ANNs learn from
examples and recognize patterns in a series ot iapd output data without the need for
any prior assumptions about their nature and iel&tions [13, 14]. Recently ANNs have
been successfully applied to model the high-tentpezaflow behavior of stainless steels
[14], aluminum alloys [15, 16], magnesium alloyg]ititanium alloys[18, 19] and Al-base
metal matrix composites [20]. However, to date,ANN model has been develope¢al
simultaneously include the effect of both chemmainposition and deformation variables

in aluminum alloys.

In the present study, the capability of the ANN magh to predict the high-
temperature flow behavior of Al-0.12Fe-0.1Si-Cuogdl was examined as a function of
chemical composition and process parameters. An Ahddel has been proposed to
predict the flow behavior of Al-0.12Fe-0.1Si alloysth various levels of Cu addition
(0.002-0.31 wt%) under different deformation coiwtis. Sensitivity analysis was carried
out to quantify the relative importance of Cu aidlitand individual deformation variables

on the flow stress.
6.2 Experimental procedures

Al-0.12Fe-0.1Si alloys with different Cu contengsging from 0.002 to 0.31% were

investigated (all alloy compositions in this studye given in wit% unless otherwise
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indicated). Materials were prepared from commelicialire aluminum (99.7%), Al-50%Si
and Al-50%Cu master alloys. Table 6.1 provides tmemical compositions of the
experimental alloys used. For each compositiont@apmately 3 kg of material was melted
in an electrical resistance furnace and then cdsta rectangular permanent steel mold.
Prior to casting, the melts were grain-refined iy &ddition of 0.015% Ti in the form of an
Al-5Ti-1B master alloy. The cast ingots of thefleys were homogenized at 550 °C for 6

h, and then water quenched to room temperature.

Table 6.1. Chemical compositions of alloys (wt%)

Alloys Si Fe Cu Mn Cr Ni Ti Co Zr \%

Base alloy 0.10 0.12 0.002 0.001 0.001 0.007 0.0IBOOO3 0.0015 0.012
Al-0.12Fe-0.1S©.05Cu  0.10 0.12 0.051 0.001 0.001 0.007 0.016 0.0003 01@0 0.012
Al-0.12Fe-0.1S@.18Cu  0.11 0.13 0.181 0.001 0.001 0.007 0.015 0.0003 01@0 0.013
Al-0.12Fe-0.1S©.31Cu 0.11 0.13 0.31 0.00 0.001 0.007 0.015 0.0003 @0010.012

Cylindrical samples (10 mm diameter and 15 mm Hhgiglere machined from the
homogenized ingots. Uniaxial hot compression testiee conducted using a Gleeble 3800
thermomechanical testing unit at strain rates 6100.1, 1 and 10’sand temperatures of
400, 450, 500 and 550 °C. Specimens were deformedtdtal true strain of 0.8 and then

immediately water-quenched to room temperature.
6.3 Results and discussion
6.3.1 Effect of Cu content on flow stress behavior

Hot compression tests of four Al-0.12Fe-0.1Si a@laoyith various levels of Cu were

conducted at different strain rates (0.01 to 1pand temperatures (400 to 550 °C). Figure



154

6.1 illustrates the resulting series of true sttess strain curves obtained during hot
deformation. In general, the peak flow stress wakwed by a steady state region.
However, in some cases, the flow stress continoeiddrease until the end of straining.
The former case occurs when dynamic softening lsalance with work hardening, while
the latter phenomenon is indicative of work hardgnbeing stronger than dynamic
softening during deformation. Both flow behavioree anormal characteristics of hot
working where dynamic recovery (DRV) is the dominhaoftening mechanism [21, 22].
Flow stress increased with increasing strain rat @ecreasing deformation temperature
for all alloys studied, which is in agreement wytteviously reported results [5, 23, 24].

Furthermore, flow stress significantly increasethvimcreasing Cu content.
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Fig. 6.1. Typical true stress-true strain curves(af Base alloy, (b) 0.05% Cu, (c) 0.18%
Cu and (d) 0.31% Cu.

Figure 6.2 presents the evolution of flow stresthwarying amounts of Cu at a true
strain of 0.4 as a function of temperature at diffe strain rates. It is evident that
increasing the Cu content increases the flow stogss the applied range of deformation
conditions. For example, at a given deformationdition (T = 400°C, £ =1 s%, increasing
the Cu level from 0.002% to 0.05%, 0.18%, and 0.31&eased the flow stress from 33 to
35.5, 37 and 39 MPa, respectively. These resuilisate that the addition of Cu gradually
enhances the deformation resistance of the dillHEeASi alloy. As Cu has a relatively

high solid solubility in aluminum (5.7% at 548 [25]), all of the added Cu up to 0.31% is
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expected to be in the solid solution after homogmion and at the deformation
temperature. Microstructural examination of the dowmtaining deformed samples
confirmed that Cu did not form any precipitatesdmpersoids and that all of the added Cu
remained in solid solution. The Cu solute atomeraxtt with mobile dislocations and retard
dynamic recovery, which leads to significant inses in flow stress during hot

deformation [26, 27].
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Fig. 6.2. Effect of Cu content on flow stress of(AL2Fe-0.1Si alloy at strain of 0.4; (&)
=0.018, (b)é=0.1¢"(c)e=1s"and (d)¢ =10 s~
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6.3.2 Development of artificial neural network modeé

A multilayer perceptron (MLP) based feed-forwardifaral neural network with a
back-propagation (BP) learning algorithm was emgtbyo study the high-temperature
flow behavior of Al-0.12Fe-0.1Si-Cu alloys. A geakscheme of the three layer network

with one hidden layer is given in Figure 6.3.

A differentiable logistic sigmoid function, givery iEquation 1, was employed as the

activation function in the present model:

1

F(x)= 1+expEx)

(6.1)

Input layer Hidden layer Output layer

Out,

Out,

Out,

Fig. 6.3. The architecture of the ANN model.

In this study, the input parameters of the neuedvork are: Cu content, strain)(

temperature (T) and strain rat& Y. The output is flow stressc). A total of 960
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experimental data points were selected from the stwess—true strain curves (with an
interval of 0.05 between true strains of 0.05 artbPand were employed to train and test
the ANN model. To ensure the learning efficiencytled algorithm and prevent a specific
factor from dominating learning for the model, batput and output data were normalized

within the range of 0-1. The following equationwiglely utilized for unification [15, 28].
X=X,
X'=01+08%x(———mn— 6.2
- (62)

where X is the original data, and Xnaxare the minimum and maximum value of X, and
X" is the unified data corresponding to X. In thisrkydEquation (6.2) was utilized to unify
the Cu level, temperature and stress values. Tamshate changes greatly from 0.01 to 10
s*: therefore, the normalized value &f is too small to learn by ANN, and the following

equation was adopted to unify its value [15].

logé —logé,,,
) (63)
logé,,., —10gé,,

& =01+ 08x(

The ¢ values are already in the range of 0 to 1 andetbex do not need further
unification. The three layer network with one hiddayer was found to be fully sufficient
for this study. To define the number of neurongha hidden layer, mean square error

(MSE) values obtained using Equation (6.4) were leygal as the indices to evaluate the

capability of a given network [18]:

MSE = 3[E - R (6.4)
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where E is the experimental value arifl is the predicted value obtained from the ANN. N

is the total number of data employed in the stidurons in the hidden layer were varied
from 4 to 26. It was observed that a network ithhidden neurons gives a minimal MSE

with very good correlation (Fig. 6.4).

The datasets obtained from compression tests wadomly divided into two groups:
80% of the datasets were used to train the netwaoklel (training dataset), and the
remaining 20% were applied to test the model peréorce (test dataset). The work was

accomplished by using the neural network toolbozilable with MATLAB 7.6.0.324

software.
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Fig. 6.4. Performance of the network with differtatels of hidden neurons.
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6.3.2.1 Effect of Cu addition

The ANN model was employed to evaluate the effectCa content on high-
temperature flow behavior. Figure 6.5 shows théatians in flow stress at a true strain of
0.4 as a function of Cu content for various defdrama conditions. The ANN model
exhibits good tracking of the experimental datae Tihcrease in flow stress with the
addition of Cu is attributed to the solid soluts&tmengthening effect of Cu, which is a result
of interactions between the mobile dislocations #relsolute atoms. The presence of Cu
solutes increases the high-temperature flow saedsdecreases the dynamic recovery rate
due to the solute drag effect on dislocation mov&njg5-27]. With an increase in Cu
content, the Cu solutes produced a stronger sdhatg-effect and further decreased the

dynamic recovery level and subsequently increalesddtress.
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Fig. 6.5. Effect of Cu content on the flow stress atrain of 0.4 (a) for 400 °C/1d sind

450 °C/1 & and (b) for 500 °C/0.1%sand 550 °C/0.01%
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6.3.2.2 Effect of temperature

The effects of deformation temperature on high-terafure flow behavior were
simulated using the developed ANN model. Represigrtaesults are illustrated in Figure
6.6. The simulated flow stress values exhibiteddgagreement with the corresponding
measured data for a range of strain rates and Giems. The flow stress decreased over
the range of tested strain rates with increasirigrdetion temperature for all of the alloys
investigated. It is well known that dynamic softegiis a thermally activated process [29,
30]. Hence, as the temperature increases, theablailhermal activation energy increases,

which leads to a higher level of dynamic softerangl a reduced flow stress.

6.3.2.3 Effect of strain rate

Figure 6.7 shows plots af versus log comparing the experimental data with the
ANN predicted values at varied forming temperaturBlse trained network is able to
accurately predict the influence of strain rate flmw stress. Increasing the strain rate
results in increased flow stress, as expected.e&song the strain rate at a given
temperature causes an increased dislocation mcdtijgn rate and increased formation of
tangled dislocation structures that act as barterdislocation movement. Consequently,

the flow stress is augmented [29]. It worth to namthat the predicted curves in thel

o-logé plots are calculated by the developed ANN in maojnts between each two
experimental results with interval of® and 0.1 3. Therefore, some maximum and
minimum points might be appeared on the predictages, which are different from the

curves obtained form the conventional regressiothaus. Due to the nature of artificial
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neural network calculation and highly nonlinearatieinship between the flow stress and

temperature and strain rate, the developed ANN odetban precisely predicted the

experimental results ( as showed in Fig 6.8).
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Fig. 6.6. Effect of deformation temperature on tlosv stress of experimental alloys at a
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strain of 0.4; (a) base alloy and (b) 0.31% Cu.
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6.3.2.4 Assessment of the proposed model

The predictability of high-temperature flow stresfs Al-0.12Fe-0.1Si-Cu alloys at
selected deformation conditions in comparison vatperimental data is illustrated in
Figure 6.8. Excellent agreement was found ovefuheange of data that demonstrates the
capability of the proposed ANN model to predict deformation behavior. Therefore, the
model appears to offer significant potential coneplatio the phenomenological or analytical
approaches, which are typically utilized to prediet flow behavior of a given chemical

composition.

To assess the statistical significance of the matiel predictability of the proposed
network was quantified in terms of correlation dméfnt (R), average absolute relative

error AARE) and root mean square err@MSE), expressed as [14, 16, 18, 28]:

> (E-E)P-P)

CEe-aTe- (6.5)
\/zizl(Ei B E)22i=1(R -P)?

AARE(%)Zﬁg%‘MOO 66

RMSE:\/%i(g _py? -

whereE andP have the same meaning as stated p&zliand P are the mean values of

E and P, respectively; anl is the total number of data employed in the stutlye

correlation coefficient §) is a commonly utilized statistical parameter tamine the
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strength of a linear relationship between expertaleand predicted values. A highBr
value does not always necessarily indicate bettefopmance of the model, due to the
tendency of a model to be biased towards highéveer values [31]. The average absolute
relative error AARE) is a measure of relative overall fit and expressee accuracy and
predictability of a model[32]. This measure is edeyunderstand because it provides
the error in terms of percentages. The root meaarsgerror RMSE) is another measure of
the differences between the experimental and tedigted values[14], which has the same
units as the predicted quantity (MPa, in this sju®oth AARE and RMSE are statistical
measures of a model's accuracy. The mean diffesehetween the experimental and
predicted values are computed through a term-by-teomparison and are therefore
unbiased statistical parameters [32]. Lower valo€sAARE (%) and RMSE indicate
stronger predictability of a model. The performanéehe proposed model is reported in
Table 6.2. The results obviously indicate excellpredictability and reliability of the

proposed ANN model.
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Fig. 6.8. Comparison between predicted ANN model areasured flow stress curves of

(a) base alloy aé= 0.01 &', (b) 0.05% Cu alloy a€= 0.1 §', (c) 0.18% Cu alloy a€= 1
s* and (d) 0.31% Cu alloy &= 10 s".

Table 6.2. The values & AARE andRMSE for the proposed ANN model.

Statistical index

R

AARE (%)

RMSE (MPa)

ANN model

0.9998

0.91

0.19
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6.3.2.5 Sensitivity analysis

A sensitivity analysis was carried out to stataltic assess the contributions of the
input variables in the neural network. Althoughfeliént methods can be used to quantify
the relative importance of input parameters [33, 3the algorithm proposed by Garson
[35] is found to be the most robust method. Thighoé includes partitioning hidden-
output connection weights into components that asgociated with each input neuron

using absolute values of connection weights (sgeeAgdix 6.A).

40

Strain rate

35 o

30 Temperature

25
Cu content

20

Strain

Relative importance (%)

Input variable

Fig. 6.9. Relative importance of individual inpw@rameters.

Figure 6.9 shows the relative importance of Cu esnand deformation parameters
on the flow stress of Al-0.12Fe-0.1Si-Cu alloys.eTiesults revealed that both the strain

rate and forming temperature have the most sigmfieffect on the flow stress of the



167

investigated alloys, while strain has a minimaleeff The contribution of strain arises
primarily at high Z conditions where the rate ofriwdardening is greater than dynamic
softening. At low Z conditions, the flow stress geally remained constant with changes in
strain. The Cu content exhibits a moderate infleeon the flow behavior of Al-0.12Fe-

0.1Si-Cu alloys.
6.4 Conclusions

A set of uniaxial hot compression tests were cdroat on Al-0.12Fe-0.1Si alloys
with varied Cu contents at various temperature§+860 °C) and strain rates (0.01-1%).s
The results showed that increasing Cu content ase® the flow stress over the applied
range of deformation conditions due to solid solutistrengthening. Based on the
experimental results, a three-layer feed-forwartifical neural network model with a
back-propagation learning algorithm was developgegredict the high-temperature flow
behavior of the Al-0.12Fe-0.1Si-Cu alloys. It wamurid that the ANN model with one
hidden layer consisting of 20 neurons gives the pesformance. The simulated results
demonstrated excellent agreement with correspondeaxperimental results. The
predictability of the proposed model was also asssaising various standard statistical
parameters. It is confirmed that the ANN modelnsagcurate and reliable tool to predict
the high-temperature flow behavior of Al-0.12Fe&i-Cu alloys as a function of alloy
composition and deformation variables. Furthermseasitivity analysis indicates that both
the strain rate and the temperature have the nigrsfisant impact on the high-temperature

flow stress, while the Cu content exhibits a motienafluence.
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Appendix 6.A: Example illustrating Garson’s algorithm

This example describes the procedure to deternneedlative importance of input

parameters using Garson'’s algorithm [33, 35].

As an example, consider an ANN with four input e, two hidden neurons and

one output neuron with the connection weight asvshio Figure 6.A.1.

Fig.6.A.1. The structure of a 4-2-1 artificial nalnetwork.

1) Matrix containing input-hidden and hidden-outpatiron connection weights.

Hidden A Hidden B
Input 1| Wa,1=1.40 W5 ,=0.82
Input 2| Wa>=-1.02| W5,=0.62
Input 3| Wa3=-2.98| W53=1.04
Input 4| Was= 3.99 Ws 4= -2.26
Output| Woa=-3.17| Wpp=-1.21
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2) Contribution of each input neuron to the outyiat each hidden neuron calculated

as the product of the input-hidden connection &edhidden-output connection:

e.g., G1=Wa1 XxWpoa=1.4x-3.17 =-4.44

Hidden A

Hidden B

Input 1

CA 1= -4.44

G1=-0.99

Input 2

CA2: 3.23

G2=-0.75

Input 3

C/_\3= 9.45

G3=-1.26

Input 4

CA4: 12.65

CB 14— 2.73

3) Relative contribution of each input neuron te thutgoing signal of each hidden

neuron:

e.9., h1=|Ca1|/(|Ca1|+|Caz|+]|Cas|+|Casa|=4.44/(4.44+3.23+9.45+12.65) = 0.15

and sum of input neuron contributions:

e.g., S=ra1+1g1=0.15+0.17 =0.14

Hidden A

Hidden B

Sum

Input 1

ra1=0.15

re1=0.17

$,=0.32

Input 2

ra>=0.11

rg>=0.13

$=0.24

Input 3

raz= 0.32

re3=0.22

$3=0.54

Input 4

ras=0.42

re4+=0.48

$,=0.9

4) Relative importance of each input variable:

e.g., Rl = SY/(S1+S+Ss+S0)x100 = 0.32/(0.32+0.24+0.54+0.9)x100 = 16%

N—r

Relative importance (%
Input 1 16
Input 2 12
Input 3 27
Input 4 45
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CHAPTER 7

CONCLUSIONS & RECOMMENDATIONS

7.1 Conclusions

This research was carried out to study the efféchamogenization and alloying
elements on the hot deformation behavior of 1xxxiese aluminum alloys. The
microstructural evolution of two dilute Al-Fe-Si@ys containing 0.3% Fe and either 0.1 or
0.25 % Si during homogenization was studied usiptical and electron microscopy as
well as electric conductivity measurements. Theafbf Fe and Si contents as well as Mn
and Cu minor additions on the hot deformation baraef dilute Al-Fe-Si alloys was
studied by hot compression tests conducted at wad@formation temperatures and strain
rates. The experimental stress-strain data werdogmeg to drive constitutive equations
correlating flow stress, deformation temperature stnain rate. Furthermore, the capability
of the ANN approach to simulate the high-tempertilow behavior of dilute Al-Fe-Si
alloys was examined as a function of chemical caitjpm and process parameters. Based
on the experimental data an ANN model has beenloase to predict the flow behavior of
Al-0.12Fe-0.1Si alloys with various levels of Cudéthn (0.002-0.31 wt%) under different
deformation conditions. Based on the results fronagZer 3 to Chapter 6, the following

conclusions could be drawn:
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Part I. Effect of homogenization treatment and silcon content on the microstructure

and hot workability of dilute Al-Fe-Si alloys

1)

2)

3)

4)

The as-cast microstructures of two dilute Al-FeaBoys (Al-0.3Fe-0.1Si and Al-
0.3Fe-0.25Si) consisted afAl dendrites and metastable/Me anda-AlFeSi, as well
as equilibrium AdFe intermetallic particles. The proportionwRlFeSi intermetallic
increased with a higher silicon content.

Homogenization promoted the phase transformatiom fthe metastable AFe ora-
AlFeSi phase to the equilibrium /e phase via a dissolution-reprecipitation
mechanism. The AFe dissolved and transformed completely at 550°koih alloys.
The a-AlFeSi was transformed at 590°C in the low Sial{al-0.3Fe-0.1Si), whereas
it began to decompose and transform tgFalat 630°C in the high Si alloy (Al-0.3Fe-
0.25Si).

Homogenization at 550°C significantly reduced tbkdssolution levels in both alloys
due to the elimination of the supersaturation oaaging from the cast ingot. Above
550°C, the solid solution levels progressively eased.

The flow stress behavior of dilute Al-Fe-Si alloyss primarily controlled by the
solute levels of Fe and Si. Homogenization at 55pf@luced the lowest flow stress
for all of the deformation conditions studied. Amciiease in the homogenization
temperature from 550 to 630°C increased the flowsstby 10 to 23% and 15 to 45%
for the low Si and high Si alloys, respectively,igfhis commercially significant in

terms of the productivity during hot forming proses.
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5) An increase in the silicon content from 0.10 to59&in dilute Al-0.3Fe-Si alloys
increased the solid solution levels for all of themogenized conditions studied,

which resulted in an increase in the overall flaress by 4 to 11%.

Part 1l: Effect of iron and silicon content on the hot compressive deformation

behavior of dilute Al-Fe-Si alloys.

1) Increasing the iron content increased the high &atpre flow stress for all of the
alloys studied. In the case of low Si (0.10%) aloycreasing the iron level from 0.1
to 0.7% produced 11 to 32% increase in the flowsstiover the range of deformation
conditions investigated. However, for high Si (@®5alloys, by increasing the iron
level from 0.1 to 0.5%, the flow stress increasely d to 16%.

2) The addition of silicon also increased the highfterature flow stress. Increasing the
silicon level from 0.1 to 0.25 % in the Al-0.1FedaAl-0.5Fe alloys increased the
flow stress by 4-14% and 2-8%, respectively, oviee range of deformation
conditions investigated.

3) The materials constants and activation energiehddideformation as a function of
the Fe content were determined from the experinhexttanpression data obtained.
The applied constitutive equations yielded an d&oelpredication of the flow stress
over wide temperature and strain-rate ranges ok htboys with various Fe and Si
contents.

4) The activation energy for hot deformation gradualigreased with increasing Fe and
Si contents. Increasing the Fe content from 0.0.786 in low-Si alloys increased the

activation energy from 167.2 to 181.9 kJ/mol, whsracreasing the Si level from 0.1
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6)

177

to 0.25% in the Al-0.1Fe-Si alloy raised the adiiwa energy from 167.2 to 171.2
kJ/mol.

Dynamic recovery is the sole softening mechanisneratphg during the hot

deformation of dilute Al-Fe-Si alloys. The rate @)fnamic recovery increased with
increasing deformation temperature and decreasiag gate. Increasing the Fe and
Si contents promoted retardation of the dynamioovery due to the increased
amounts of intermetallic particles and Si solutara in the aluminum matrix.

The impact of small changes in the Fe and Si cesitem the flow stress and resulting
extrudability of 1xxx alloys is significant, andishfact should be considered in alloy

selection and design for extruded applications.

Part Ill: Hot deformation behavior and rate control ling mechanism in dilute Al-Fe-Si

alloys with minor additions of Mn and Cu

1)

2)

3)

Additions of Mn and Cu increase the flow stresdidite Al-Fe-Si alloys for a given
deformation condition. On a wt% basis, the additcd Mn has a more significant
impact on the flow stress compared to Cu.

The activation energies for hot deformation incegafrom 16land 176 for low-Fe
and high-Fe base alloys to 181 and 192 kJ/molHerdlloys containing 0.2% Mn,
respectively, while the addition of Cu up to 0.31¢4he low-Fe base alloy raised the
activation energy only slightly from 161 to 166 k.

Solute-diffusion acted as the deformation rate-aiiitig mechanism in these dilute

aluminum alloys. The hot deformation resistancanigersely proportional to the
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diffusion coefficient of the solute atoms and irage with an increasing amount of the
Mn and Cu solutes in the aluminum.

4) Additions of Mn and Cu promote the retardationha tlynamic recovery which led to
a finer subgrain structure and a smaller misort@maangle after hot deformation.
The addition of Mn results in a greater decreasesubgrain size and mean

misorientation angle compared to the addition of Cu

Part IV: Modeling the effects of Cu content and dedrmation variables on the high-

temperature flow behavior of Al-Fe-Si alloys usingan artificial neural network

A set of uniaxial hot compression tests were cdroat on Al-0.12Fe-0.1Si alloys
with varied Cu contents at various temperature§+860 °C) and strain rates (0.01-1%).s
The results showed that increasing Cu content ase® the flow stress over the applied
range of deformation conditions due to solid solutistrengthening. Based on the
experimental results, a three-layer feed-forwartifical neural network model with a
back-propagation learning algorithm was developegredict the high-temperature flow
behavior of the Al-0.12Fe-0.1Si-Cu alloys. It wamurid that the ANN model with one
hidden layer consisting of 20 neurons gives the pesformance. The simulated results
demonstrated excellent agreement with correspondaxperimental results. The
predictability of the proposed model was also assaising various standard statistical
parameters. It is confirmed that the ANN modelnsagcurate and reliable tool to predict
the high-temperature flow behavior of Al-0.12Fe&i:-Cu alloys as a function of alloy

composition and deformation variables. Furthermseasitivity analysis indicates that both
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the strain rate and the temperature have the ngrsfisant impact on the high-temperature

flow stress, while the Cu content exhibits a motienafluence.
7.2 Recommendations

In this study the effect of homogenization condiigtemperature from 550 to 63D
and time from 2 to 12 h) on the microstructure drmd workability of 1xxx series
aluminum alloys was investigated. Moreover, thedfiof main alloying contents (Fe and
Si) as well as Mn and Cu minor additions was asskesm the hot workability of
commercial 1xxx alloys with the long term view gdtmnizing alloy design for strength and
hot processability. The influence of chemical cosipon (normally one specific alloying
element such as Fe and Cu) and thermomechaniaahpgers on the flow stress has been
modeled using the modified hyperbolic-sine constimiequations as well as ANN. Based

on the present study following recommendationskmmade for future work:

1. Studying the effect of homogenization conditiormasl as Fe and Si contents on the
static softening behavior of dilute Al-Fe-Si alloys

2. Comparing the effect of Mn and Cu additions ontibedeformation behavior of pure
aluminum (99.99%) and commercially pure aluminumbtiter understanding the
effect of impurities on the strengthening mechanigvin and Cu additions.

3. Studying the effect of other alloying elements sw$h Mg and Ni on the hot

deformation behavior of dilute Al-0.1-Fe-0.1Si gllo
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4. Modeling the combined effect of various alloyingrmlent contents (Fe, Si, Mn and
Cu) as well as process variables on the flow stesisdynamic recovery behavior of

1xxx alloys using artificial neural network.



