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Simulation and design of the homogenization process of 6xxx
extrudable Aluminum alloys
Development of design rules for high extrudability

Abstract

New demanding light-weight applications in the automotive and aircraft sectors require the
development of high-strength Al-alloy extrusions based on the Al-Mg-Si system (6xxx series). The
increase of strength is possible with higher alloying with Mg and Si, in order to form higher
amounts of the strengthening phase Mg,Si (e.g. 6061 and 6082 alloys). However increased
alloying deteriorates the extrudability, leading to extremely low extrusion speeds for the high-
strength alloy systems. In the other end of the spectrum, i.e. low-alloy low-strength applications
(e.g. 6060 or 6063 alloys), the main industrial requirement is to increase the extrusion speed, in
order to increase production rates. In both cases, it appears that extrudability is the key property
that should be controlled and improved through a carefully designed homogenization process. So
far the problem has been tackled in a rather empirical way, involving intense trial-and-error
laboratory or even industrial experiments to figure out the effect of alloy chemistry and
homogenization process parameters such as the homogenization temperature and time and the
cooling rate following homogenization. In most cases only individual aspects of the process are
considered and the effect of prior processing is often neglected.

The design of new high-strength or high extrudability 6xxx alloys calls for an integrated
approach considering all parts of the process chain and their effect on extrudability. The aim of
this doctoral thesis has been to apply a simulation-based approach, validated by relevant
experimental data, in order to describe the effect of alloy chemistry and homogenization process
conditions on the material microstructure prior to extrusion. In this way it was possible to shape
design rules (in terms of composition and processing) for the development of either high-
strength or high extrudability alloys.

Computational alloy thermodynamics and kinetics were applied to predict the rate of phase
transformations, which shape the microstructure across the process chain. This approach is
extremely powerful and was used to simulate a wide range of different phenomena such as
solidification and microsegregation during casting, dissolution of Mg,Si, removal of
microsegregation and transformation of iron intermetallics during homogenization and finally re-
precipitation during cooling from the homogenization temperature.

More specifically computational alloy thermodynamics, based on the CALPHAD approach,
has been applied to perform Scheil-Gulliver solidification simulations. The resulting
microsegregation of elements and phases in the as-cast microstructure were calculated as a
function of alloy composition. The results of the simulations were confirmed experimentally by
guantitative image analysis for the measurement of phase fractions. The variation of the mole
fractions of the extrudability-limiting B-AlFeSi phase and the strengthening Mg,Si phase with
alloying elements has been mapped over the useful range (0-1.2 mass%) in the Mg-Si
composition space. The constructed maps indicate that low mole fractions of B-AlFeSi are
associated with lower Si and higher Mg compositions. On the other hand, high mole fractions of
Mg,Si are associated with both higher Si and Mg compositions, with Mg possessing a stronger
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effect. Construction of maps for different levels of Mn has shown that addition of Mn could allow
for higher alloying with Mg and Si, in order to obtain higher amount of Mg,Si, without at the
same time increasing the B-AlFeSi intermetallic phase in the as-cast microstructure.

The Dual grain model (DGM) has been developed to treat the homogenization process in
multicomponent and multiphase Al-alloys exhibiting a large variability of the as-cast grain size.
With the model it has been possible to simulate the temporal and spatial evolution of phase
fractions and element concentrations during homogenization. Regarding the evolution of phase
fractions during homogenization, the predictions of the DGM model have been validated
experimentally with XRD analysis. The evolution of the B-AlFeSi—>a-AlFeSi transformation is
predicted by the DGM and is confirmed by XRD in the same time scale. The DGM predictions
regarding the evolution of Fe and Mg concentrations with homogenization time are in excellent
agreement. There are only some discrepancies in the profiles of Si and Mn. The DGM predicts the
fast dissolution of Mg,Si during homogenization and its re-precipitation during cooling. The DGM
can describe the temporal and spatial evolution of the B-AlFeSi—>a-AlFeSi transformation. The
spatial evolution exhibits an exact spatial correspondence. Both the Mg,Si dissolution and the B-
AlFeSi—>a-AlFeSi transformation are faster in the smaller grain as predicted by the DGM. In
addition the concentration profiles of the elements homogenize faster in the smaller grain,
indicating that a fine grain size in the as-cast microstructure accelerates the homogenization
process. The DGM predicts correctly the effect of homogenization temperature. The rate of both,
Mg,Si dissolution and B-AlFeSi—>a-AlFeSi transformation increase with the homogenization
temperature. A preliminary attempt to develop homogenization process maps has been
performed using the DGM. These maps are, at present, based on the B-AlFeSi—>a-AlFeSi
transformation and can be used for the design of the homogenization heat treatment. The
guantification of the homogenization state was achieved by determine specific microstructural
indices, such as the aspect ratio and the circularity of the intermetallic phases. In this way it was
possible to quantify the shape evolution of the intermetallic compounds during homogenization.

Precipitation during cooling from the homogenization temperature was simulated with the
Kampman-Wagner Numerical (KWN) precipitation model. The relevant particle size distribution
(PSD), evolution of volume fraction and particle size during cooling was calculated. The results
were introduced in a suitable strength model to calculate the resulting hardness. The simulation
results are in satisfactory agreement with experimental data. The hardness of the homogenized
billets was investigated experimentally. Regarding the effect of homogenization cooling rate,
water quenching results in higher hardness relative to air cooling and forced air cooling. The
hardness difference increases with alloying in the order 6063—->6005—>6082. The effect is
attributed to the higher amounts of Mg and Si retained in solid solution during cooling. The effect
of excess Si on the precipitation of B'-Mg,Si was determined using the KWN precipitation model.
The resulting shift in the continuous cooling precipitation (CCP) diagram was calculated. This
allows the design of a suitable cooling program in order to avoid the precipitation of 3-Mg-Si and
allow the precipitation of B’-Mg,Si. This allows the use of a lower preheating temperature prior
to extrusion and leads to the use of higher press loads in order to obtain higher extrusion speeds.

Specific design rules were formulated, regarding the as-cast microstructure, the
homogenization temperature and time as well as the cooling from the homogenization
temperature in order to obtain high extrudability. The microstructure developed during DC
casting is affected by the solidification conditions. Grain size and dendrite arm spacing (DAS) are
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the most important factors. They can be controlled by the casting speed (solidification rate) and
seeding for grain refining. A smaller grain size and DAS improves the strength and also shortens
the diffusion distances, leading to a more efficient homogenization for a given homogenization
cycle. Phase fraction mapping, developed in this thesis, can be used for the selection of alloy
compositions to minimize the undesirable B-AlFeSi intermetallic in the as-cast microstructure, in
order to achieve a good starting point for the homogenization to follow. In addition, it has been
shown that Mn reduces the amount of B-AlFeSi for a given Mg-Si-Fe combination. With the DGM
model developed in this thesis, it is possible to determine the required time for Mg,Si dissolution
and the transformation B—>oa-AlFeSi as a function of homogenization temperature and alloy
composition. The DGM model also indicated that a small as-cast grain size accelerates the
kinetics of homogenization. Microstructural indices, such as the aspect ratio and the circularity
can be used to characterize the homogenization stage quantitatively. A fully homogenized billet,
with the potential for high extrudability should have all B-AlFeSi transformed to a-AlFeSi, with
necklace morphology and with aspect ratio and circularity approaching unity. In addition all Mg,Si
should be dissolved and Mg and Si should be distributed as uniformly as possible in the grain
interiors. The cooling from the homogenization temperature should be designed so that
precipitation of B-Mg,Si is avoided and only precipitation of B'-Mg,Si takes place. A CCP diagram
like the one developed in this thesis for a 6060 alloy can be used to design the cooling cycle.
Finally it is important to match the preheating conditions to the homogenization cooling
conditions in order to get the most benefit of homogenization. B-Mg,Si precipitates require
higher temperatures to dissolve (higher solvus) and have a detrimental effect on hot ductility. On
the other hand the B'-Mg,Si ppts, are finer, semi — coherent with the matrix and have a lower
solvus temperature. Thus a lower preheating temperature can be employed in combination with
a high extrusion speed. This will raise the exit temperature from the extrusion press to a value
sufficient for complete dissolution of Mg5Si.

The integrated simulation of microsegregation during casting, dissolution of Mg,Si and
transformation of iron intermetallics during homogenization as well as re-precipitation of Mg,Si
during homogenization cooling, enables the computer-aided development of new alloys and the
design of the associated homogenization treatments for high extrudability at a fraction of time
and cost associated with empirical development.

iii
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[Ipocopoiwon Kal oXeSLHOUOG TNG KATEPYACOG OLOYEVOTIOINONG
o€ SLEAG OO KPAUXTO AAOVULVIOV TNG OELPAG 6XXX.
Alapuop@won Kavovwy oxedlacuov yia VPnAn dteAacipdtnta

Mepianym

OL oUyxpoveg ehadpEéC KOATOOKEUEC TOCO OTNV autoklvntoflounyavia 6co Kat tnv
agpomoplkny Blopnxavia amattolvv TNV avamtuén SLEAACIUWY KPauAaTtwy aloupviou udPnAng
avtoxng pe Bdon to cuotnua Al-Mg-Si (oelpd 6xxx). H avénon tng avtoxng sivat duvatr pe tnv
avénon Tou emumédou kpapatwong oe Mg kal Si, WOoTE va oXNUATLOTEL LEYAAUTEPO TTOCOOTO ATO
™ ¢aon oyxupomnoinong Mg,Si (my ota kpapata 6061 kot 6082). Qotdoco n auénuévn
Kpaudtwon TpokaAel umoPfabuion tng OleAaoudtntag kal odnyel o €fQlPETIKA XAUNAEG
ToXVTNTEC SLEAQONG OTA KPAUATA QUTA. 2TNV AAAN UEPLA Tou paopatog, dnAadn o€ ePpapUOYEC
omou amatteltal xapnAn avroxn (m.x. kpauata 6060 kat 6063), n Baoikr Blopnxavikn anaitnon
elval n avénon tng taxvutntag StEAaong, n omola PeE TN OEPA TN odnyel oe avénon tng
napaywylkotntag. Kat otig Vo meputtwoell dailvetal OtL n OlEAACLUOTNTA ATIOTEAEL TNV
«SLoTNTa-kAELS» TTou TPETEL va eAeyxBel kat va BeATIwOEL HEOW €VOG POOEKTIKOU OXESLOCUOU
NC Katepyooiac opoyevomoinong. Meéxpl twpa To TPOPBANUA QUTO EXEL OVTIULETWITLOTEL
TIEPLOOOTEPO EUTIELPLKA, LE TIELPAUATIKEG Sladikaoleg og epyaotnplakn aAAd KoL 0€ BLOUNXAVLIKD
KAlpaka, o€ pia mpoomaBela va StepeuvnBouv oo n enidpaon TnNg XNULKNAC ocuoTaong 600 Kal ot
ouvOnKkec NG Katepyooiag onwc n Bepuokpacia, o xpovog kal o puBpog YPuénc tng
OMOYEVOTIOLNONG. 2TIG TIEPLOCOTEPEG TEPUTTWOELS £XOUV UEAETNOE( PEPOVWUEVEC ETUOPATELC EVW
ouvnBwc Sev PEAETATAL N ETILPPON TOU LOTOPLKOU TWV KOTEPYATLWV.

O oxeSLOOUOC VEWV KPAUATWY TNG CELPAC 6xxX UE uPnAn avtoxn N vPnAn dtehaoipotnta
arnattetl tv edbappoyr plog oAokAnpwpévng pebodoloyiag, n omola va nephapBdavel GAoUG TOUG
Kplkoug Tng aAuaoidag katepyaolwy kat tnv enidpaoct| Toug otn SlteAaoLuotTnTa.

O otoxog ¢ mapovoag Adaktoplkng AlatplBrg Atav n edappoyn plag pebodoloyiag
TPOoOoUOlwaoNG, EMIKUPWUEVNG UE TIEpAPATIKA dedopéva, yla TNV eplypadr Tng emidpaong tng
XNULIKAG cVOTAoNC Kal TwV oUVBNKWY OPoyevoToinong otnv UIKpodoun Tou KPpAUATOC TPV TN
StEAaon. Me tov Tpomo auto dlapopdwbnkav kavoves oxedlaopou, mou adopolv oTn cuotaon
Kal Tn Katepyaoia, yla TNV avantuén kpapdtwy uPnAng SlehacipuotnTac.

OL TEXVLKEC TNG UTIOAOYLOTIKAG BEpOSUVALLKAG KAL KLVNTLKAC KPAUATWY EHApUOCTNKAVY VLA
NV MPORAePn NG TaXUTNTAG TWV HETACXNUATIOHWY TwV PAcEwyv, Tou Slapopdwvouv thv
Likpodoun kata pnkog t¢ aAuoidag katepyaolwy ota SEAGoLpa KpApata aAoupviou. Auth n
pneBobdoloyia elval MOAU QmOTEAECUATIKY Kal €PAPUOOTNKE yLa TNV TIPooopoiwon Slepyaolwy
OMw¢ n otepeomnoinon kat n Sltapopdwaon tou pikpodladoplopol Katd tn XUTEUOT, N ATOUELWON
ToU pikpodiladoplopou, n SlaAutonoinon tou Mg,Si Kal 0 LETAOXNUATIOUOC TwV EVOOUETAALKWY
EVWOEWV TOU 0LONPOU Katd TNV opoyevomoinon aAAd kal n enavakadilnon tou Mg,Si katd tnv
P0én amod tn Bepuokpacia opoyevomolinongc.

Mo cLUYKEKPLUEVA, N UTIOAOYLOTLKH Beppoduvapikn, Baclopevn otn pebodoloyia CALPHAD,
edapdOoTNKe yla TNV SLEVEPYELD TIPOCOUOLWOEWY oTEpeomoinong tumou Scheil-Gulliver. Me to
TPOTIO QUTO umoloyiotnke o ukpodladoplopodg Twyv oTolelwy Kal Twv GACEWV oTn XUTN
UlkpoSoun o€ ouvapTnon HE TN XNHUIKA oUOTAON TOU KPAUATOG. Ta QMOTEAEOUATA TWV
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TIPOCOLOLWOEWY ETUKUPWONKAV HE TEpAPATIKA Sdedopéva TOOOTIKAG peTaAoypadiag, mou
adopovoav OTn UETPNON TOU TOOOOTOU Twv ¢acewv. Etol Slapopdwdnkav xAPTEC TOU
amelkovilouv ta moocootd NG ¢Aaong Loxupomoinong Mg,Si kat Tng daong mou meplopllel T
Stehaowuotnta, tnv B-AlFeSi, oe ouvaptnon Ue Ta KpapaTikd otolxela Mg kat Si. OL xapteg autol
umtodelkvUouV OTL XapnAn kpapdtwon o€ Si kat uPnAn kpaupdtwon o Mg odnyel oe xaunAd
TIOOOOTA TNG AveErBUUNTNG daong B-AlFeSi kat evdexduevn avénon tg Slehaotuotntag. Ano tnv
AAAN pEPLE, uPnAdTEPN KpapdTtwon tooo o€ Mg 600 kal og Si odnyel og UPNAA TOCOOTA TNG
daong oxupomnoinong Mg,Si kal evdexopevn avénon TN avioxnG. H KATAoKEU TwV XApTWV yla
Stadopetikad moocootd Mn €8el€e OTL N TPooBNkn Mn €MITPEMEL TNV AUENON TNC KPAUATWONG O€
Mg kat Si yla tnv avénon tng avtoxng, XweLig tTnv Tautoxpovn avénon tng averBuuntng daong B-
AlFeSi otn xutr Ukpodoun.

Ma tnVv enthuon Tou MPoPAAUATOC TNG OUOYEVOTIOINONG O€ TIOAUCUOTATIKA Kl TTOAUACLKA
KPQUATIKA cuotApata aAouvulviou, mou mapouotdlouv peydAn Slaomopd oto péyebog tou
KOKKOU, avrttuxBnke To povtého opoyevomoinong duthou kokkou (Dual Grain Model, DGM). Me
TO HOVTEAO QUTO TPOOoSLOPLOTNKE TOCO N XPOVIKH 00O KAl N XWPLKA €EEALEN TOU TTOCOOTOU TWV
SladopeTikwy GACEWY TNG UKPOOOUNAG KABWC Kal Tou UKpodladoplopol katd tn Stdpkela TNG
opoyevormoinonc. Ta QmoTEAECUATA TWV TIPOCOUOLWOEWY EMIKUPWONKAV UE avTtioTola
Sedopéva amod TEPAPATIKES TeXVIKEG XRD kat SEM/EDX. To DGM meplypAdel TNV XPOVIKA Kot
XWPLKN €EEALEN Tou petaoxnuatiopol B-AlFeSi—a-AlFeSi. H xwplkr) €€€AEN mapouaotdlel pa
akplpn avtotolyia petatly Twv mocootwv TG a kat B-AlFeSi. Emiong to DGM mpoPAEmel tnv
TauToxpovn StaAutomnoinon tng daong Mg,Si kat Tnv emavakadilnon tng katd tn Yuén. ‘OAot ol
LETAOXNUATLIOMOL TTapoucLdlouy UeYAAUTEPEC TAXUTNTEG OTO ULKPOTEPO KOKKO Tou DGM, yeyovog
TIOU UTOSELKVUEL OTL pia EKAETTTUVON TOU KOKKOU TNG XUTHG KPOSOUNG Umopel val ETITAYVUVEL TNV
opoyevoroinon. Emiong 1o DGM mpoPAénel ocwotd Tnv enidpaocn NG Beppokpaociag
opoyevomoinong. OL TaxVutnte¢ tooo NG OlaAutonoinong tou Mg,Si 600 Kal Tou
HeTaoxnuatiopol B-AlFeSi—oa-AlFeSi auéavovtal pe tnv avénon tng Bepupokpaciog. TEAog
TIPAYUATOTONONKE A APXLIK) TIPOOTABELD  KATAOKEUNG €VOC  XAPTN  OPOYEVOTIOinong
(homogenization process map) e tn xprion tou DGM. O xapTtn¢ auTtog, IPOG To apoV, Baciletal
0TO XPOVO TEPATWONG TOU PETAOXNUATIOUOU B-AlFeSi—a-AlFeSi kal pmopel va xpnotpomnotnBel
yla To oxeSlaopd Tng KoteEpyaoliag opoyevomoinong. Tautdxpova TpayUatonolndnke kat n
TIOOOTIKOTIO(NON TNC KATAOTAONG OpOoyevomoinong Ue tov Tpodoloplopd HeTaAloypadkwy
SelKTWY OMWC N avaAoyio MAATOUC/UAKOG KAl N KUKALKOTNTA TWV EVOOUETOANKWY EVWOEWY. Me
TOV TPOTIO QAUTO TOCOTLKOTIONONKE N €EEALEN TNG HopdoAoyiag Twy eVOOUETAANKWY EVWOEWV
Katd tn SLdpKeLla TNG opoyevomolnong.

H kabitnon kata tn Oudpkelwa tng Youéng amd tn Bepuokpacia opoyevomoinong
npooouolwbnke pe to povieho Kampman-Wagner-Numerical (KWN). ‘Etol mpoodlopiotnke n
Katavourn uey€Bouc ocwpatdlwy Kot n eE€AEn Tou KAAOUATOC OYKOU Kol ToU HEYEBOUG Twv
owpatdiwy. Ta amoteAEouaTa TNE MPOoopolwoNng emBeBalwbBnkay amo MEPAUATIKEC UETPIOELG
NG OKANPOTNTAC.

H enidpaon tou mpdcobetou Si (Excess Si) otnv dlapodpdwon tou Slaypdupatoc kabilnong
umo ouvexn Yuén (CCP diagram) mou adopd otn kabilnon tng petaotaboug dpdong B'- Mg,Si
npaypatonowBnke pe 1o KWN. Auto emétpele Tov oxedlaopd evog mpoypaupatoc Puéng ya
NV anodpuyn oxNUATIOMOU TNG Aong toopportiag B- Mg,Si kal Tov oXNUATIONO TNG eMBUUNTAG
daong B'- Mg,Si. Auto odnyel otnv edapuoyn xaunAotepnc Bepuokpaciag mpobépuavong mpv
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N SLEAaon Kal emTpEnel tnv edapuoyn HeyaAUTtepwyv dopTiwv otnv mpéooca OLEAAONG Ue
ONUavTkh avénon Tng taxuTntag SLEAQONG.

Atapopodwbnkav kavoveg oxedlaopol yla tnv enitevén uvPnAng SteAaoipotntag. Ot
KQVOVEC auTol apopolV OTn KPAUATWON, TN XUTH Ukpodour, TNV opoyevomoinon kat tnv Puén
opoyevornoinong. Mikpdtepo péyeBog KOKKOU OTn XUTH PKPOoOOUR ETUTPEMEL TNV avEnon TNG
KLVNTIKAG KATA TNV Opoyevormoinon odnywvtag 0€ HIKPOTEPOUC XPOVOUC opoyevomoinong. To
Héyebog Tou KOKKOU uUmopel va eleyxBel péow TNG TOXVUTNTAC OTEPEOMOINONG KAl TOU
EUBOALAOUOU TOU LYPOU UETAANOU YLA ETEPOYEVH TIUPNVWON KATA Tn otepeomoinon. Ol XApTeG
TOU TIOCOO0TOU TWV GACEWY OTN XUTH LKPOSOUN ETUTPENOUV TNV ETLAOYH TNC KpauAtwong o Mg
kal Si yla TNV pelwon ¢ averBuuntng B-AlFeSi. Autd amotelel €éva KaAd apxlkd onueio yla tnv
opyevoroinon mou akohouBel. Me to DGM elval duvatdv va UTIOAOYLOTEL O amaltoUPEVOC
XpOVOG opoyevormoinong. Me Tnv TooOoTIKOToiNoN TNG KATAoTaonG opoyevomoinong Héow
petaAloypadikwy SEIKTWY daivetal OTL pia TARPWE OUOYEVOTIOLNUEVN KOAWVA OAOUULVIOU yla va
€xel LPnAn StedaouotnTa MPEMEL ol eVOOUETAAAKEG GACELC va elval odaLpOTOLNUEVES Kal VA
napouctdlouv TNV popdoAoyia neckless. H Puén amd tn Bepuokpacia opoyevomoinong mpémnet
va oxedlaotel wote va anodeuxBel 0 oxNUATIOUOC TNG B- Mg,Si Kat avt’ aUTAG va oXNUATLOTEL N
petaotabng daon B'- Mg,Si. Autd obnyel oe yaunAdtepeg Bepuokpaoieg mpobepuavong kal
ETUTPEMEL TNV ETUPROAN UeEYaAUTEPWY PopTiwV 0T MPéooa yla TNV enitevén vnANg TaxuTNTAC
SLEAaong.

H oAokAnpwpévn mpooopoiwon Tou Hikpodladoplopol Katd Tn otepeomoinon, tng
SlaAutomoinong tou Mg,Si Kol TOU PETACXNUOTIOMOU TWV eVOOUETAAIKWY EVWOEWV TOU
oldnpou B-AlFeSi—a-AlFeSi katd tnv opoyevomoinon kabwg kat tng emavakabilnong tou MgsSi
Katd TNV PUEn emTpémnel Tov oXeSLAOUO TO0O VEWV SLEAACLUWY KPAPATWY aAoUuLViou aAAd kal
NG avtiotowng Katepyaoiag opoyevomoinong ywa tnv enitevén vPnAng dleAaoudtntag, o€
KAQOUO LOVO TOU XPOVOU Kol KOOTOUG, TIOU QTTOULTELTAL YLOL TOV QVILOTOLXO EUTIELPLKO OXESLAOUO.
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Introduction

1.1. Problem statement and aim of the thesis

Extrudable aluminum alloys of the 6xxx series are heat-treatable alloys based on the
Al-Mg-Si system. These alloys find significant applications in the building, construction and
transportation sectors due to the excellent strength/ductility properties combined with
reduced weight and oxidation resistance. Large scale ingots or billets, suitable for hot
extrusion, are produced with the direct-chill casting method. The as-cast material exhibits
low formability due to microstructural inhomogeneities, arising from the solidification
process and the alloy chemistry. Major inhomogeneities in the as-cast material include:
elemental microsegregation in the level of the secondary dendrite arms, grain boundary
segregation and the formation of several low-melting eutectics and intermetallic
compounds such as the iron-containing a-AlFeSi and (-AlFeSi, which degrade the
extrudablity of the as-cast billet.

These effects can be partially or completely eliminated with the application of a
homogenization treatment of the as-cast billets. The benefits of this treatment include the
following: removal of elemental microsegregation, dissolution of low melting eutectics,
transformation of the iron-containing intermetallic compounds, shape control (round-off)
of hard particles with sharp edges, dissolution of the grain-boundary Mg,Si phase and re-
precipitation (during cooling) with a more homogeneous in-grain distribution. All these
effects improve the extrudability and increase the response of the material to natural or
artificial aging.

New demanding light-weight applications in the automotive and aircraft sectors
require the development of high-strength alloy extrusions. Such applications include pillar
and chassis structural parts in vehicles and wing or fuselage reinforcement parts in
aircrafts. The increase of strength is possible with higher alloying with Mg and Si, in order
to form higher amounts of the strengthening phase Mg,Si (e.g. 6061 and 6082 alloys).
However increased alloying deteriorates the extrudability, leading to extremely low
extrusion speeds for the high-strength alloy systems. In the other end of the spectrum, i.e.

low-alloy low-strength applications (e.g. 6060 or 6063 alloys), the main industrial
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requirement is to increase the extrusion speed, in order to increase production rates. In
both cases, it appears that extrudability is the key property that should be controlled and
improved through a carefully designed homogenization process.

So far the problem has been tackled in a rather empirical way, involving intense trial-
and-error laboratory or even industrial experiments to determine the effect of alloy
chemistry and homogenization process parameters such as the homogenization
temperature and time and the cooling rate following homogenization. In most cases only
individual aspects of the process are considered and the effect of prior processing is often
neglected.

The process chain of extrudable Al-alloys is depicted in Figure 1.1.. The design of new
high-strength 6xxx alloys, exhibiting adequate extrudability, as well as the design of low-
strength alloys with high extrudability, calls for an integrated approach considering all parts

of the process chain and their effect on extrudability.

Figure 2.1: The process chain of extrudable Al-alloys

By this it is meant that not only processing steps prior to extrusion are important but
steps following the extrusion process should be considered as well, since they set important
microstructural requirements to be achieved in the preceding process steps. For example,

the homogenization process is carried out in order to eliminate the microsegregation
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established in the previous process steps, however it should also aim to prepare the
material for best response to the aging treatment, which follows the extrusion and sets the
final properties of the extruded profiles.

An even more ambitious approach is to combine the thermodynamic calculations with
kinetic models, e.g. diffusion calculations and thereby predict the rate of phase
transformations, which shape the microstructure across the process chain. This approach is
extremely powerful and may be used to simulate a wide range of different phenomena such
as solidification and microsegregation during casting, dissolution of Mg,Si, removal of
microsegregation and transformation of iron intermetallics during homogenization and
finally re-precipitation during cooling from the homogenization temperature.

The aim of this doctoral thesis is to apply a simulation-based approach, validated by

relevant experimental data, in order to describe the effect of alloy chemistry and
homogenization process conditions on the material microstructure prior to extrusion. In
this way it will be possible to shape design rules (in terms of composition and processing)
for the development of either high-strength alloys with considerable extrudability or low-

strength alloys with high extrudability.

1.2. State-of-the-art

As it will be shown by the literature review in the next sections, the problem of the
design of alloy compositions and homogenization treatments for enhanced extrudability
has been considered by experimental methods either in the laboratory or by industrial
trials. In most cases, parts of the process chain have been considered individually. Most
works consider the effect of composition or process parameters such as the
homogenization time and temperature or the effect of the cooling rate individually on the
outcome of the homogenization process. In this way, ‘best-practice’ homogenization recipes
have been established for certain alloys. For the design of a new alloy composition or the
design of a new homogenization treatment for enhanced extrudability, the traditional trial-

and-error methodology is still followed.
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In terms of process simulation, the work performed so far is rather limited to
modeling specific aspects of the process and to the author’s knowledge there is no
integrated simulation approach that eventually leads to the development of design rules for
alloy composition and homogenization treatments of extrudable aluminum alloys.

A complete literature review is presented in the following sections of the thesis.

1.3. Methodology

The approach followed in this thesis has both computational and experimental

aspects. A flow chart of the methodology is depicted in Table 1.1.

s Computational

Computational alloy thermodynamics, based on the CALPHAD approach, has been
applied for the calculation of equilibrium phase constitution as a function of alloy
composition and temperature. Isopleth phase diagrams in multicomponent alloys have
been calculated permitting the determination of the stability limits of the various phases in
the system. The relevant thermochemical database COST-507 for light alloys has been
modified to incorporate Manganese (Mn) in the a-AlFeSi iron intermetallic. The relevant
software used was Thermo-Calc. The program was also applied to carry out Scheil-Gulliver
solidification simulations and calculate the resulting microsegregation of elements and
phases in the as-cast microstructure. Segregation profiles for elements and phases across
the grain were determined as a function of alloy composition. The results were confirmed
experimentally.

Computational Kkinetics, based on the solution of the diffusion equations in
multicomponent systems (Onsager principle) was applied in order to calculate the rate of
diffusional phase transformations during homogenization. In this way the dissolution of the
Mg>Si phase, the transformation of iron intermetallics ([3-AlFeSi to a-AlFeSi) as well as the
reprecipitation during cooling was simulated. This included the development of a dual-
grain model (DGM) to take into account the different grain sizes between neighboring
grains. The relevant software was DICTRA, which incorporates the so-called sharp interface

model for treating diffusion-controlled transformations. The interdiffusion coefficients
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were calculated by the program with data from the mobility database MOB2, which
contains all the information on the temperature dependence of mobility coefficients. The
relevant thermodynamic factors, taking into account the compositional dependence, were
calculated by a link to Thermo-Calc. Initial composition profiles of elements and phases
were the direct results of the Scheil simulations of the previous step. In this way it was
possible to connect the solidification step with the homogenization step.

The Kampmann-Wagner numerical model (KWN), with which precipitation in
isothermal conditions can be calculated, was applied under continuous cooling conditions
(by a suitable matlab code) in order to evaluate the effect of excess-Si on the precipitation
of metastable [3’-Mg>Si during cooling from the homogenization temperature. This led to the
modification of existing CCP diagrams and permits the design of cooling programs to
achieve precipitation of the desirable [’ instead of the equilibrium phase [3-Mg:Si. In
addition the KWN model was combined with a suitable strength model, involving
precipitation strengthening, in order to calculate the strength (hardness) of the alloy

following homogenization cooling.

s Experimental

Standard metallographic techniques including optical microscopy and scanning
electron microscopy (SEM) were applied to reveal the microstructure of the as-cast and
homogenized materials. Phase fractions were measured by applying quantitative image
analysis.

Segregation profiles and the evolution of elemental profiles during homogenization
was performed by SEM-EDX measurements

Evolution of phase transformation during homogenization was performed with XRD
Characterization of the homogenization state was performed with the measurement of
microstructural indices (aspect ratio, feret, circularity, circularity of edges) in a large

number of SEM images.
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Laboratory homogenization treatments were performed in selected alloys in order to
study the progress of homogenization. The hardness after cooling from the homogenization

temperature was also determined.
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Table 2.1: Methodology of the present Thesis

CONTRIBUTIONS TO
PROCESS METHOD/
CHAIN SIMULATION RESULTS DESIGN RULES FOR
HIGH EXTRUDABILITY
Scheil = Gulliver Microsegregation Ve rralfsl-)c(z)ig) ?;iigﬁtlons "
Casting (CALPHAD - based) : — :
Ch.2 Elements/phases Selection of compositions with
high Mg,Si and low 3-AlFeSi
Dual Grain Model (DGM)
Multicomponent Diffusionin | MgzSi dissolution :
: : : . 1st process map based on time
multiphase, variable grain B—a - AlFeSi : :
: for B—a - AlFeSi transformation
system transformation
Homogenization Ch.3
Quantitative metall.ogr.aphy Inde.x 3 b ased Selection of homogenization
Measurements of indices: quantification of the : .
: . : o temperature/time to achieve
aspect ratio and circularity homogenization e
specific index values
Ch.4 state
Evolution of PSD of
Kampmann - Wagner Mo»Si durin
Numerical Model (KWN) géoolin &
Homogenization 5 CCP diagram for the design of
cooling Hardness of homogenization cooling
Strength Model homogenized billets
Ch.5 Effects on CCP
diagrams
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1.4. Innovative aspects of the thesis

The thesis provides results leading to progress beyond the state-of-the-art in the area
of the computational-based design of the homogenization process of extrudable aluminum
alloys. Such innovative aspects are:

e The application of a computational thermodynamics and kinetics approach, for the
integrated simulation of the process chain including, solidification-induced
microsegregation and subsequent homogenization in multicomponent and
multiphase aluminum alloys.

e The development of a homogenization dual-grain model (DGM), for the evaluation of
the effect of different grain size between neighboring grains.

e The description of temporal and spatial correspondence, of the 3-AlFeSi to a-AlFeSi
transformation during homogenization.

e The evaluation of the effect of excess-Si on the precipitation of metastable 3’-Mg>Si
during cooling from the homogenization temperature by the application of the KWN
precipitation model.

e The application of microstructural indices for the characterization of
homogenization state of extrudable aluminum alloys by quantitative metallography.

e The development of design rules for the as-cast microstructure in terms of mapping
phase fractions of desirable and undesirable phases with respect to alloy
composition.

e The development of design rules for selection of alloy compositions and processing

conditions for homogenization.
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1.5. Structure of the thesis

The structure of the thesis follows the process chain, of the extrudable Al-alloys.

Chapter 2 deals with the evolution of the as-cast microstructure and more specifically
with the microsegregation of elements and phases as a result of solidification. The mapping
of phase fraction in the Mg-Si composition space is also presented in this chapter.

The simulation of homogenization with the DGM is described in Chapter 3. The DGM
deals with the temporal and spatial evolution of the B to a - AlFeSi transformation. A
process map based on the time for the completion of the § to a-AlFeSi transformation is
presented.

The index-based quantification of the homogenization state is presented in Chapter 4.

Precipitation of the Mg;Si during homogenization cooling whith the KWN model is
presented in Chapter 5. The development of design rules for high extrudability is also
presented in Chapter 5.

The conclusions of this thesis and proposal for further research are presented in Chapter

6 and 7 respectively.
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2.  Microsegregation and Phase Fraction
Mapping
2.1. Introduction and literature review

Extrudable aluminum alloys of the 6xxx series, based on the Al-Mg-Si system, are
subjected to a rather complicated process chain involving melt treatment, casting,
homogenization, preheating, extrusion, and ageing. The process chain begins with the direct
casting (DC casting) of large cylindrical billets. The as-cast microstructure, which depends
on composition and casting conditions, influences in a large degree the properties of
extrudable 6xxx Al-alloys. The as-cast material exhibits low formability due to
microstructural inhomogeneities, arising from the solidification process and the alloy
chemistry. Major inhomogeneities in the as-cast material, which degrade the extrudability
of the as cast billet include:

e elemental microsegregation in the level of the secondary dendrite arms
e grain boundary segregation and formation of low-melting eutectics
o formation of intermetallic compounds

The research work described in this section focuses on the composition and
microstructural evolution of the as-cast billets since these key factors influence not only the
extrudability but the product properties of Al-alloys after extrusion has been completed.

The 6xxx series alloys, which are based on the ternary Al-Mg-Si alloy system, contain
magnesium (Mg) and silicon (Si) as major alloying elements for the formation of Mg>Si,
which is the major strengthening phase, providing precipitation hardening after aging.

Besides the intentional additions Mg and Si, transition metals and impurities such as
Fe, Mn and Cr are present. Even a small amount of these impurities causes the formation of
new intermetallic compounds (IMCs). The composition of the alloy as well as casting
conditions will influence the exact type and volume fraction of intermetallic phases that will
form during casting [1].

Iron (Fe), is the main impurity in these alloys forming intermetallic compounds in
combination with Si such as [3-Al5FeSi and a-Al12FesSi. In addition, Mn can substitute for

Fe, and promote the formation of a-Al12(FeMn)3Si. These phases, from now on called f3-
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AlFeSi and a-AlFeSi respectively, are mostly located at the grain boundaries in the as-cast
microstructure. The (-AlFeSi phase has a monoclinic crystal structure and plate-like
morphology, while a—AlFeSi has a cubic crystal structure and a globular morphology. The
plate-like morphology of the [3-AlFeSi phase limits the exrtudability of the alloy since it
induces local cracking and surface defects in the extruded material, while the presence of
the more rounded a-AlFeSi phase has a lesser impact on the extrudability of the alloy [2].
The disadvantage of the high Fe content is the enhanced probability of forming large
particles of B-AlFeSi, with a detrimental impact on the extrudability of the alloy [3]. On the
other hand, Si has an important role together with magnesium (Mg) in forming Mg:Si, or £3-
phase, the transition phase of which, ", is the main hardening precipitate in the alloy [4].
Cr may assist in the formation of the AlFeCrSi phase, which has a very important role in the
grain size control [5]. Furthermore microsegregation takes place during solidification in the
scale of the secondary dendrite arm spacing (SDAS) due to the difference of the
thermodynamic equilibrium solubility of alloying elements between the solid and liquid
phases. The influence of alloy composition on the formation of intermetallic compounds has
been generally studied experimentally [2-4]. Considerably less work has been performed
on the formation of intermetallic phases during casting of Al-billets. The main objective of
these works has been the study of the morphology and dispersion of IMC’s in the as-cast
microstructure. The effect of cooling rate on as-cast microstructure formation [6-8] as well
as the formation of Mg>Si and other intermetallic phases in Al-Mg-Si alloys [9, 10] have been
studied experimentally. Finally a thermodynamic description of the Al-Fe-Mg-Mn-Si system
and investigations on the microsegregation during directional solidification of alloys based
on that system has been presented [11].

Despite the above works, a systematic analysis of the effect of alloying elements on
microsegregation and IMC formation in Al-Mg-Si-Fe-Mn alloys does not exist. Such a study
would assist the selection of alloy compositions for the minimization of the undesirable 3-
AlFeSi phase in the as-cast microstructure. With such an optimized as-cast microstructure it
would be easier to reach the homogenization target and increase the extrudability without

sacrificing strength in these alloys.
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2.2. Computational methodology

The present work is an effort to present in detail the effect of the major alloying
elements Mg and Si on microsegregation and the formation of Mg>Si and Fe intermetallics
during solidification of extrudable 6xxx Al-alloys. Mn is added in these alloys in order to
speed up the B—a transformation during homogenization. However the effect of Mn on IMC
formation in the as-cast microstructure has not been assessed. Therefore in this work the
effect of Mn is also quantified. In the first part, a computational thermodynamics-based
analysis of equilibrium phase constitution is presented, in order to identify the major
phases and their stability limits in the alloys. Solidification of the Al-billets is then modelled
by applying Scheil simulations in order to compute the mole fractions of all phases as well
as their segregation in the as-cast structure. Computed fractions are validated against
experimented measurements. The mole fraction of Mg;Si and the [3-AlFeSi phase is then

mapped over the useful (0-1.2 mass %) Mg-Si composition space for 6xxx extrudable alloys.

2.2.1.Computational Alloy Thermodynamics

All necessary thermodynamics calculations for the description of the Gibbs free
energy of the various phases in the system were performed with the Thermo-Calc software
[12], which is based on the CALPHAD approach [13]. This is a method that overcomes the
problem of the multi-dimensionality posed by a system with many components. A
thermodynamic description of a system requires assignment of thermodynamic functions
for each phase. The CALPHAD method employs a variety of models to describe the
temperature, pressure and concentration dependence of the free energy functions of the
various phases. The description refers to pure metals, stoichiometric and non-
stoichiometric phases and intermetallic compounds as well as substitutional and interstitial
solid solutions. It is based on the minimization of the total free energy of the system,
comprising of all phases, which take part in equilibrium of a multicomponent system.

The total free energy is the sum of the free energies of individual phases
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P
G=>nG’ (1)
i=1
where,

M is the number of moles of phase i

C, is the Gibbs free energy of phase i

For multicomponent systems the Gibbs free energy of a phase is the sum of four

contributions:

G =G°+G" +G* +G™ (2)

where
G° . I
is the contribution of the pure components
Gld . )
corresponds to the ideal or entropic term
G* . : - -
is the excess term corresponding to the deviation from ideality and

mag
G is the magnetic contribution to the Gibbs free energy due to magnetic ordering.

The major phases and stability limits for the case of Al-Mg-Si-Fe system are described
in the COST507 light alloys database [14]. This is a public domain thermodynamic database
created in the course of the European concerted action program “Development of a
thermochemical and thermos-physical database for light alloys”. The Laboratory of
Materials at the University of Thessaly was a member of this consortium and contributed to
the development of the database. The description of the relevant phases of interest in the
COST507 database is given in the following sections.

+ FCC and Liquid
The free energy of the FCC substitutional solid solution phase (a-Al) as well as the

liquid phase are expressed according to equation (2) as:
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G= ZXG +RTZX InX; +> > X; szum(x —X)PHDT DT XXX ZLf;p

[ ES] i izjzk (3)
where,
R is the universal gas constant

T is the temperature (in Kelvin)

I are the mole fractions of the elements (i =Al, Mg, Si, Fe, Mn)
G [0}
i are the free energies of the elements

The free energy contribution of the pure elements is

0,LIQ — 0,LIQ 0,LIQ 0,LIQ 0,LIQ 0,LIQ
G = XAIGAI + XMgGMg + XSiGSi + XFeGFe + XMnGMn

(4)
Where, for example, Gy, is the free energy of Mg, which for 298.15<T<923K is
Gyi® —H,, (298.15K ) = 8202.24—8.83T —8.01A0 T + G (T) 5)
and for 923<T<6000K the free energy term is
Goi® —H,, (298.15K) = 8690.31—9.39T —1.03x10°%T  + G/ (T) ©)

SER(I-)

SER) defined as the enthalpy of the pure metal at 298.15K.

is the free energy with respect to the reference state (Stable Element Reference,

For the Liquid phase, the ideal term Gid can be described as

G4t = RT(XAI In XAI + XMg In XMg + xSi In xsi + XFe In XFe + XMn In XMn) (7)

As can be seen from equation (7) the ideal term corresponds to the entropic contribution to

free energy.
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The third and fourth terms on the right hand side of equation (3) represent the excess
term in the form of a Redlich-Kister-Muggianu (RKM) expansion, which takes into account

the composition dependence of the interaction between elements, a procedure followed in

(p) L(P)
the CALPHAD approach. The interaction parameters L and Lk are the binary and
ternary interaction parameters of order p and are temperature dependent. With the use of

the interaction parameters, the excess term can be described as follows:

GXSLQ_y yx @ O (xAI_ng)+L(AI)Mg(XA|—XMg)2]+

A" Mgl Mg * AL Mg
XA [L(Xl) s|+L(Al)| si®ar =% )+L(A2|) Si(XAI_XSi)2]+
X% e [L(Al) Fe*L(A)l FeX Al ‘XFe)+L(A2|), FeX Al ‘XFe)Z]Jr
X A% [L(gl) Mn+L%)I Mn XA =X )+L(A2|) i O = X T+

© L0

+XFe Mg[ Fe,Mg "Fe,Mg

Fe_XMg):I+ Fe Mn[L(Fg Mn+L$:l Mn(xFe_XMn)]Jr

X SI[LQG)SI L(élsl(x )+ ox X2 ok -x )3 x X, L0

Fe,Si Fe,Si Mg” Mn Mg, Mn
0) @) (2) 2,0 3.4 4
Mg Sl[LMg S|+LMg,Si(ng ~Xg)+ LMg Sl(XMg ~Xgi) +LMg SI(X ~Xgi) "+ Mg SI(X ~Xgi) I+

0 1 2 3 3
XX s [LE\/I)n S|+L$\/I)n si Xy =X )+L$v|)n si (X~ Xsi) +L$\/I)n siXnn ~Xsi) 1+

+X L() +L() +L() S]+X Xyq X L()

A Mg X silbal, mg, si * EAT Mg, si T SATL Mg, AL”MN7SiTALMNSE g

All values of the relevant interaction parameters are stored in the COST507 database.
As mentioned above, an additional term expressing the magnetic contribution to the
Gibbs free energy has to be added to equation (1). This term is expressed according to

Inden [15] as
G™ =RTIn(B+1) f () 9)

where,
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p is the magnetic moment in Bohr magnetons. It is composition-dependent and is given by

B=2XB+ 2 Y XX DB (X = X )] (10)

ioi#]j p
where
T is a normalized temperature,

with 7 T/, and T, being the Curie temperature

which is composition-dependent and is given by

To=> X T+ 3 XX, ST (X, - X )] (11)

=] p

The values of # and T. are stored for the FCC phase in the COST 507 database.
% B-AlFeSi phase

The B-AlFeSi phase is treated as a stoichiometric Al14Fe3Siz intermetallic compound.

The Gibbs free energy is then

G, e, (T) —14H,,(298.15) -3H,, (298.15) -3H (298.15) = AG,, (. o, (T) +14G,™ (T) +3G:5 " (T) +3G™ (T)
(12)

As mentioned above, the left hand side in (12) is the free energy relative to the

reference state, called stable element reference (SER), with the enthalpies of the elements

f
evaluated at room temperature (298.15K). The term AGp, pesi, is the temperature-

dependent energy of formation of the intermetallic compound and is stored together with

GiSER (T) (1=

the free energies of the pure elements Al, Fe, Si) in the COST 507 database.

% a-AlFeSi phase
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The a-AlFeSi phase is treated as a non-stoichiometric intermetallic compound. The
free energy description is based on the sublattice model, developed by Sundman and Agren
[16]. Four sub lattices are used for the phase description as (Al):(Fe):(Si):(AlSi) with sites
0.6612:0.19:0.0496:0.0992 respectively. The first three sub lattices are exclusively occupied

by a single element while in the fourth sublattice there is partial occupation by Al and Si.

(4
The site occupation in the fourth sublattice is expressed by the site fraction Y where

i=AlSi. Considering exclusive occupation by Al or Si in the fourth sublattice, two terminal
stoichiometric compounds are defined, Al0.7604Fe0.19Si0.496 and Al0.6612Fe0.19
Si0.1488 called G1 and G2 respectively from now on for clarity. Then the free energy of the

a-AlFeSi phase can be described in terms of the free energies of the terminal compounds as

4

G, aresi = Ya Gy + Y5 G, +0.0992RT (yi) In v’ +yg” Inyg?)

(13)

where the first two terms correspond to the free energies of the terminal stoichiometric
compounds and the third is the entropic term.

The free energies of the terminal compounds are

G,(T)—0.7604H ,, (298.15) — 0.19H ., (298.15) —0.0496 H, (298.15) =
= AG," +0.7604G ™ (T) +0.19G " (T) +0.0496GSR (T)

(14)
and
G,(T)-0.6612H ,,(298.15) -0.19H ., (298.15) — 0.1488H,(298.15) =
=AG, +0.6612G; " (T)+0.19G=" (T) +0.1488GS (T) (15)
: : AG/ AG, : :
The free energies of formation of = ! and 2 of the terminal compounds are stored in

the COST 507 database.
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«* Mg,Si strengthening phase

The Mg:Si phase is also treated as a stoichiometric phase. The Gibbs free energy is

then

Gig,si (T) —2H,, (298.15K ) — H; (298.15K ) = AGy;, o (T) + 2Gys" (T) + G5 (T) (16)

2.2.2.Amendments in COST507 Al database

In the present study the thermodynamic database for light non-ferrous alloys COST
507 was used [14]. COST-507 database contains thermodynamic data for the 19 elements
most commonly encountered in Al alloys (Al, B, C, Ce, Cr, Cu, Fe, Li, Mg, Mn, N, Nd, Nij, Si, Sn,
V,Y, Zn, Zr). According to the thermodynamic description in the COST507 database Mn does
not enter in the description of the, a-AlFeSi. Therefore this database was amended by
recent thermodynamic descriptions, where a higher number of ternary and quaternary
systems have been assessed [17]. In the present work the description of the a-AlFeSi phase
was amended in order to introduce Mn in the iron sublattice. This was accomplished by the
introduction of the relevant thermodynamic quantities in the GES module of Thermo-Calc,
where the composition and temperature dependence of the various thermodynamic

parameters are stored.

2.2.3.Simulation of microsegregation

Microsegregation during the complex solidification process of Al-Mg-Si alloys is
usually simulated by employing the Scheil-Gulliver model [18, 19] with the main
assumption that the diffusion coefficients of the components in the liquid phase are
infinitively fast whereas in the solid are zero. The assumption of negligible diffusion in the
solid is acceptable due to the short local solidification time encountered in industrial direct-
chill casting conditions. Along each step in the cooling process during solidification, local

equilibrium is established at the solid/liquid interface and the composition of the solid and
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liquid phase is given by the phase diagram. Also along each step the solid phase formed
retains its composition and the liquid composition is always homogeneous. The basic
derivation of the Scheil-Gulliver equation is presented below.

As mentioned above, the cooling during solidification is so fast that the solid
composition cannot be homogenized by diffusion. The opposite is true for the liquid, where
the composition is always homogeneous during the course of solidification. Consider Figure
2.1, which depicts three stages during solidification of a binary alloy. At the beginning,
solidification starts at the liquidus temperature T and the first solid forms with a
composition kCo, where k is the partition coefficient (k=Cs/CL). At an intermediate
temperature, the compositions of the solid and liquid phases at the interface are provided
by the phase diagram as Cs and C. respectively. While the liquid composition is
homogenized to the value Cy, the solid composition varies from the initial kCo to the value

Cs at the interface.

Figure 2.1: The three stages during solidification of a binary alloy

Due to the limited diffusion in the solid the average composition is lower than the
composition it would have, if solidification proceeded under global thermodynamic
equilibrium. It is possible to calculate the composition of the solid at the interface Cs as a

function of the fraction solid fs that has formed, by considering a mass balance in Figure 2.2.
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Figure 2.2: The composition of the solid at the interface Cs as a function of the fraction solid
fs that has formed, by considering a mass balance

When a small quantity of solid dfs forms, solute is rejected into the liquid and the

liquid composition increases by dCi.. The mass balance gives

(C_-Cy)df, =(1- f,)dC,

(17)
Rearranging terms and integrating we get
]ﬁ df, ¢ dC,
) (- 1f)  dC -k (18
which leads to the Scheil-Gulliver equation
Cs = kCo (1_ fs)k_l (19)

As mentioned above, equation (19) predicts a lower composition in the solid than the
equilibrium prediction, at the same time it predicts a higher fraction of remaining liquid to
be solidified. Towards the end of solidification a rapid increase in the solute concentration
of the liquid as well as an increase in the concentration of the solid to the value Csa results in

the formation of a non-equilibrium eutectic [20]. Therefore the Scheil-Gulliver equation
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predicts a certain amount of eutectic even when the alloy solidifies as a single-phase alloy
under thermodynamic equilibrium. This results in an especially complex as-cast
microstructure in the 6xxx series alloys, because of the different sets of phases that can
form in different areas of the billet due to differences in the cooling rate [21].

The Scheil-Gulliver equation (19) can be generalized to higher order multicomponent
systems. The problem is treated with a special module (called the SCHEIL module) in the
Thermo-Calc software. A simulation is conducted step by step along the cooling process, by
decreasing the temperature (normally by 1°C in each step) below liquidus, and after each
step the new liquid composition is used as the local overall composition at the next step.
The simulation can handle cases of concurrent precipitation of two or more solid phases,
such as eutectic reactions. It should be mentioned that other computational methods, which
take into account macroscopic transport phenomena (melt flow and transport of crystals)
have been developed for ternary alloys [22-23]. However these methods use locally
linearized phase diagrams and do not benefit, at the moment, from the available
thermodynamic databases.

With the SCHEIL module it is possible to calculate:

o the solidification path, i.e. the sequence of formation of solid phases during
solidification

e the composition of solid as a fraction of solid formed during solidification,
corresponding to the microsegregation of elements

o the fraction of solid phases vs fraction solid formed during solidification,
corresponding to the microsegregation of phases

e the exact liquidus and solidus temperatures of the alloy

The development of microsegregation has been studied in four different variants of
6060 as well as in 6082, 6063 and 6005 alloys. Emphasis has been given on the effect of Mg
and Si. These elements influence the strength properties and extrudability, which are
important for the final performance. The chemical compositions of the alloys are listed in

Table 2.1
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Table 2.1: Chemical composition of alloys 6082, 6063, 6005, 6060 (in mass %)

Alloy Al Mg Si Fe Mn
6082 Balance 0.63 0.9 0.2 0.45
6063 Balance 0.51 0.55 0.2 0.03
6005 Balance 0.48 0.68 0.15 0.2
6060_1 Balance 0.38 0.4 0.2 0.03
6060_2 Balance 0.48 0.4 0.2 0.03
6060_3 Balance 0.38 0.47 0.2 0.03
6060_4 Balance 0.48 0.47 0.2 0.03

2.3. Experimental procedures for model validation

The experimental procedures employed for the validation of simulation predictions
are discussed in this section. Due to the difficulties encountered when measuring low
volume fractions, the work was performed mainly on alloy 6082, which because of the
higher alloy content, possessed a higher volume fraction of intermetallic phases. However
metallographic results are presented for the 6060 and 6063 alloys as well.

The materials were received in the form of as-cast billets prepared with DC casting by
the Aluminum of Greece (AoG). The diameter of the billet was 200mm and the solidification
rate was 2mm s'1. The received billets were sectioned in transverse slices as shown in
Figure 2.3. Then the samples of 10mm thickness were cut from approximately the middle of
the billet’s slice radius in order to avoid edge inhomogenities and other casting defects. The

surface in a direction transverse to the billet axis was prepared for metallography.

Figure 2.3: Transverse cross sections along the billet diameter
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Specimen preparation included cutting and grinding with SiC papers rating 800, 1000,
2400 and 4000 grit for alloy 6063 and grinding on 500 grit SiC water - cooled paper, polish
with 3um and 1um diamond paste and finally polished with 0.05um Colloidal Silica for
alloys 6060 and 6082. Polishing was performed with 3 and 1pum diamond paste followed by
electro-polishing with Barkers reagent consisting of 10 millilitre fluoroboric acid (35 %)
and 200 millilitre water. The microstructure was revealed after etching in Keller’s solution,
consisting of 0.5% HF in 50ml H20 in order to reveal and identify the intermetallic phases in
the as-cast microstructure. Table 2.2 summarizes the procedure followed for

metallographic preparation.

Table 2.2: Metallographic procedure for 6060, 6082 and 6063 alloys
Stages Alloy
6060 6082 6063

Grinding
SiC Papers (grit)
320 X
500
1000 X
2400 X

Polishing

XX X X
XX X X

Diamond Paste
3um X
1pm
Coloidal Silica X X X
Electro Polishing

>
XX
>

stainless steel for
cathode;specimen is anode.
Anodize 40-80 s at approximately
0.2A/cm2 (1.3 A/in.2, or about 20
V dc). Check results on microscope
with crossed polarizers

Chemical etching

Keller's X
Modified Poultons X

The volume fractions of the Mg:Si and a+p AlFeSi phases have been measured,

through quantitative methods based on point counting, using 1000 grit on 10 sections
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according to ASTM E-562 standard [24]. Processing has been performed using Photoshop
and Image ] image analysis software. The results were then compared with the
corresponding results of the Scheil simulation of the solidification process of 6082 alloy.
The following methodology was applied: first the phases were identified using SEM
combined with EDS analysis and then a correspondence between SEM and optical
microscopy was established in order to identify the phases in optical micrographs. This
methodology enabled the use of a point counting method in order to determine the volume
fractions of phases, using a high number of metallographic sections at the lowest
magnification possible in order to get the most representative microstructure. Solute

microsegregation has been also experimentally determined by SEM/EDX analysis.

2.4. Results and Discussion

2.4.1.Equilibrium calculations

Equilibrium calculations are presented in this section, which aim at identifying the
major phases and their stability limits in the alloys. For the 6060 alloy, the Si isopleth
section for composition 0.48Mg, 0.03Mn and 0.2Fe (in mass %), is depicted in Figure 2.4a.
Similarly the Mg isopleth for 0.4Si, 0.03Mn and 0.2Fe (in mass %) is depicted in Figure 4b.
The Mg:Si phase is stable bellow 500°C. The a-AlFeSi phase is the first phase stabilized
bellow the liquidus temperature. The range of stability of a-AlFeSi extends to lower
temperatures depending on Mg content. On the contrary Si stabilizes the (3-AlFeSi phase.
Additionally the isopleths of Figure 2.4 indicate that transformation of a to [3-AlFeSi takes
place as the temperature drops below the solidus. For this reason as mentioned above, a
kinetic calculation, described in section 4.4.4, has been performed in order to determine the

amount of 3-AlFeSi phase, which forms after solidification.
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(a) (b)

Figure 2.4:(a) Si isopleth for 0.45Mg, 0.03Mn and 0.2 Fe (mass%) and (b) Mg isopleth for
0.4Si, 0.03Mn and 0.2 Fe (L=liquid, F=FCC, a=a-AlFeSi, f=[-AlFeSi, M=Mg-,Si)

An isothermal section of the Al-Mg-Si-Fe-Mn system at 300°C, and for 0.2Fe-0.03Mn
(mass %) is shown in Figure 2.5. In agreement to the above observations, Mg stabilizes the
a-AlFeSi phase up to 0.8 mass % Si and Si stabilizes the [3-AlFeSi phase, which forms even

for low concentrations of Mg and Si.

Figure 2.5: Isothermal section of Al-Mg-Si with 0.2Fe-0.03Mn (mass %) at 300°C,
(L=liquid, F=FCC, a=a-AlFeSi, f=[3-AlFeSi, M=Mg,Si)
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2.4.2.Scheil microsegregation simulations

Typical Scheil solidification paths, for the studied alloys are shown in Figure 2.6a-d as
temperature vs mass fraction solid. The phase sequence during solidification is FCC—a-
AlFeSi—(-AlFeSi—Mg;Si—Si (diamond). The arrows depict the temperature and the mass
fraction of solid where each phase starts to form. Solidus temperatures for these alloys

were calculated and results are depicted in Figure 2.7.

—FCC
Loy 6082

oz ] a-AlFeSi >

Temperature °C
o
13
o
A
=
>
m
]
%]

—r 77— - -
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(a) (b)

() (d)
Figure 2.6: Typical solidification paths for a)6082, b)6063, c)6005, d)6060
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Figure 2.7: Calculated Solidus temperatures

The mole fraction of phases, formed during solidification, was calculated as a function
of temperature and is shown in Figure 2.8 for 6082 alloy. Formation of a-AlFeSi starts at
622°C while further formation of a-AlFeSi stops, when the 3-AlFeSi starts to form at 588°C.
The Mg>Si phase starts to form at 585°C and continuous to grow simultaneously with the f3-
AlFeSi phase until the quaternary eutectic temperature (554°C) is reached and the
remaining liquid transforms to a mixture of FCC, 3-AlFeSi, Mg>Si and Si.

The phase fractions in the as-cast microstructure are 4.14x10-3 «a-AlFeSi, 7.16 x10-* -

AlFeSi, 5.32x10-3 Mg,Si and 9.18 x10-4 Si-diamond.

Figure 2.8: Mole fraction of phases as a function of temperature during solidification of Al-
0.38Mg-0.4Si-0.2Fe-0.03Mn (mass%)
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The above phases are not distributed uniformly in the microstructure but segregate to
regions where the liquid solidifies last, i.e. close to grain boundaries. This phase segregation
is depicted in Figure 2.9a, which gives the mole fraction of all phases vs fraction solid (FCC
matrix is excluded). It is seen that the a-AlFeSi phase forms above 85 % solidification while
all other phases form above 95 % solidification. This means that the intermetallic phases
form at the secondary dendrite boundaries towards the end of solidification. Accordingly
the microsegregation of the alloying elements in the FCC matrix follows a similar trend, i.e.
increase towards the end of solidification as shown in Figure 2.9b. The drop in the
concentration profile of Mg and Fe is attributed to the formation of Mg,Si and iron

intermetallics respectively.

(a) (b)

Figure 2.9: Microsegregation of phases (a) and microsegregation of alloying elements (b)
of Al-0.38Mg-0.4Si-0.2Fe-0.03Mn (mass%) alloy during solidification

2.4.3.Parametric study on 6060 alloy

A parametric study was performed for the four variants of alloy 6060, with the
compositions given in Table 1. Both variants, 6060_1 and 6060_3, contain 0.38%Mg but
with 0.4 and 0.47% Si respectively, while both variants 6060_2 and 6060_4 contain
0.48%Mg with 0.4 and 0.47%Si respectively.
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Segregation of phases for 6060_1 and 6060_3 is depicted in Figure 2.10, while for the
6060_2 and 6060_4 in Figure 2.11. The phases depicted are a-AlFeSi in (a), -AlFeSi in (b),
Mg>Si in (c) and Si-diamond in (d).

It is evident that the larger differences appear in the fraction of the (- AlFeSi phase,
where a higher fraction is formed in the alloys containing a higher amount of Sj, i.e. in alloys
6060_3 and 6060_4. This is due to the stabilizing effect of Si on the [3-AlFeSi phase. A lower
amount of 3-AlFeSi is formed in the high Mg alloys 6060_2 and 6060_4. At the same time the
amount of the strengthening phase is higher in the high Mg alloys 6060_2 and 6060_4.
Therefore it is concluded that Mg has a destabilizing effect on the extrudability-limiting

phase B-AlFeSi, while it increases the amount of the strengthening phase Mg-Si.

(a) (b)

(0) (d)
Figure 2.10: Segregation of phases for 6060_1 and 6060_3 a) a-AlFeSi, b)-AlFeSi, c) Mg:Si,
d) Si (Diamond)
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(a) (b)

(c) (d)

Figure 2.11: Segregation of phases in 6060-2 and 6060_4 alloys, a) a-AlFeSi, b)B-AlFeS;, c)
Mg>Si, d) Si (Diamond)
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(a) (b)

(c) (d)

Figure 2.12: Segregation of elements in 6060_1 and 6060_3 alloys a) Si, b)Mg, c)Fe, d)Mn
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(a) (b)

(c) (d)
Figure 2.13: Segregation of elements in 6060_2 and 6060_4 alloys a) Si, b)Mg, c)Fe, d)Mn

Segregation of elements for 6060_1 and 6060_3 is depicted in Figure 2.12, while for
the 6060_2 and 6060_4 in Figure 2.13. The elements depicted are Si in (a), Mg in (b), Fe in
(c) and Mn in (d). Elemental microsegregation is evident in all cases; however the elements
do not exhibit the same degree of microsegregation. A microsegragation index &i is defined

as

° (20)
where Cy is the maximum composition in the segregation profile and Co is the composition
of the first solid to form (at zero weight fraction solid). The calculated values of the

segregation index appear in Table 2.3. The element possessing the highest

41

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 07:13:50 EEST - 3.146.34.55



microsegregation is Mn with larger microsegregation index compared to the other
elements. Si and Mg have a higher diffusion coefficient in Al and therefore should

homogenize easier than Fe and Mn.

Table 2.3: Segregation index for the 6060 alloy variants

Alloy Ore Osi Omg Omn
6060_1 8.08 8.29 7.33 10,7
6060_2 8.08 8.29 5,45 15,5
6060_3 6.6 8.29 5,58 10.7
6060_4 6.6 8.19 4,88 9,84

2.4.4. Transformation of a to 3-AlFeSi after solidification

The Scheil simulation described above defines the phase fractions present in the
microstructure at the end of solidification. According to the isopleth sections in Figure 2.4
transformation of a to [-AlFeSi takes place below the solidus temperature during
equilibrium cooling. However, taking into account the high cooling rates of the solidified
ingots, following the direct-chill casting operation, it should be evaluated whether this
transformation produces any appreciable amount of [3-AlFesi phase. A kinetic simulation
using the DICTRA computational kinetics software was performed for the 6082 alloy. The
geometric model used in a previous work [25] was employed and is shown in Figure 2.14.
The calculation domain consists of two regions. The first region corresponds to the fcc
matrix phase while the a-AlFeSi is taken as a dispersed spheroidal phase. The second region
was attached to the right of the first region and corresponds to the -AlFeSi phase. The
width of the fcc region was taken to be one half of the mean secondary dendrite arm
spacing (10 um) and the width of the 3-AlFeSi corresponded to the mole fraction of the 3-
AlFeSi as calculated by the Scheil simulation.
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Figure 2.14: The geometric model for the kinetic simulation using the DICTRA
computational Kinetics software performed for the 6082 alloy

For the composition of the 6082 alloy, the mole fraction of 3-AlFeSi corresponds to a
width of the (-AlFeSi region equal to 0.0111 pm. The temperature during the simulation
was considered to drop from 600 to 200 °C in 1 h corresponding to a cooling rate of 0.11Ks-
1. In order to take into account the impeding effect of the dispersed a-AlFeSi phase on the
diffusivities of the elements in the fcc matrix phase, a labyrinth factor [26], taken equal to
the volume fraction of the a-AlFeSi phase [27] was employed. The result of the simulation is
given in Figure 2.15 which shows the position of fcc/B-AlFeSi interface as a function of

simulation (cooling) time.

Figure 2.15: The position of fcc/3-AlFeSi interface as a function of simulation (cooling) time

The final position of the interface at 9.99977 um, to the left of the initial position
(10um), corresponds to an increase of the volume fraction of 3-AlFeSi phase by 2.07 % of

the amount of -AlFeSi formed during solidification. This value is considered negligible and
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therefore the amount of the -AlFeSi phase, used for the experimental validation and the

construction of the maps in Section 4.7, was taken directly from the Scheil simulations.

2.5. Experimental validation

The purpose of this section is to provide the necessary experimental data, regarding
phase identification and phase fractions, for the validation of the computational
methodology used in this work. As mentioned above, the validation was performed on alloy
6082, since it exhibited the largest fraction of intermetallics due to its higher alloy content.

The as-cast microstructure of 6082 is depicted in the SEM micrograph Figure 2.16a-c.
The EDS signal from areas 1 and 2 consisted of Mg and Si indicating that this phase is MgzSi.
The signal from area 3 consisted of Al, Fe, Si and Mn indicating that it is the a-AlFeSi phase,
which contains Mn. The signal from area 4 consisted of Al, Fe and Si (without Mn) and was
identified as B-AlFeSi. In order to further verify the phase identification, the composition of

the a-AlFeSi was determined quantitatively.

(2) _ (b)

(c)

Figure 2.16: The as-cast microstructure of 6082 alloy as observed in the SEM
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It should be mentioned that the interaction volume of the EDS measurement
performed in this work was about 1um? while the average size of a-AlFeSi particles on
which the EDS signal was taken was 20-30 um?2. The results are listed in Table 2.4 and
compared with measured literature data. The measured composition of a-AlFeSi lies within

the range reported in the literature and, therefore, the phase can be identified as a-AlFeSi.

Table 2.4: Chemical composition of a-AlFeSi phase (mass %)

Phase Si Fe Mn Reference
o-AlFeSi 8-12 11-13 14-20 [1]
10-12 10-15 15-20 [28]
5.5-6.5 5.1-27.9 14-24 [29]
5-7 10-13 19-23 [30]

6.3-11.5 7.4-14.3 5.5-9.8 This work

Furthermore elemental area mapping in 6082 alloy was performed in order to
identify the presence of the elements in the observed intermetallic phases. The elemental
map images in Figure 2.17 depict the spatial distribution of elements, specifically Al, Mg, Si,
Fe, and Mn. In this way it is possible to identify phases in the microstructure that would be
difficult to identify by optical microscopy. Figure 2.17 depicts a SEM micrograph in the
centre with corresponding EDS maps for Al in (a), Si in (b), Mg in (c), Fe in (d) and Mn in (e).
The EDS analysis indicates that the black oval particles are Mg,Si strengthening phase
because of the presence of Mg and Si element (Figures 2.17b-c) and absence of Al signal
(Figure 2.17a). Besides the Mg>Si phase other Si containing phases are the intermetallics a
and [3-AlFeSi. The low solid solubility of Fe in aluminum leads to the formation of the above-
mentioned intermetallics and this has been confirmed in Figure 2.17d with a strong iron

signal. The presence of Mn in Figure 2.17e indicates that this phase is the a-AlFeMnSi phase.
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(a) (b)

(c) (d) (e)
Figure 2.17: Elemental area mapping (SEM/EDS) in 6082 alloy a) Al, b)Si, c)Mg, d)Fe, e)Mn

Besides the identification of phases in the SEM, it is important to validate the matrix
composition, adjacent to the intermetallics, close to the boundary. The results are shown in
Figure 2.18, with a SEM microstructure in (a), the Scheil simulation for the
microsegregation of elements in (b) and an EDS spectrum from the matrix region adjacent
to the boundary in (c). The measured compositions are compared against the calculated
data from the Scheil simulation in Table 2.5. The agreement between measured and

calculated compositions is considered satisfactory.
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Figure 2.18: Matrix composition adjacent to boundary intermetallics: (a) SEM micrograph,
(b) Scheil microsegregation profile and (c) EDS signal
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Table 2.5: Comparison between calculated and measured (EDS) matrix composition
adjacent to boundary intermetallics

Matrix composition adjacent to boundary

Measured Mass Calculated
Element
(%) (%)

Al 97.8

Si 1.2 1.32
Mg 0.7 0.59
Mn 0.3 0.5

Fe 0 0

Using the procedure outlined in the experimental procedures section, the SEM phase
identification was correlated with optical micrographs. Typical microstructures are
depicted in Figure 2.19a-c for 6082, 6063 and 6060 respectively. The microstructure
consists of Al-rich solid solution dendrites while the intermetallic phases are segregated at
the secondary dendrite arm boundaries. These phases are identified as Mg,Si (black), a-
AlFeSi (grey plate-like with rounded edges) and [-AlFeSi (grey plate-like). These
observations are also in very good qualitative agreement with available metallographic
observations in the literature [2, 31].

In Figure 2.20 6082 alloy is depicted and the morphology of the intermetallic
compound a-AlFeSi appears with a typical lamellar morphology known as “Chinese-script”

structure.
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(a)

(0)
Figure 2.19: Typical microstructure of alloys (a) 6082, (b)6063 and
(c)6060
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)

Figure 2.20: Typical morphology of intermetallic a-AlFeSi in 6082 known as “Chinese-script’

Further metallographic examination has been performed in the 6082 alloy. The Scheil
simulation on 6082 (Figure 2.6a) indicated that the last liquid solidifies by a quaternary
eutectic consisting of FCC + [3-AlFeSi + Mg>Si + Si at 544°C. The amount of this quaternary
eutectic is small compared with the primary phases and forms when less than 10% liquid
remains, in agreement with ref. [31]. The quaternary eutectic constituent is depicted in
Figures 2.21a-b.

The presence of spherical Mg.Si and eutectic phases are also shown in Figure 2.21b.

(a) (b)
Figure 2.21: The (a) quaternary eutectic structure and spherical MgSi and eutectics of
6082 alloy in as-cast condition
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Following phase identification, the measurement of phase fractions was performed by
quantitative metallography using the image analysis software Image -J]. Low magnification
micrographs were selected in order to have the most representative microstructure. In
Figure 2.22, representative pairs of micrographs (left) and Image-] displays (right) are
shown.

Scheil calculations of phase fractions are compared with experimental measurements
in Table 2.6 for a-AlFeSi, B-AlFeSi, Mg,Si and quaternary eutectic (FCC + MgzSi + 3-AlFeSi +
Si). For the case of iron intermetallics the sum of a and B-AlFeSi is compared with
experimental data. Taking into account the experimental error involved when measuring
low volume fractions, the agreement between the Scheil simulation predictions and the
experimental measurements is considered satisfactory. Therefore computed fractions from
the Scheil simulations can be used for the phase fraction mapping of intermetallic phases in

the as-cast microstructure. This is discussed in the following sections.
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Figure 2.22: Microstructures (left) and corresponding Image-] displays used for the
measurement of phase fractions

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 07:13:50 EEST - 3.146.34.55

52



Table 2.6: Comparison between calculated and measured phase fractions in the as-cast

6082 alloy
Measured (x10-3)
Calculated (x10-3)
Quantitative
Scheil simulations
metallography
B-AlFeSi 2.57
6.54 6.07
a-AlFeSi 3.97
Mg.Si 3.81 3.65
Quaternary eutectic 3.8 4.1

2.6. Effect of Mn on Mg:Si and f3-AlFeSi phases

The results of the Scheil simulations have shown that increasing the Mn level from a
low 0.03% to a high 0.45mass% has two major effects, for the high-strength alloys with
more than 0.4mass% Si:

e reduction of B-AlFeSi mole fraction
e reduction of Mg,Si mole fraction

These reductions are expressed for 3-AlFeSi as

0.2Mn 0.03Mn
fﬂ — fﬂ

Af, =

B £ 0.03Mn
/ (21)
and for Mg,Si as
T g
Mg2Si — W
Mg 2Si (22)

where f, denotes the mole fractions of these phases at the two levels of Mn content 0.03 and
0.2 mass%. These reductions are plotted in Figure 2.23 for the 3-AlFeSi phase and Fig.24a, b
for the Mg>Si phase as a function of Si content (above 0.4mass%) for various levels of Mg
ranging from 0.5 to 1.2 mass%. In general the reduction in the (3-AlFeSi is up to 15% while
the respective reduction in the Mg:Si can reach 18%. Regarding the (3-AlFeSi phase, with
increasing the Si content (for fixed Mg content) the reduction first increases and then

decreases. The maximum reduction of 3-AlFeSi is located between 0.5-0.6%Si depending on
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the Mg level. In this range of Si, the reduction in 3-AlFeSi increases with Mg, reaching a
maximum 15% for 0.8%Mg and then decreases for higher Mg contents. The maximum

reduction in 3-AlFeSi is 15% for 0.5Si-0.8Mg (0.2Mn).

0,16 4
0,14 4
0,12 ~
0,10+

‘
D08 ~{+

A, \zo50 Reduction in p-AlFeSi

0,08 4V

Figure 2.23: Mn-induced reduction of 3-AlFeSi phase as a function of Si alloy content for
various levels of Mg in the alloy

Regarding the reduction in the Mg;Si phase, two behaviours are sheen. The first is
shown in Figure 2.24a for the 0.4-0.6 Mg level (mass%) where the reductions in Mg,Si are
higher and can reach values up to 27% depending on the Si level. In this range the lowest
reduction in MgzSi (2%) appears for the 0.8Si-0.6Mg composition. The second is shown in
Figure 2.24b for the higher level of Mg between 0.7 and 1.2 mass% where the reductions in
Mg>Si are lower and limited to values up to 13%. Here the minimum reduction (0%) in
Mg:Si appears for the 0.5Si-1.2Mg composition. It is clear that the Mg-Si compositions for

the highest reduction in (3-AlFeSi do not coincide with those for lowest reduction in Mg>Si.
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(a) (b)

Figure 2.24: Mn-induced reduction in Mg>Si phase as a function of Si alloy content for (a) 0.4-0.6 and
(b) 0.8 1.2 Mg (mass %) in the alloy

2.7. Mapping of intermetallic phases

Alloys 6060 and 6063 contain 0.03 mass% Mn while alloy 6082 contains 0.45 mass%
Mn. Therefore, Scheil calculations for phase fraction mapping were conducted for these two
Mn levels. The mole fraction of 3-AlFeSi and Mg:Si, is depicted in the contour plots of fixed
mole fractions in Figures 2.25 (a) and (b) respectively as a function of Mg and Si content for
the two Mn levels of 0.03 and 0.45 mass %. The mole fraction of the (B-AlFeSi phase
decreases towards the lower right corner of the contour plot, indicating that low -AlFeSi
can be obtained at lower Si and higher Mg contents. The 0.45 % Mn iso-f3 lines lie above the
respective 0.03 % Mn iso-f3 lines, indicating that for fixed Mg content, higher Mn allows the
use of higher Si, without further increase of [3-AlFeSi (Si stabilizes (3-AlFeSi). The spacing
between the iso-f lines for the two Mn levels increases towards the upper left corner of the
contour plot, indicating that the effect of Mn (in reducing (-AlFeSi) becomes stronger at

higher Si and lower Mg contents.
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(b)

Figure 2.25: Contour plots (maps) of fixed mole fractions of (a) B-AlFeSi and (b) Mg>Si
phases in the as-cast microstructure of Al-Mg-0.2Fe-Mn alloys (full lines 0.03
Mn, dotted lines 0.45 Mn, mass%)

Regarding the Mg:Si phase (Figure 2.25b) it is clear that the mole fraction increases

towards the upper right corner of the contour plot, indicating that an increase of both Mg
and Si results in an increase of Mg,Si, with Mg having a stronger effect. The 0.45 % Mn iso-
Mg>Si lines lie above the 0.03 % Mn lines, indicating that a higher Mg content is required to
obtain the same Mg,Si mole fraction in the microstructure.
Mapping of both the MgzSi phase and the 3-AlFeSi phase across the Mg-Si space can be very
useful for alloy design purposes. Such maps are shown in Figure 2.26 (a) and (b) for the two
Mn levels of 0.03 and 0.45 % Mn respectively. The mole fractions of the 3-AlFeSi phase
range from 0.001 to 0.005 while those for the Mg:Si range from 0.002 to 0.009.
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(a) (b)

Figure 2.26: Contour plots (maps) of fixed mole fractions [3-AlFeSi (solid lines) and Mg,Si
(dotted lines) in as-cast microstructure of Al-Mg-Si-0.2Fe-Mn alloys  for (a)
0.03 Mn and (b) 0.45 Mn, mass%. Compositions for alloys 6060, 6063 and
6082 are indicated on the maps.

The position of alloys 6060, 6063 and 6082 is also indicated on the maps. All three
alloys possess a low fraction of [3-AlFeSi indicating an excellent extrudability potential. In
addition, the 6082 alloy possesses a higher fraction of Mg>Si indicating a higher strength
potential compared to 6060 and 6063. The Mg,Si is maximized towards the upper right
corner while the (-AlFeSi phase is minimized towards the lower right corner of the maps.
This allows selection of optimum compositions for favourable as-cast microstructures in
terms of the two phases. The Mn effect can be summarized as the potential to move to
higher Mg and Si compositions in order to obtain higher amount of MgzSi without at the

same time increasing the (-AlFeSi phase in the as-cast microstructure.
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2.8. Conclusions

From the results presented in this chapter the following conclusions can be drawn:
Computational alloy thermodynamics, based on the CALPHAD approach, has been applied
for the calculation of equilibrium phase constitution as a function of alloy composition and
temperature. Isopleth phase diagrams in multicomponent alloys have been calculated
permitting the determination of the stability limits of the various phases in the system.

This approach was also applied to carry out Scheil-Gulliver solidification simulations
and calculate the resulting microsegregation of elements and phases in the as-cast
microstructure.

Segregation profiles for elements and phases across the grain were determined as a
function of alloy composition.

Standard metallographic techniques including optical microscopy and scanning
electron microscopy (SEM) were applied to reveal the microstructure of the as-cast and
homogenized materials. Phase fractions were measured by applying quantitative image
analysis. The results of the simulations were confirmed experimentally.

The variation of the mole fractions of the extrudability-limiting $-AlFeSi phase and the
strengthening Mg,Si phase with alloying elements can be mapped over the useful range (0-
1.2 mass%) in the Mg-Si composition space.

The constructed maps indicate that low mole fractions of 3-AlFeSi are associated with
lower Si and higher Mg compositions. On the other hand, high mole fractions of Mg:Si are
associated with both higher Si and Mg compositions, with Mg possessing a stronger effect.
Construction of maps for different levels of Mn has shown that addition of Mn could allow
for higher alloying with Mg and Si, in order to obtain higher amount of Mg>Si, without at the

same time increasing the (-AlFeSi intermetallic phase in the as-cast microstructure
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3.  Simulation of Homogenization

3.1. Introduction

Homogenization is a significant link of the process chain of the extrudable 6xxx Al-
alloys. It follows casting and takes place before extrusion. The main purpose of
homogenization is, therefore, to remove the detrimental effects of microsegregation left
over by the casting process and to “condition” the material for the extrusion process. In that
respect, homogenization can be considered as a “key process”, since it controls in a large
degree the extrudability of the alloy. The homogenization has received considerable
attention, mostly in experimental terms, both in laboratory and industrial scale. There is a
large amount of published work, briefly reviewed in the next section, on the effects of the
homogenization parameters on the degree of homogenization. However, despite its
importance, the work on simulation of the homogenization process is limited. This is due to
the complexity of the process, since there is a series of phase transformations, which take
place concurrently, in a multiphase and multicomponent system, such as the Al-Mg-Si-Fe-
Mn system under consideration. The most important phenomena, which take place during
homogenization of the as-cast billets, are the following:

1. Removal of the microsegregation of the alloying elements

2. Removal of non-equilibrium low melting point eutectics, particles and segregation
gradients which provide areas with low melting point in order to avoid cracking or tearing
during subsequent hot working

3. Shape control (spheroidization) of remaining intermetallics and dispersoids with sharp
edges such as Fe-based intermetallics, which give poor workability

4. Formation of secondary particles (dispersoids) for grain size control during extrusion or
rolling.

5. The dissolution of the Mg,Si phase and the reprecipitation during cooling

6. The p — a-AlFeSi transformation.

The homogenization process parameters are the homogenization temperature,
homogenization time and the cooling rate from the homogenization temperature. The

correct selection of the homogenization temperature ensures that all necessary
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transformations are activated and take place in an appreciable rate. The homogenization
time should also be selected carefully in order to ensure that the “conditioning” of the billet
for extrusion is accomplished. A longer, than necessary, homogenization time usually
results in increased costs and loss of productivity in the cast house. The cooling rate after
homogenization is also very important, since it controls the precipitation reactions in the
billet before extrusion. The cooling after homogenization is treated in Chapter 5. From the
above discussion, it is clear that the control of the homogenization parameters is an
important issue in the production of extrudable 6xxx Al-alloys.

The aim of the present chapter is to introduce a robust computational methodology
for treating the homogenization problem. This methodology constitutes a significant step
towards the design of the homogenization process. This is particularly important in the
development process of new alloys, since the design of homogenization can lead to

significant savings in cost and time for the alloy development.

3.2. Literature review

Current literature is reviewed in this section regarding the effect of homogenization
parameters on the removal of microsegregation and on the phase transformations taking
place during the homogenization process. As stated above, most of the work up to date is
experimental, either on a laboratory or on an industrial scale.

Homogenization comprises of three major steps, heating the as-cast billet with a
particular rate, holding at a constant temperature for a certain time, and cooling with a
proper cooling rate. The introduction of continuous homogenization lines has significantly
improved the temperature uniformity of homogenization allowing the holding times to be
minimized. Batch homogenization, however, provides flexibility in practices tailored for
different aluminum alloys. Soft 6060 and 6063 alloys are best homogenized at a higher soak
temperature than harder alloys such as 6061 and 6082 [1]. After direct chill (DC) casting,
the solid solution is supersaturated and the supersaturation increases from the center to

the edges of the dendritic branches because of microsegregation.
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Major reactions during homogenization involve the dissolution of Mg>Si, coarsening of

dispersoids, spheroidization of undissolved particles and the transformation (3-AlFeSi—a-
AlFeSi, which is important due to the low high-temperature ductility of the 3-phase [2].
The homogenization practice has been investigated experimentally where both industrial
and academic researchers have focused on the influence of temperature and time of the
procedure on the microstructure and mechanical properties of the homogenized billets [3-
6]. Long-time homogenization treatments at 545 °C for 20 h, indicated that Mg:Si and Si
intermetallic compounds are dissolved into the matrix completely, and the remaining
phases were a(Al) matrix and Al15(FeMn)sSiz or a-AlFeSi [7].

The controlling factor in the homogenization of an alloy is the diffusivity of the
respective alloying elements at the homogenization temperature. The higher the
homogenization temperature, the faster the elemental homogeneity can be obtained and,
thus, the more efficient this practice becomes in terms of industrial throughput. However
there exists an upper limit in the homogenization temperature. It has been found that
homogenization of 6082 alloy at temperature close to 540°C leads to partial local melting of
dendrite cell boundaries while at even higher temperatures full surface melting and alloy
degradation occurs [8]. The homogenization temperature, therefore, should not exceed the
solidus temperature in the particular alloy since this could result in localized melting. This
melting could cause structural damage of a type that cannot be repaired after
homogenization. This damage has been reported as excessive void formation, segregation,
blistering and cracking [9]. The exact solidus temperature of the material cannot be
predicted from the phase diagram because the microstructure is far from equilibrium. As a
result of microsegregation, regions exhibiting high concentration of alloying elements melt
at temperatures below the equilibrium solidus temperature. This is especially true for the
low-melting eutectics. The eutectic melting temperatures are presented in Table 1 for
several reactions.

The B-AlFeSi to a-AlFeSi transformation is probably the most important reaction
during the homogenization process. The a-AlFeSi has a cubic crystal structure and globular
morphology while the [(-AlFeSi possesses a monoclinic structure and a plate-like
morphology, limiting the extrudability of the as-cast billet by inducing local cracking and

surface defects in the extruded material. The [ to a-AlFeSi phase transformation
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considerably improves the extrudability of the aluminum since the transformed a-particles
in the homogenized material improve the ductility and the surface quality of the extruded
material [10, 11].

Additional microstructural changes, such as the dissolution of Mg>Si or Si particles,
also occur during homogenization. However, since the Mg:Si or Si particles dissolve rather
fast, it is the [-to-a transformation Kkinetics, which determines the minimum

homogenization time that is needed to get the material in a suitable state for extrusion.

Table 3.1: Eutectic melting temperatures in Al-Mg-Si alloys [10]
Melting Temperature Reaction

~575°C Al + B — AlFeSi + Si — Liquid

~576°C Al + B — AlFeSi + Mg,Si — Liquid + o — AlFeSi
~577°C Al + Si — Liquid

~587°C Al + Mg,Si — Liquid

~612°C Al + B — AlFeSi — Liquid + ah — Al(FeMn)Si
~630°C Al + o — AlFeSi — Liquid + AlsFe

Another transformation that takes place during holding at the homogenization
temperature is the spheroidization of the non-dissolvable a-AlFeSi phase. This issue will be
discussed in Chapter 4.

Cooling of the billet after homogenization is very important in order to obtain the
suitable microstructure to improve extrudability as well as the final mechanical properties
of the extrusion. A fully solutionized billet, as obtained at the end of homogenization
holding, is difficult to extrude due to solid solution strengthening. The motivation behind
controlled cooling is the establishment of a specific precipitation state [13]. During cooling
to room temperature precipitation of Mg,Si and other Fe, Mn and Cr-containing phases
takes place. The size and the density of these particles are crucial because they enhance the
recrystallization resistance of the material [13], which is beneficial for the final mechanical
properties. Respectively, the size and the density of Mg»Si particles must be such that they
can be dissolved easily before extrusion, leading to improved extrudability [14]. It has been
shown that smaller Mg,Si particles, obtained after cooling, dissolve faster during extrusion
[13-15]. The amount of Mg and Si in solid solution, and hence the amount of Mg>Si

precipitated, are highly affected by the cooling rate from the homogenization temperature.
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Slow cooling tends to produce coarse Mg:Si particles while rapid cooling trap the Mg and Si
in solution with little or no Mg,Si precipitation [16,17]. A decrease in the cooling rate
increases the Mg,Si precipitation and decreases the amount of Mg in solid solution. Mn
additions up to 0.027% have no effect on MgzSi precipitation [17]. However the effect of Mn
on the precipitation during cooling has not been investigated extensively. Zajac et al. [14]
and Nowotnik et al. [18] investigated the effect of the cooling rate on the final mechanical
properties of the 6005, 6082 and 6063 aluminum alloys. Usta et al. [26] and van de
Langkruis [15,19] studied the dissolution-coarsening kinetics of the Mg:Si particles during
reheating. Reiso et al. [16] correlated the cooling rate to the maximum extrusion velocity
for various chemical compositions of AIMgSi alloys. Birol et al. [20,21] studied the effect of
the homogenization temperature and time and the effect of cooling rate and the
microstructure of 6063 and 6082 alloys through metallographic techniques.

As mentioned above, most of the published work approaches the homogenization
process experimentally. The modelling or simulation work is rather limited. In a previous
doctoral thesis [22] at the Laboratory of Materials an attempt to simulate the dissolution of
the Mg>Si was presented. Kuijpers et al. [23] simulated the dependence of the (3-AlFeSi to a-
Al(FeMn)Si transformation kinetics on the alloying elements and found a significant effect
of the Mn concentration as it increases the transformation rate. Haidemenopoulos et al. [24]
modeled the transformation of iron intermetallics during homogenization of 6xxx alloys
and also reported similar trends. However an integrated model, taking into account the
prior microsegregation and, most importantly, taking into account the concurrent Mg,Si
dissolution and  to a-AlFeSi transformation, in a multiphase, multicomponent system,
exhibiting grain size variations does not exist. It is the aim of this chapter to introduce such
a model. The computational methodology is presented in the following section. The

experimental validation of the model was performed on alloy 6082.
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3.3. Methodology

3.3.1.Computational Method

The key elements of the computational approach to simulate the homogenization process
are the following:

e The fact that the grain size in the as-cast microstructure is not uniform is incorporated in
the model. A Dual-Grain Model (DGM) has been developed to serve as the computational
region. The region represents two neighboring grains, in contact, with significantly
different grain sizes. In this way the fact that the transformation rate is higher in the
smaller grains is taken into account. The DGM region serves as the representative volume
element (RVE) for the solution of the homogenization problem.

e The initial conditions in terms of composition and phases present in the DGM correspond
to the actual microsegregation of the as-cast microstructure. The composition as well as
the phase fractions profiles that were introduced as initial conditions was the Scheil
microsegregation profiles, calculated from the relevant Scheil simulations for the specific
alloy. The Scheil simulations were presented in Chapter 2.

e Two key phase transformations are treated concurrently in both grains of the DGM. These
are the Mg,Si dissolution and the B to a-AlFeSi transformation. Both are diffusional
transformations and their rate is controlled by the diffusion of alloying elements. Since
the diffusion of Mg and Si is faster than the diffusion of Fe and Mn, it is expected that the
dissolution of Mg,Si is faster than the f to a-AlFeSi transformation. In the DGM model,
only lattice diffusion through the matrix has been considered. Grain boundary diffusion or
dislocation assisted diffusion were not considered, since in the homogenization process
the diffusion takes place from the boundaries to the grain interiors in order to eliminate
the microsegregation gradients. In addition, the dislocation density of the material has
normal values, since the material has not undergone any cold deformation before
homogenization.

e The intermetallic phases were treated as non-diffusion phases. This means that they act
entirely as sinks or sources of alloying elements. Diffusion is restricted exclusively to the

matrix.
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e The diffusion problem is one-dimensional and is treated in a multicomponent (Al-Mg-Si-
Fe-Mn) and multiphase system. The phases present in the system are the FCC aluminum

matrix and the dispersions of Mg,Si and the iron intermetallics -AlFeSi and a-AlFeSi.

The DGM calculation domain, developed in order to simulate homogenization
considering the different grain sizes between neighboring grains is depicted in Figure 3.1.

Following metallographic examination, two sizes of 90um and 20um respectively
were selected for the construction of the DGM. The difference between the grain sizes is

significant and allows the study of the grain size effect on homogenization.

Figure 3.1: The Dual Grain Model considering the different grain sizes between
neighboring grains

The total region size is 110um considering the two grains in contact. Due to the
symmetry, only half of the grains were considered.

In order to input the concentration profile of alloying elements as well as the phase
fractions profiles resulting from the Scheil simulations as initial conditions, the fraction

solid axis fs was converted to a distance axis via the relation

X =f — (1)
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where d is the grain size region of the DGM (90 or 20 um). Thus the diffusion problem is
solved in one direction (x). The Mg;Si phase as well as the intermetallics a-AlFeSi and (-

AlFesi phases are taken as a dispersed phases in the FCC matrix.

Figure 3.2: Dispersed Phase model in DICTRA

This diffusion problem was solved with the computational kinetics package DICTRA
[25]. One basic model assumption is that the growth and dissolution rates of the precipitate
phases are very high compared with the diffusion rates in the matrix. Alternatively, the
matrix diffusion is the controlling mechanism of the overall kinetics. This assumption is
tolerable for the high homogenization temperatures, since the growth-dissolution rates are
very high and the particles reach the equilibrium state very fast. Consequently the local
conditions are rather concentration dependent than time-dependent. Locally, most of the
solute is trapped into the particles, reducing the concentration gradients and the diffusion
rate in the matrix. The “Dispersed Phase” module in DICTRA was employed as shown in
Figure 3.2. It treats problems involving diffusion through microstructures containing
dispersed precipitates of secondary phases. Diffusion is assumed to take place only in the
matrix phase. The dispersed phases are considered as “non-diffusion phases”. They act as
point sinks or sources of solute atoms in the simulation and their fraction is calculated from
the average composition in each node, assuming local equilibrium. The growth or
dissolution of phases leads to adjustments in the concentration profiles of the elements to
be used in the next time-step of the calculation. What changes during the calculations in
each time step is the volume fraction of phases and the local matrix compositions
(composition profiles) through the matrix diffusion.

The mathematical formulation of the multicomponent diffusion problem is based on
the Onsager principles and is described here briefly. A full description is presented in [26-

28].
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Following the treatment in [26], the first Onsager principle is
N N
U
o=-) JF-2 i+ (1)
=1 =1 OX

stating, that the rate of entropy production (free energy dissipation) is the sum of the
products between forces and fluxes. In the diffusion case the “forces” are the chemical
potential gradients, which drive diffusion, and “fluxes” are the diffusive fluxes. The second

Onsager principle states that the forces are linearly related to the fluxes by the expression

N
= z Lik ij (2)
k=1

In the V-frame, where the volume is fixed, the fluxes of the N components are related

with the expression
N
>.0,J,=0 (3)
i=1

meaning that there are N-1 independent fluxes. The Q. are the atomic volumes of the

elements. This means that the N flux is

l N-1
Jy = QJ, (4)
QN i=1

Using this expression, equation (1) becomes

N1 5 O
=2 di— (i ——=un) (5)
E I&X i QN N

and the “forces” Fi become

E__| 94 _ i opy
' ox Qpn OX

(6)

so that the fluxes of equation (2) become
N-1 N-1 ou Q. ou
J, F=->1L L 1N 7
,Z‘L“‘ Z”(ax Q, axj (7
The fluxes in equation (7) are expressed in relation to the chemical potential gradients.
Now the fluxes will be written in the traditional Fick’s 1st law, so that they are related to
composition gradients.

The chemical potential of a component i depends on the concentration
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4 = 4 (C1,Cp,...,.CN_1) where i=1,2,..,N—1 (8)
since there are N-1 independent concentrations. Additionally the Gibbs-Duhem relation

imposes an additional constraint that only N-1 chemical potentials can vary independently

so that
o _ K om O
2R _NEA T 9
OX J-leacj OX )

The fluxes in equation (7) then become

N-1 N-1 N-1 a i Q
J=2 LF=- '—uZ[ﬁ__J%jai (10)
= = k=\oc, Qg oc, ) ox
and the interdiffusion coefficient can be identified as
= [ Ou Q ou
Dij :ZLik =R (11)
1 ac; Qg oc;

The diffusion coefficient can be written as the product of two matrices
N-1
Dij = z Likij (12)
k=1

where L, are the Onsager coefficients related to the atomic mobilities and Y; are the

relevant thermodynamic factors which express the dependence of the chemical potential on
composition. It is to be noted that in DICTRA, the mobilities are stored in the so-called
mobility database, while the thermodynamic factors are calculated via a link to Thermo-
Calc. In this way DICTRA takes into account the composition dependence of the diffusion
coefficient. The analysis of a N component system requires N-1 independent concentrations
and (N-1)? independent interdiffusivities. In the Al-Mg-Si-Fe-Mn system considered in this

problem, the diffusion matrix contains 16 interdiffusivities.

Coming back to the DGM, the solution of the diffusion equation is performed under the

following boundary conditions. Considering a closed system, the boundary conditions are:

J.(0,t)=J,(L,t)=0 (13)
Or in terms of concentration gradients
% =0 atx=0and x=L (14)
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The initial conditions for solving the diffusion problem are the results of the Scheil
calculations and converted over the diffusion distance for t=0 and can be expressed as

follows for the elements:

c.(x,0)=c’(x) , i=Mg, Si, Fe, Mn (15)

and for the initial fraction of the phases

f(x,0)= 5", k=Mg>Si, a-AlFeSi, B-AlFeSi (17)
where ¢’ (x) and ' are the compositions and phase fractions respectively resulting

from the Scheil simulation presented in Chapter 2.

In DICTRA the mobility parameter, M, for an element i/ in a given phase can be

described by a frequency factor M and activation energy AG. and these are related in

equation:

M =M o AS

12
' RT RT (12)

where R is the gas constant and T is the absolute temperature. Both M, and AG, are

composition dependent. In the spirit of the CALPHAD approach, in a multicomponent
system these parameters are expressed with a Redlich-Kister-Muggianu polynomial. It is
therefore important to state that the composition dependence of the diffusion coefficients
comes not only through the thermodynamic factor but from the mobilities as well.

The thermal cycle obtained for this study consisted of four stages: heating, holding at the
homogenization temperature for several hours, cooling to room temperature and pre-
heating (before extrusion). Figure 3.3 depicts the temperature - time profile of the
homogenization process mentioned above, which includes typical homogenization times

and temperatures.
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Figure 3.3: The temperature - time profile of the homogenization process

Regarding the time step used in the simulations, the maximum time step allowed, or
the highest time step actually taken in the calculation, would affect the final result of the
simulation. This effect will be most evident if one or more of the diffusing species have low
solubility in the matrix phase. When this is the case, a supersaturation is created in the
matrix phase during a diffusion step and if too large a time step is allowed, then too much
supersaturation is created. For this reason a time step sensitivity analysis has been

performed to assure that there is no time step dependence of the solution.

3.3.2.Experimental procedures

In order to validate the results of the computations of the Dual Grain Model,
laboratory homogenization treatments were performed in selected alloys listed in Table 2.1
in order to study the progress of homogenization. The homogenization treatments were
performed in the temperature range of 540°C-580°C for 30min, 4hr, 6hr and 32 hr. In order
to alter the cooling rate, three cooling methods were used: water Quenching (Q), Air cooling
(AC) and Forced air cooling (FC). The effect of the cooling rate is discussed in Chapter 5.

After the homogenization heat treatment, the specimens were prepared for standard
metallographic examination in order to reveal the microstructure and apply quantitative
image analysis. The evolution of the elemental profiles (removal of microsegregation) was

performed by SEM-EDX measurements. Phase characterization using EDS elemental
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mapping has also been performed in the alloys. The evolution of phase transformation with
homogenization time was performed with XRD analysis. Details of the experimental
methods are described below.

e Optical Metallography: Full metallographic analysis was performed on transverse
cross sections (perpendicular to the billet axis) along their diameter according to the
marking shown in Figure. 2.3 Specimen preparation included cutting with Struers
“Accutom 2”, mounting in resin, The samples were ground on 500 grit SiC water -
cooled paper, polish with 3um and 1pum Diamond paste and finally polished with
0.05pm Colloidal Silica. The microstructure was revealed after etching with the
appropriate etchants for each alloy listed in Table 2.2. Examination of the
metallographic specimens was carried out on an Optical Metallographic Microscope,
Leitz “Aristomet” at magnifications 100 x -1000 x.

e Scanning Electron Microscopy/EDX analysis: Further metallographic investigation
was carried out on a JEOL SEM at several magnifications. Elemental area mapping
and line profiling were also performed for the major alloying elements.

¢ X-Ray Diffraction: X-Ray Diffraction analysis was carried out in order compare the
evolution of intermetallic phases after homogenization. The analysis was performed
by utilizing a Siemens D-5000 diffractometer operating with a Cu-K; radiation. The

time for measurement was 0.008°/sec and t=4020sec.
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3.4. Results and Discussion

3.4.1.Dual Grain Model

The results of the homogenization Dual Grain Model (DGM) are presented in this
section for the 6082 alloy. The evolution of the volume fraction of phases with time is
depicted in Figure 3.4a. Figure 3.4a depicts the isothermal holding at 540° C up to 32h
(115200 sec). The Mg»Si dissolves quickly at the early stages of homogenization (below 500
sec). After an induction period of about 700 sec, the transformation (-AlFeSi—a-AlFeSi
starts. This is indicated by the reduction of the volume fraction of the (-AlFeSi phase and
the corresponding increase of the a-AlFeSi phase. The [3-AlFeSi phase dissolves at a time
about 6000 sec (100 min), where the a-AlFeSi obtains its highest volume fraction and then
the volume fraction remains constant in the remaining holding time. In addition to the
holding period of 32 h, Figure 3.4b describes the cooling process with a cooling time of 2h
and the preheating prior to extrusion to 500°C which is obtained in 1h. Mg,Si re-
precipitation takes place during cooling from the homogenization temperature and the
volume fraction of Mg>Si is now much higher than the Mg,Si present in the as-cast
microstructure (at t=0). The respective values are 0.65% and 0.1% respectively. This is
attributed to the additional amount of Si coming from the dissolution of the Si-diamond
phase and the [B-AlFeSi—a-AlFeSi transformation during homogenization, since the o-
AlFeSi phase is leaner in Si. Thus there is more Mg and Si available in the matrix to form
Mg>Si during cooling from the homogenization temperature. This Mg.Si dissolves again
during pre-heating prior to extrusion. Another interesting effect is depicted in Figure 3.4b.

The reverse transformation a-AlFeSi—[3-AlFeSi seems to take place during cooling
and the direct transformation (3-AlFeSi—a-AlFeSi takes place during billet preheating. This
is in line with phase stabilities since [3-AlFeSi is stable at low temperatures. However in the
cooling rates encountered in industrial practice, the reverse transformation a-AlFeSi—f3-
AlFeSi does not take place. Therefore after cooling from the homogenization temperature,
the iron intermetallic present in the microstructure is the a-AlFeSi phase, provided that the
direct transformation 3-AlFeSi—a-AlFeSi during homogenization has been completed.

The spatial evolution of the Mg:Si dissolution and the (-AlFeSi—a-AlFeSi transformation

are presented below.
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(@)

(b)
Figure 3.4 Temporal evolution of phase transformations during the homogenization
process a) Isothermal holding at 540°C for 32 h and b) holding at 540° C for
32h cooling down (500°C/2h), preheating 500°C/1h.
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3.4.2.Mg:Si dissolution

While the temporal evolution of the integrated volume fractions was depicted in
Fig.3.4, with the DGM model is possible to monitor the spatial evolution of phase fractions
at specific times during homogenization. The dissolution of the Mg>Si phase from the grain
boundaries and its re-precipitation in the grain interiors during cooling from the
homogenization temperature has been investigated in this way. The reduction of the mole
fraction of Mg>Si during homogenization at 540°C is shown in Figure.3.5. The t=0 curve is
the Mg>Si profile at the beginning of homogenization (as-cast condition, Scheil profile). As
seen in Figure.3.5, the Mg:Si phase dissolves rapidly and the complete dissolution of Mg,Si
takes only about 6 min at 580°C for 6082 alloy.

Figure 3.5: The spatial evolution of the Mg;Si phase from the grain boundaries and its re-
precipitation in the grain interiors

The dissolution of the Mg;Si is faster in the small grain (20pum) due to the shorter
diffusion distances. In addition the MgzSi profile spreads away from the boundary in the
large grain. This is due to Mg and Si diffusion towards the grain interior causing
precipitation of Mg>Si in new locations. Then this Mg:Si also dissolves and in this way the
Mg and Si diffuse to the grain interior. Following the complete dissolution of Mg,Si during

isothermal holding at 580°C, the MgSi phase is re-precipitated during cooling from the
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homogenization temperature in the grain interior as shown with the straight line in Figure

3.5. The Mg:Si fraction after cooling is uniform across both grains.

3.4.3.B-AlFeSi—a-AlFeSi transformation

The spatial evolution of the (3-AlFeSi—a-AlFeSi transformation is presented in this
section. First in Figure.3.6a the initial profiles of B-AlFeSi and a-AlFeSi in the as-cast
structure are depicted. This is to compare with the final profiles after the completion of the
transformation in Figure 3.6b, where only the a-AlFeSi phase remains with a higher

fraction, due to the amount gained by the transformation.

(a)

(b)

Figure 3.6: The spatial evolution of the B-AlFeSi—a-AlFeSi transformation a) the
initial profiles of [3-AlFeSi and a-AlFeSi in the as-cast structure, b) the
final profiles after the completion of the transformation

The intermediate stages of the transformation are depicted in Fig.3.7 (a-d) for times

15, 45min, 1h and 1 %2 hours. The following observations can be made:
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e The profiles of a-AlFeSi and (-AlFeSi exhibit an exact spatial correspondence. Where
there is a drop in the fraction of B-AlFeSi, there is a rise in the fraction of a-AlFeSi at
the same location.

e The B-AlFeSi—a-AlFeSi starts at a certain distance from the boundary and the
transformation front moves towards the boundary. As a result the profile of a-AlFeSi
spreads towards the grain interior

e The phase fraction profiles are steeper and the transformation is faster in the
smaller grain.

The above results indicate that the 3-AlFeSi—a-AlFeSi transformation is a transformation
which takes place at a region adjacent to the grain boundary by diffusion through the

matrix. The transformation takes place at a faster rate in the smaller grains.

(a)

(b)
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(©)

(d)

Figure 3.7: Spatial evolution of f—a-AlFeSi transformation during homogenization for
times a) 15 b) 45minc) 1hd)1 %2 h

3.4.4.The effect of temperature and grain size

The effect of homogenization temperature and grain size on the dissolution of the
Mg>Si and the transformation of f—a-AlFeSi has been studied. As stated above, grain size
influences the transformation kinetics since it controls the distance over which diffusion of
alloying elements takes place. Homogenization temperature influences the diffusion rate.
For the 6082 alloy the weight fraction of Mg,Si phase is depicted in Figure 3.8a for 3
different homogenization temperatures, 540, 560 and 580°C for homogenization time
t=2sec. It is obvious that the Mg>Si dissolution is much faster at the high homogenization
temperature. Similarly the weight fraction of (-AlFeSi phase is depicted in Figure 3.8b for
the same temperatures and for homogenization time t=500sec. It is also evident that the

transformation rate increases with the homogenization temperature.
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(@)

b)
Figure 3.8: The weight fraction of a)MgzSi phase and b)3-AlFeSi phase for 3
different homogenization temperatures, 540, 560 and 580°C for
homogenization time t=2sec and 500sec respectively

Furthermore the dissolution of Mg,Si and (3-AlFeSi has a different transformation rate
depending from the grain size. At 580°C and t=2sec the MgSi dissolution has been
completed only at the 20pm grain. The same stands the [3-AlFeSi phase at t=500sec.
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3.4.5.Removal of the microsegregation of the alloying elements

As stated in the introduction of this chapter, one of the aims of homogenization is the

removal of microsegregation, which is present in the as-cast microstructure.

The evolution of the concentration profiles of Mg, Si, Fe and Mn in the FCC phase during

homogenization at 540°C as predicted by the DGM model is given in Figure 3.9 a-d The

homogenization times considered are 0.5, 4, 8 and 32 hours. The t=0 curve corresponds to

the as-cast microsegregation profile (Scheil profile). The following remarks can be made:

The concentration profiles for Mg, Si and Mn become more uniform with
homogenization time. The profile for Fe does not change appreciably due to the very
low diffusivity of Fe in Al

The average concentration of Mg and Si in the matrix interior (away from the
boundary) increase with homogenization time. This explains the larger amount of
Mg>Si precipitated during cooling discussed in the previous section.

The profiles homogenize faster in the smaller grain

The compositional fluctuations close to the boundary are due to the dissolution of
Mg>Si and the (-AlFeSi—a-AlFeSi transformation. These fluctuations decay with
homogenization time.

The spatial evolution of the concentration profiles is consistent with the spatial

evolution of the phase fractions.
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c) d)

Figure 3.9: The evolution of the concentration profiles of Mg, Si, Fe and Mn in the FCC
phase during homogenization at 540°C

3.4.6.Homogenization Process Map of extrudable 6xxx alloys

The main parameters of the homogenization process are the homogenization
temperature and time. The selection of these parameters in industrial practice has been a
matter of thorough investigation in the past. In line with the phase fraction mapping,
presented in Chapter 2, a preliminary work is presented here as an initial effort to develop
homogenization process map, which will aid the selection of process parameters. The map
presented here regards the time for the B-AlFeSi—a-AlFeSi transformation. In order to
develop the maps, the DGM model was employed, for a series of simulations. The results are

presented as a function of the Mg:Si ratio in the alloy. The homogenization map based on
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the B-AlFeSi—a-AlFeSi transformation is shown in Figure 3.10. Three homogenization
temperatures are considered, 540, 560 and 580°C. Except from the reduction of the B-
AlFeSi—a-AlFeSi transformation time with increasing the homogenization temperature,
another interesting effect is indicated. It appears that the [(-AlFeSi—a-AlFeSi
transformation time diminishes with the increase of the Mg:Si ratio in the alloy. This is
consistent with the fact that Mg stabilizes the a-AlFeSi phase and Si stabilizes the (3-AlFeSi

phase.

Figure 3.10: Homogenization process map of 6082 alloy based on the 3-AlFeSi—a-AlFeSi
transformation

3.4.7.Experimental validation

< Homogenization 560°C AA6082 and AAG060

The purpose of this section is to provide the necessary experimental data, regarding
the validation of the phase transformations take place during homogenization e.g Mg>Si
dissolution, B—a-AlFeSi transformation and alloying element elimination.

As mention in previous chapter the validation was performed on alloys 6082 and on 2 6060
alloys. Homogenization heat treatments at 560°C for 30min, 4h, 8h and 32h have been

applied. The microstructure was revealed using the procedure outlined above i.e. light
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optical microscopy, SEM and EDS analysis and elemental area mapping. X-Ray Diffraction
analysis was carried out in order to validate the evolution of intermetallic phases during
homogenization treatment as predicted by the DGM model.

Regarding the evolution of the phases present in the microstructure of the 6082
aluminum alloy the effect of the homogenization time is depicted in Figure 3.11 for 30min 2,
4 and 8h. The MgSi strengthening phase has dissolved completely and reprecipitated in the

grain interior during cooling from homogenization temperature.
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Figure3.11: The effect of the homogenization time of the 6082 aluminum alloy for 30min 2,4 and 8h
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SEM micrographs of 6082 alloy are shown in Figure 3.12 a-e. The sharp intermetallic
phases of the as-cast microstructure become more rounded after homogenization. The

reprecipitation of Mg»Si in the grain interiors is evident in the micrographs.

20kV  X14,000 1pm 10 50 SEI

20kV  X15,000 1pm 10 50 SEI DKV X22,000 1 10 50 SEI

(d) ()
Figure 3.12: SEM micrographs of 6082 alloy a) as- cast condition b) 0.5, c) 4h, d)8h, €)32h
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The homogenized microstructure of the 6060 aluminum alloy is depicted in Figure
3.13. After homogenization the transformation of the f-AlFeSi—a-AlFeSi and dissolution of

the MgzSi phase has been completed.

Figure 3.13: The homogenized microstructure of the 6060 aluminum

Furthermore more rounded a-AlFeSi particles are evident as well as a neckless
morphology depicted clearly in SEM micrograph in Figure 3.14a-b. The round-off or
sperioidization as well as the development of a neckless morphology of the a-AlFeSi phase
are very important additional stages during homogenization and will be discussed

extensively in Chapter 4.

20kV X500 © 50um 10 50 SEI 20kV.  X5,000 5um 10 50 SEI

Figure 3.14: a)Rounded a-AlFeSi particles and b) neckless morphology in SEM
micrographs
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3.4.8. Transformation 3-AlFeSi —» a-AlFeSi

The B-AlFeSi—a-AlFeSi transformation was monitored experimentally with XRD. For
the 6082 alloy an XRD spectrum was taken after 0.5, 4, 8 and 32h homogenization at 560°C
and cooling to room temperature. The as-cast condition was also analyzed with XRD. The
results appear in Figure 3.15. Diffraction peaks corresponding to the aluminum matrix,
MgSi, a-AlFeSi and 3-AlFesi are evident. The 3-AlFeSi peaks are replaced by a-AlFeSi peaks
in the 0.5h spectrum. This does not mean that the transformation is completed in 0.5 hours.
It is more probable that at 0.5 hours the fraction of the (-AlFeSi phase is small and beyond
the detection limit of the XRD.

Figure 3.15: XRD spectrum of the [3-AlFeSi—a-AlFeSi transformation of 6082 alloy

The XRD spectrum for the 6060 alloy homogenized at 560°C for 0.5h is depicted in
Figure 3.16. The [3-AlFeSi peaks have been replaced with a-AlFeSi peaks, indicating that the
transformation has been completed. The above results are in general agreement with the

DGM simulation results.
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Figure 3.16: The XRD spectrum for the 6060 alloy homogenized at 560°C for 0.5h

3.4.9.Evolution of elemental profiles during homogenization

In order to experimentally validate the DGM predictions regarding the removal of
microsegregation (presented in 3.4.5 above), area analysis vs homogenization time and
elemental mapping were performed with EDS analysis. The area analysis was performed in
the matrix close to the boundary. The results are presented for each element in Figures
3.17-20.

% Profile and mapping for Fe

Due to the low diffusivity of Fe in Al, the Fe concentration does not change with
homogenization time. The simulation results are in agreement with the experimental data
as shown in Figure 3.17 a. The mapping depicted in Figure 3.17b-f indicates that Fe is

mostly concentrated in the a-AlFeSi phase.
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(a)

(b)

(©) (d) (e) 0

Figure 3.17: a) Simulation results and experimental for Fe element, b)profile mapping in
as - cast condition, ¢)0.5, d) 4h, e) 8h, f) 32h homogenization time

3.4.10. Profile and mapping for Mg

As indicated in Figure.3.18, the agreement between the simulation result and the
experimental data regarding the evolution of the Mg concentration with homogenization

time is good. The mapping for Mg indicates that Mg is absent from the boundary regions
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where the iron intermetallics form. The spread of Mg in the matrix with homogenization

time is evident and is due to the diffusion of Mg to the grain interior.

(a)

(b)

(©) (d) (e) @)

Figure 3.18: a) Simulation results and experimental for Mg element, b)profile mapping in
as - cast condition, ¢)0.5, d) 4h, e) 8h, f) 32h homogenization time

3.4.11. Profile and mapping for Si

As shown in Figure 3.19, the evolution of Si concentration with homogenization time

follows a similar trend with Mg. Although the DGM model shows a similar trend with the
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experimental values, i.e. a reduction with homogenization time, the DGM underestimates
the Si at higher homogenization times. This discrepancy could be attributed to the Si
coming from the dissolution of the Si-diamond phase, which is present in the as-cast

microstructure.

(a)

(b)

(© (d) © )

Figure 3.19: a) Simulation results and experimental for Si element, b)profile mapping in
as-cast condition, c)0.5, d) 4h, e) 8h, f) 32h homogenization time

3.4.12. Profile and mapping for Mn

As shown in Figure 3.20, the DGM model overestimates the Mn concentration in the

matrix especially at the short homogenization times, the difference decreases at longer
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times. As indicated from the mapping, there is a strong Mn signal in the a-AlFeSi phase.
Therefore this discrepancy is due to the Mn retained in the a-AlFeSi phase and to the fact
that the thermodynamic description of the a-Al(Fe,Mn)Si phase is not yet optimized.

(a)

(b)

(c) (d) (e) 6]

Figure 3.20: a) Simulation results and experimental for Mn element, b)profile mapping in as -
cast condition, ¢)0.5, d) 4h, e) 8h, f) 32h homogenization time
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3.5. Conclusions

From the work presented above the following conclusions can be drawn:

The DGM model has been developed to treat the homogenization process in
multicomponent and multiphase Al-alloys exhibiting a large variability of the as-cast grain
size. With the model it is possible to simulate the temporal and spatial evolution of phase
fractions and element concentration during homogenization.

Regarding the evolution of phase fractions during homogenization, the predictions of
the DGM model have been validated experimentally with XRD analysis. The evolution of the
B-AlFeSi—a-AlFeSi transformation is predicted by the DGM and is confirmed by XRD in the
same time scale.

The DGM predictions regarding the evolution of Fe and Mg concentrations with

homogenization time are in excellent agreement. There are only some discrepancies in the
profiles of Si and Mn. The Si discrepancy is due to the Si-diamond phase not taken into
account in the DGM. The Mn discrepancy is due to the Mn retention in the a-AlFeSi phase.
The DGM predicts the fast dissolution of Mg;Si during homogenization and its re-
precipitation during cooling. It also predicts its dissolution during preheating prior to
extrusion.
The DGM can describe the temporal and spatial evolution of the [(-AlFeSiFla-AlFeSi
transformation. The spatial evolution exhibits an exact spatial correspondence. In addition
the starts at a certain distance from the boundary and the transformation front moves
towards the boundary.

Both the Mg>Si dissolution and the [3-AlFeSi—a-AlFeSi transformation are faster in the
smaller grain as predicted by the DGM. In addition the concentration profiles of the
elements homogenize faster in the smaller grain.

The DGM predicts correctly the effect of homogenization temperature, with the rate of
both the Mg>Si dissolution and the 3-AlFeSi—a-AlFeSi transformation to increase with the
homogenization temperature.

A preliminary attempt to develop homogenization process maps has been performed
using the DGM. These maps are, at present, based on Mg,Si dissolution and the (3-AlFeSi—a-

AlFeSi transformation and can be used for the design of the homogenization heat treatment.
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4.  Quantification of Homogenization
state

4.1. Introduction

As discussed in Chapter 3 the aim of homogenization is to reduce the
microsegregation of elements and phases that are concentrated at grain boundaries and
interdendritic areas. In 6xxx alloys the undesirable (-AlFesi intermetallic phase, which
limits extrudability, transforms to a more rounded a-AlFeMnSi intermetallic phase during
homogenization. After the transformation —a-AlFeSi is complete, the o phase undergoes
coarsening and spheroidization, adopting a “necklace” morphology, which enhances the
extrudability of the billet. This explains the fact that the actual homogenization times in
industrial practice are longer than the times required for Mg,Si dissolution and the
completion of the B—a-AlFeSi transformation. The morphological changes of the a-AlFeSi
phase have only be described qualitativelly in the published literature and a
“quantification” of the homogenization state does not exist. In this chapter the
homogenization state has been quantified by means of quantitative metallography in order
to describe the morphology of the intermetallic phases. An index-based methodology has
been developed. The aspect ratio and circularity are two indices, among others, that can be
used to characterize the homogenization state. These parameters can be determined by
quantitative metallography, involving image analysis. A fully homogenized billet, with the
potential for high extrudability should have all 3-AlFeSi transformed to a with necklace

morphology and appropriate values of aspect ratio and circularity.

4.2. Literature review

As discussed in previous chapters the presence of intermetallic phases with sharp
edges can impair the deformability of 6xxx extrudable alloys especially when located in the
grain boundary regions [1-4]. Extrudability is qualitatively defined by the maximum
production speed attainable for a given press capacity while still obtaining the desired
mechanical properties, surface quality and geometric tolerances of the extrudate. As
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described earlier, the extrudability increases due to the 3 to a transformation. The sharp
tips of the B particles initiate micro-cracks during the deformation and, therefore, lead to
surface cracking of the extrudate. The transformed o-particles are more rounded and
therefore cause less local cracking at the surface.

Although there have been a number of investigations on the homogenization
treatment of 6xxx series aluminum alloys in recent years, most of the research has been
focused on the evolution of microstructure as discussed extensively in Chapter 3 (see
literature review Ch3). Moreover there has been no comprehensive quantitative study on
the definition of homogenization state where the dependence of intermetallic phases and
their morphology during the homogenization is investigated. The correlation of
extrudability and intermetallic phase morphology has been investigated only qualitatively.
Studies have been made on the microstructural evolution during the homogenization of
AA7020 aluminum alloy concerning the dissolution of detrimental particles, which degrade
the hot workability of the AA7020 alloy e.g phases and grain boundary (GB) particles
during homogenization treatment [5-7]. It was found that the dominant process is the
spheroidization of the GB particles; together with the decrease in the width of the GB
particles, spheroidization was considered a key mechanism in the microstructural evolution
during homogenization [1, 8, 9]. In the present thesis the state of homogenization has been
quantified by determining specific indices by means of quantitative metallography. The
study was performed for the 6060_3 variant of a 6060 alloy. The methodology and results

are described below.

4.3. Methodology

The chemical composition of the 6060_3 alloy investigated is shown in Table 2.2
(Chapter 2). Three homogenization heat treatments, in laboratory scale, were investigated,
following the simulation conditions from Chapter 3, holding at 540°, 560°, and 580°C for 4h
followed by air cooling (Table 4.1). These conditions ensured the complete transformation

of B—a-AlFeSi.

98

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 07:13:50 EEST - 3.146.34.55



Table 4.1 Homogenization heat treatments
Homogenization Homogenization

Alloy Condition Temperature Time
(°C) (h)
6060_3 As-Cast - -
6060_3A Homogenized 540 4
6060_3B Homogenized 560 4
6060_3C Homogenized 580 4

4.3.1.Quantitative metallography

After the homogenization heat treatment, the specimens were prepared for standard
metallographic examination involving optical microscopy, SEM and image analysis as
discussed in previous Chapters, in order to reveal the microstructure. The as-cast as well as
the homogenized microstructures were characterized for intermetallic phases and the
particles were categorized in three morphological types as rounded particles, pinched
particles and particles exhibiting a neckless formation. It should be noted that pinched
particles are those that are in the initial stage of separation in smaller rounded particles
towards the formation of a neckless group. The number of images processed and the

number of particles measured for each alloy appears in Table 4.2.

Table 4.2: Number of images analyzed and number of particles measured per billet for the
quantification of the homogenization state

Alloy Number Number
of Images of particles
6060_3 58 106
6060_3A 57 161
6060_3B 56 150
6060_3C 58 133

The quantification of the homogenization state was based on the measurement of
indices that describe the size and shape of the intermetallics and indicate the state of

homogenization. The indices employed were the following and are shown in Table 4.3:
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Table 4.3: The indices employed for the quantification of the homogenization state

A ratio of the major to the

minor diameter of a particle,

Aspect ratio which can be used when the AR =
. . dmin

major axis does not cross a

particle outline.

Ferret The longest caliper length

Circularity is a measure of

how closely a particle

resembles a circle. It varies p
from zero to one in magnitude ~ 4nA
with a perfect circle having a

value of one

Circularity

Same as circularity but more 2
Circularity of the sensitive on the edges when C=——
edges the length of a particle does
not change

4.3.2.Image analysis

After the standard metallographic observation, a higher magnification and resolution
of the particles, through the use of SEM analysis, have been applied and shown in Figure
4.1a for a group of particles. It is important to use the appropriate magnification with a
suitable numerical aperture [10] Fig4.1b. The Image | software display is depicted in

Fig4.1c while Table 4.4 shows the respective measurements for each particle in the group.
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20kV  X3,000 Spm 10 50 SEI 20kV  X10,000 1um 10 50 SEI

(a) (b)

(c)

Figure 4.1: SEM image used for the measurement of indices: (a) Low magnification image,
(b) high magnification isolation of the group of particles, (c) image ] display
used for the measurement of the indices
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Table 4.4: Respective measurements for each particle referring to Figure 4.1
Area

No Diam(max) Diam(min) Circularity Perimeter (polygon) Feret(max)
1 3.289 0.574 5.200 7.427 0.844 3.308
2 3.655 0.376 5.190 8.405 1.083 3.656
3 1.792 0.389 2.103 4.395 0.735 1.793
4 1.123 0.632 1.439 3.080 0.524 1.160
5 1.069 0.534 1.433 2.820 0.441 1.068
6 0.976 0.489 1.384 2.712 0.423 1.000
7 2.369 0.526 2.764 6.027 1.045 2.482

4.3.3. Statistical Analysis

In order to have credible results that could allow comparison between
homogenization treatments, a large number of particles were measured. The area of
measurement (scanned area) was kept constant for all homogenization treatments. In order
to get credible results the data were processed statistically. In order to decide if the samples
were comparable, the Kruskal-Wallis test was used. The Kruskal-Wallis test [11] is a non-
parametric method for testing whether samples originate from the same distribution and it
is used to compare two or more independent samples of equal or different sample size.
With a confidence level of 99% it was proved that the samples derive from different
distributions. As a result the samples are not comparable without further processing. In
order to compare between the dissimilar samples, the “Bootstrapped Mean” [12]method
was used. Bootstrapping is a non-parametric statistical technique that allows accurate
estimations about the characteristics of a population to be made, when the examined
sample size is limited. As it is non-parametric, the method can be used to compare between
samples derived from different distributions, such as Normal and LogNormal distributions.
It works by recursively calculating the preferred parameter, like the mean or the median,
for a part of the sample and then combining the results to make robust estimates of
standard errors and confidence intervals of the population parameter. In this case a 95%

confidence interval was used, while the standard error was kept to a minimum by using a
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large number of iterations. This process leads to comparable statistical parameters for each

measurement.

4.4. Results and Discussion

The results of the quantification of homogenization heat treatment are presented in
this section. Regarding the homogenization state of the alloys studied the effect of
temperature is depicted in Fig.4.2a-d in the as cast condition, homogenized at 540°, 560°

and 580°C respectively.

4.4.1.Metallographic Investigation

The as-cast microstructure depicted in Fig. 4.2a and consists of characteristic “Chinese
- script” morphology of intermetallic a-AlFeSi phase. After homogenization treatment at
540°C and 560°C this morphology still remains in the microstructure. In the contrary, in the
580°C temperature the a-phase seems to have reached a state of satisfactory

spheroidization.
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(a) (b)

(c) (d)

Figure 4.2: Metallographic images, (a) as-cast, (b) homogenized at 540°C, (c) 560°C and (d)
580°C

4.4.2.Characterization of the particles

Three stages of morphological changes during homogenization

e 1st stage/ Rounded particles

As discussed in the previous section following the 3 to a-AlFeSi transformation the
intermetallic a-phase undergoes spheroidization. In the first stage of this process the plate-

like particles exhibit a slight decrease in their width. Although they do not exhibit complete
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spheroidization the particles become more rounded at the edges Figure 4.3. It was found

that this stage is more frequent for temperatures 540° and 560° C.

Figure 4.3: Images indicating the rounding of the edges of the particles during
homogenization

e 2nd stage/ Pinched Particles

At the second stage an initial perturbation can be observed in the particles. Particles
take an ellipse shape with more rounded edges. This stage characterized by the trend of the
particles to be separated into smaller rounded particles. These discontinuities are depicted
in Figure.4.4. The driving force for this behavior is reduction of strain energy associated

with large particles.

Figure 4.4: Imaged revealing the pinching process during homogenization
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3rd Stage/ Neckless Particles

The reduction of surface energy of the a-phase is the driving force for spheroidization.
With this process, the total interface area between the matrix and the a-AlFeSi phase is
reduced. The particles finally adopt a spherical shape at the third stage as depicted in
Figure. 4.5

200V X10,000 fpm 1060 SE1 200V X10,000 Tpm 1050 SE1

)

— —
20KV X10,000 _1fim 20KV X10,000 1pm

Figure 4.5: Images revealing the spherical shape at the third stage

It was found that for the two homogenization temperatures 540° and560° C, although
the morphological changes towards spheroidization were activated; only the first stage was
completed. On the other hand for the homogenization at 580°C the a-particles reached the

third stage of spheroidization involving the neckless formation.

4.5. Results and discussion

The mean values of microstructural indices, Aspect ratio, Feret, Circularity and
Circularity of Edges have been measured for all conditions investigated. The mean value
reported possesses a 95% confidence while the upper and lower points are the 97.5% and
2.5% cut-offs to exclude extreme values. From these data, which are shown in Figure 4.6 a-d
some general remarks can be made.

Regarding the Aspect Ratio (Figure 4.6a) the heat treatments of 6060_3B and 6060_3C
alloys (5600 and 580° C respectively) have a lower value compared to 6060_3A alloy
(540°C). However 3C alloy, has a lower Feret value (Figure 4.6b) and almost equal with 3A
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alloy. This means that although the size of the particles is small for 3A and 3C alloys, the 3C
alloy had more spheroidized particles.

The effect of homogenization temperature on the circularity of the particles is
depicted in Fig 4.6¢c. Again 3C alloy has the lowest value. This is in a good agreement with
the fact that 3C alloy reached the 3rd stage of spheroidization while alloy 3B reached the
2nd stage. Alloy 3A reached only the 1st stage, which explains the low value of circularity of
edges (Figure 4.6d) as in that stage, particles exhibited an initial spheroidization at their
edges. From the above analysis it is concluded that the treatment possessing

homogenization indices for better extrudability is 580°C for 6060_3C.

(a) (b)

(c) (d)

Figure 4.6: The values of indices for the as-cast and homogenized alloys: (a) aspect ratio, (b)
feret, (c) circularity and (d) circularity of edges
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4.6. Conclusions

An index-based method to quantify the homogenization state has been developed.
Indices such as the aspect ratio, feret, circularity and circularity of edges have been
determined in order to characterize the stage of spheroidization of the «a-AlFeSi phase,
following the 3 to a-AlFeSi transformation. The effect of the homogenization temperature
was studied in a 6060 alloy. The major conclusions are the following:

e The a-AlFeSi particles, after the completion of the § to a-AlFeSi transformation undergo
morphological changes leading to spheroidization. This process can be divided in three
stages: (1) rounding of edges, (2) pinching and (3) neckless formation.

e The evolution of the morphological changes can be described quantitatively by the use of
indices, which are sensitive to homogenization process parameters, such as the
homogenization temperature or time.

e Through the use of these indices, it was found that the 580°C homogenization temperature
leads to a complete spheroidization of the a-AlFeSi phase, involving a neckless
formation. The lower homogenization treatments resulted in intermediate stages involving
rounding of edges or particle pinching.

e The method requires the measurement of a large number of particles and the

implementation of a statistical analysis in order to be credible.

4.7. References

[1] Sheppard, Kluwer Academic Publishers, (1999).

[2] F.Y. Xie, T. Kraft, Y. Zuo, C.H. Moon, Y.A. Chang, Acta Mater., 47 (1999) 489-500.
[3]].S. Robinson, Mater. Sci. Technol,, 19 (2003) 1697-1701.

[4] L.L. Rokhlin, T.V. Dobatkina, N.R. Bochvar, E.V. Lysova, ]. Al.,, Compd., 367 (2004) 10-16.
[5] A.R. Eivani, H. Ahmed, ]. Zhou, ]. Duszczyk, Met., Mat., Trans., A, 40 (2009) 717-728.
[6] A.R. Eivani, H. Ahmed, ]. Zhou, ]. Duszczyk, Met., Mat., Trans., A, 40 (2009) 2435-2446.
[7] A.R. Eivani, H. Ahmed, ]. Zhou, ]J. Duszczyk, Cr and Mn”, Mat,, Sc., Tech., (2010)

[8] ].D. Robson, P.B. Prangnell, Acta Mater., 49 (2001) 599-613.

[9] X. Fan, D. Jiang, Q. Meng, L. Zhong, Mater. Lett., 60 (2006) 1475-1479.

[10]ASTM Specification, F1877 (1998)

[11]D. Wayne App. Nonpar. Stat. (274 edition) (1990), 226-234

[12] B. Efron Boca Raton, FL: Chapman & Hall/CRC (1993)

108

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 07:13:50 EEST - 3.146.34.55



5. Precipitation during Cooling from the
Homogenization Temperature

5.1. Introduction

An important step in the process chain of extrudable Al-alloys is the cooling from the
homogenization temperature. As discussed in the previous chapters of this thesis,
homogenization involves holding the material at a high temperature for a certain time
period (holding time). During this time several transformations of the as-cast
microstructure take place, including the dissolution of Mg:Si, the transformation of 3-AlFeSi
to o-AlFeSi, the spherodization of the «-AlFeSi and the reduction of elemental
microsegregation. During cooling from the homogenization temperature, new
transformations are activated, the most important being the re-precipitation of MgzSi. The
assumption is made here that although the 3-AlFeSi is the thermodynamically stable phase
at low temperatures, the transformation of a-AlFeSi to [3-AlFesi does not take place at any
appreciable rate. This is true, especially for the cooling rates encountered in the current
industrial homogenization practices and is due to the very low diffusivity of Fe in the Al
matrix. A DICTRA calculation in Chapter 3 indicated that there is actually no transformation
of a to B-AlFeSi during cooling of the cast billet. Therefore, the only transformation to be
studied is the precipitation of the strengthening Mg»Si phase. This chapter deals with three

issues:

1. Precipitation of Mg,Si and hardening of the homogenized billet
2. Hardening potential of homogenized billets

3. Effect of excess-Si on the Continuous Cooling Precipitation (CCP) diagrams

Regarding the first issue, a simulation is developed to describe precipitation of Mg>Si
during continuous cooling from the homogenization temperature. The KWN model,
previously employed for isothermal aging of aluminum alloys [1], will be used in the
present case, under non-isothermal conditions (continuous cooling). The results of the

KWN model are the fraction and size of precipitates. A suitable strength model is then
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employed to determine the strength (hardness) of the material at the end of the cooling
period. A new Matlab code has been developed [2] to handle the calculations under both
isothermal and non-isothermal conditions encountered in welding and the modification to
the non-isothermal conditions prevailing during cooling from the homogenization
temperature has been performed [3] at LoM. The results of the combined KWN and
strength models are experimentally validated.

Regarding the second issue, the hardening potential of the homogenized billets is
investigated experimentally for three alloys 6063, 6005 and 6082 as a function of
homogenization temperature and cooling rate. The aim here is to identify possible effects of
homogenization parameters on the ability of the material to age harden (hardening
potential) during subsequent aging treatments.

The third issue is related to the extrudability of the homogenized billet. It is of major
concern to the development of high extrudability. After homogenization the billets are
transferred to the extrusion press. Before extrusion, a preheating of the billets is performed.
The selection of the preheating temperature is crucial, since during extrusion the
temperature of the material rises due to the high deformation rate. Furthermore the exit
temperature from the extrusion press should not exceed a certain limit (e.g the solidus) in
order to avoid hot tearing resulting from local melting of low-melting temperature
eutectics. For high extrudability (high extrusion speeds) the preheating temperature should
be as low as possible. The equilibrium (3-Mg:Si phase has a high solvus temperature and will
not dissolve during preheating. Therefore the cooling from the homogenization
temperature should aim at the precipitation of the metastable ’-Mg>Si, which exhibited a
lower solvus. The precipitation of this metastable phase is influenced by the presence of the
so-called excess Si in the alloy. The KWN model was employed in order to quantify the
effect of excess Si on the precipitation of the metastable $'-MgzSi, in an effort to quantify the
effect of new alloy compositions on the CCP diagram. The approach was applied for the
6060 alloy.

Taking into account the three issues stated above as well as the results presented in
the previous chapters of this thesis, design rules are formulated for the achievement of high

extrudability.
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5.2. Precipitation and hardening during cooling from the
homogenization state

5.2.1.Simulations with the KWN and Strength models

The majority of phase transformations, which take place in alloys, are diffusional and
proceed by thermally activated movements of atoms across a concentration gradient. Of
significant importance in relation to thermal industrial processing, are phase
transformations involving precipitation reactions resulting to a second phase in the form of
a particle population. During these transformations three basic physical mechanisms are
taking place, the nucleation of new particles the growth of the nucleated particles and the
coarsening of the particles resulting to a particle population which can be described by a
particle size distribution (PSD). The material final mechanical properties depend on the
particles volume fraction and radius and consequently on the shape of the PSD. Since the
original works of Lifshitz & Slyozov [4] and Wagner [5] only a few of the published
precipitation models are comprehensive to deal with non-isothermal transformations
treating nucleation, growth and coarsening taking place concurrently. The two main works
in this area were performed by Langer & Schwartz [6] who studied nucleation and growth
of droplets in near-critical fluids and Kampmann et al. [7,8] who proposed a numerical
procedure (KWN model) for the calculation of the particle size distribution in solid-state
transformations treating the concurrent nucleation, growth and coarsening of precipitates.
As mentioned above the KWN model was modified to handle precipitation of Mg>Si during
cooling from the homogenization temperature. The results of the model were introduced to
the strength model for the calculation of the final strength of the cooled billet, after
homogenization. The strengthening mechanisms considered we lattice resistance, solid
solution strengthening and precipitation strengthening. The details of the models are
discussed in [1-3]. Results will be presented for alloy 6063, where the experimental
validation was performed.

Three homogenization temperatures were considered 540, 560 and 580°C.
Homogenization time is not a parameter in these simulations, since it is considered that the
time is enough for complete dissolution of the Mg;Si phase during holding at the
homogenization temperature. Therefore all Mg and Si are in solid solution at the end of the

homogenization holding period. A critical parameter is the cooling rate. Two cooling
111

Institutional Repository - Library & Information Centre - University of Thessaly
18/05/2024 07:13:50 EEST - 3.146.34.55



profiles were considered, since it was possible to accomplish only natural cooling and
forced cooling (with forced air circulation) in a laboratory scale. The cooling profiles are
shown in Figure 5.1 a, b. With natural cooling, cooling at 100°C is accomplished in 700 sec,
while with forced cooling the same temperature is reached in only 220 sec. In addition the
difference in homogenization temperature is evident only at the initial stages of cooling,

and then the three curves coincide.

Figure 5.1: Measured cooling profiles used in simulations and in the experimental
validation, (a) natural cooling, (b) forced cooling

The simulation results from the KWN model regarding the evolution of the volume
fraction and particle size of the MgSi phase as a function of time during cooling from the
homogenization temperature are shown in Figure 5.2. Regarding the volume fraction, it
appears that the homogenization temperature influences the initial stages of the
precipitation. Towards the end of cooling the curves corresponding to the three
homogenization temperatures coincide. The amount of Mg:Si formed under forced cooling
is slightly lower than the respective amount formed under natural cooling conditions, 0.79
and 0.82% respectively. However the final particle size at the end of cooling is lower in the

forced cooling condition, about 6.9nm, compared to 7.8nm for the natural cooling condition.
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(a) (b)

Figure 5.2: Simulation results for the 6063 alloy: (a) evolution of MgSi volume fraction
during cooling for three homogenization temperatures 540, 560 and 580°C
and (b) evolution of particle size during cooling for natural and forced cooling
from 580°C homogenization temperature

Regarding the shape of the curves describing the size evolution during cooling, is
evident from Figure 5.2b that there is a competition between nucleation and growth
processes, which as mentioned in the Introduction of this chapter, take place
simultaneously. Three stages can be described. Following initial nucleation the mean size
drops due to the increase of the nucleation driving force with the decrease in temperature.
The rise of the mean size is followed by growth of the already nucleated particles. However
the further decrease of temperature during cooling induces a substantially higher driving
force for nucleation and the mean size is again reduced to its final value at the end of
cooling.

The respective particle size distributions (PSD) are given in Figure 5.3 for the 580°C
homogenization temperature and the two cooling profiles. The KWN simulation predicts
similar peak sizes for the two cooling profiles, but it also predicts a second peak and larger
particles for the natural cooling profile. This is due to the longer time available for the

precipitation process in the case of natural cooling.
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Figure 5.3: Particle size distribution (PSD) predicted by the KWN model for the 6063 alloy
for the two cooling profiles, natural and forced cooling for the 580°C
homogenization temperature

The volume fraction of MgzSi and the size evolution are used as input to the strength
model. The resulting hardness evolution is shown in Figure 5.4 for the two cooling profiles
and the three homogenization temperatures. The results indicate that forced cooling results
in slightly higher hardness 69 relative to 64.9 HVo3 for natural cooling. This hardness

difference is attributed to the slightly finer dispersion of Mg,Si formed after forced cooling.

Figure 5.4: Evolution of hardness during cooling of the 6063 alloy for natural and forced

cooling and for three homogenization temperatures 540, 560 and 580°C.
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5.2.2.Experimental validation

In order to validate the simulation predictions presented above, homogenization
experiments were performed in as-cast alloy 6063. Homogenization was performed in a
laboratory furnace at temperatures 540, 560 and 580°C for 8 hours. According to the
results presented in Chapter 3, this time is more than sufficient in order to dissolve all
Mg:Si present in the as cast microstructure. Two cooling methods were followed, natural
and forced air cooling, following the profiles depicted in Figure 5.1. The specimens were
then polished to a flat surface and microhardness measurements were taken with a Vickers

indenter and a load of 0.3 Kg. The hardness measurements appear in Table 5.1.

Table 5.1: Microhardness (HVo.3) as a function of cooling profile

Homogenization
Forced Cooling Natural Cooling
temperature (°C)
540 60.1, 59.2, 63.6, 64.1, 63.9 61.7,61.8,61.0,61.2,61.6
560 63.0, 63.8,67.4, 64.3, 63.7 62.3,60.0,58.6, 61, 61.8
580 66.3, 66.4,70.0, 65, 63.2. 64,62.8,61.0,61.6,61.2
Mean hardness 64.1 61.4

The hardness resulting from forced cooling is slightly higher than the one resulting
from natural cooling as predicted by the simulation. Regarding absolute values, the
simulation overestimates the hardness by 3-4 Vickers units in both cases, as shown in
Figure 5.4. Taking into account the approximations used in the KWN precipitation model as

well as the strength model, the agreement is considered satisfactory.

5.3. Hardening potential of homogenized billets

5.3.1.Introduction

An experimental study has been undertaken to identify the effect of homogenization
temperature and time on the hardening potential of the alloys during subsequent aging. It is

realized that a significant amount of Mg,Si is precipitated during cooling from the
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homogenization temperature and, depending on the cooling rate, an amount of Mg and Si
still remains into solution. Under conditions of natural aging, the hardness of the material
could be further increased due to precipitation. Such conditions are encountered in
industrial practice in the time between billet homogenization and billet extrusion. These
two operations are usually performed in different industrial sites and, therefore, several
days could elapse between these two operations, during which natural aging is at play.
Referring to the hardening potential, it is defined as the hardness increase between the
homogenized state and the state after natural aging. The effect of homogenization
temperature, homogenization time, cooling rate and alloy composition on the hardening
potential was investigated experimentally [9]. The experimental procedures and the results

of this study are presented in the next sections.

5.3.2.Experimental procedures

Three alloys were investigated, 6082, 6005 and 6063, the chemical composition of
which is given in Table 2.2. The billets were sectioned and specimens were prepared and
homogenized according to the procedures described in Chapter 3. Three homogenization
temperatures 540, 560 and 580°C as well as four homogenization times 0.5, 4, 8 and 32
hours were selected. Similar homogenization parameters have been studied by other
researchers [10-13]. Three conditions regarding the cooling rate were studied: Water
Quenching (Q), air cooling (AC) and forced cooling (FC). A K-type thermocouple was
attached at the specimens in order to monitor the cooling profile. The cooling profiles are

depicted in Figure 5.5. The AC and FC specimens reach 150°C in 6 and 2.5 min respectively.
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Figure 5.5: Homogenization cooling profiles

Brinnel hardness testing was performed in all specimens with a 5mm ball indenter
diameter and a load of 250Kg for 15 sec. The indentation diameter was measured by
microscopy. In order to determine the hardening potential, the hardness measurements
were performed immediately after cooling and also after 5 days of natural aging at room

temperature. The 5 day period has been also suggested in [12,14].

5.3.3.Results

Brinnel hardness is depicted as a function of homogenization temperature and cooling
rate in Fig. 6, 7 and 8 for alloys 6082, 6005 and 6063 respectively. Regarding the data for
the 6082 alloy in Figure 5.6, it appears that for the short homogenization times (0.5 and 4
hours) the quenched specimens possess higher hardness followed by the forced cooled and
air cooled specimens. This is due to the higher amount of Mg and Si into solution (solution

strengthening).
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6082 6082
Homog. Temp. : 540°C Homog. Temp. : 560°C
80 80
70 70
60 60
50 50
D 10 % 40
30 30
20 20
10 10
0 30mi 0 30mi
m ahr 8hr | 32hr as m dhr 8hr | 32hr as
n cast n cast
mQa | 794 | 798 53 62,1 65 mQ | 678 | 658 | 60,2 | 56,2 65
F 60,7 67 52,2 | 629 F 56,2 | 57,9 | 555 | 56,8
BWAC| 557 | 61,9 | 52,7 | 62,2 BAC| 579 | 64,9 | 564 55
6082
Homog. Temp. : 580°C
80
70
60
T
T
30
20
10
0
30min dhr 8hr 32hr as cast
mQ 69,5 64,2 58,3 59,7 65
F 58,8 555 54,7 61,3
mAC| 58,7 61,5 56,2 61,1

Figure 5.6: Brinnel hardness of alloy 6082 immediately after cooling from the
homogenization temperature

This hardness difference increases with alloying (6063->6005->6082). At longer
homogenization times the difference between the three cooling conditions diminished.
Similar situations can be described for the other two alloys as depicted in Figures 5.7 and

5.8 for 6005 and 6063 alloys respectively.
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Figure 5.7: Brinnel hardness of alloy 6005 immediately after cooling from the
homogenization temperature
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Figure 5.8: Brinnel hardness of alloy 6063 immediately after cooling from the
homogenization temperature

In all three alloys, the 8h homogenization treatment appears softer in almost all
homogenization temperatures and cooling rates. Moreover with increasing the Mg and Si
alloying elements the hardness increases for each specific cooling rate. This effect can be
seen more easily in Figures 5.9, 5.10 and 5.11, which depict the comparison between the
three alloys for a 4h homogenization time and for the 540, 560 and 580°C homogenization

temperature respectively.
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Figure 5.9 Brinnel hardness immediately after cooling from 540°C homogenization
temperature

Figure 5.10: Brinnel hardness immediately after cooling from 560°C homogenization
temperature

Figure 5.11: Brinnel hardness immediately after cooling from 580°C homogenization
temperature
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In all cases the homogenized alloys exhibited higher hardness differences between
them in the homogenized state in relation to the as-cast state. The quenched specimens
exhibit higher hardness relative to the air-cooled state only for the 540°C homogenization
temperature. These differences diminish at higher homogenization temperatures.

As mentioned above, the hardening potential of the homogenized billets was
investigated. The hardness of the homogenized billets after 5 days of natural aging is

depicted in Figures 5.12, 5.13 and 5.14 for the 6082, 6005 and 6063 alloys respectively.
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Figure 5.12: Brinnel hardness after homogenization and natural aging for the 6082 alloy

Figure 5.13: Brinnel hardness after homogenization and natural aging for the 6005 alloy

Figure 5.14: Brinnel hardness after homogenization and natural aging for the 6063 alloy
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It is evident that the quenching state (Q) exhibits higher hardening relative to the air
cooling (AC) and forced cooling (FC) states. In addition, the 8 h homogenization time, after
natural aging, does not correspond any more to the softer state. These effects can be better
examined directly by plotting the hardening potential of the alloys. The hardening potential

Hp can be expressed as

Hp _AnazHan g0
Han

where, Hyy is the hardness after 5 days of natural aging and Hay is the hardness immediately

after homogenization. The results are shown in Figures 5.15, 5.16 and 5.17 for the 6082,
6005 and 6063 alloys.

Figure 5.15: Hardening potential Hp for the 6082 alloy at (a) 540, (b) 560 and (c) 580°C
homogenization temperatures
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Figure 5.16: Hardening potential Hp for the 6005 alloy at (a) 540, (b) 560 and (c) 580°C
homogenization temperatures
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Figure 5.17: Hardening potential Hp for the 6063 alloy at (a) 540, (b) 560 and (c) 580°C
homogenization temperatures.

For the 6082 alloy, the Q state exhibits the highest hardening potential followed by
the FC and AC states, this is due to the higher amount of Mg and Si retained in solid solution
after quenching from the homogenization temperature. The same effect is observed for the
6005 and 6063 alloys. Regarding the effect of homogenization time, the hardening potential
for the Q, FC and AC states increases with homogenization time, reaches a maximum at 8h
end then decreases. This is in line with the results presented above, indicating that the
softer state following homogenization is the one corresponding to the 8 h homogenization
time. It appears from these results that transformations other than the Mg:Si dissolution
during homogenization influence the Mg and Si in the matrix. The most probable influence

is from the B-AlFeSi—a-AlFeSi transformation, studied in Chapter 3, which liberates Si in
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the Al matrix. This Si is combined with the Mg coming from the dissolution of eutectic
constituents and forms additional MgzSi. For the 6005 alloy, the maximum hardening
potential also appears for the 8h homogenization time. However the difference between the
8h treatment and the other homogenization times diminishes with the homogenization
temperature. The same arguments hold for the 6063 alloy. Additionally in this case the
hardening potential at 0.5 and 4h homogenization times, increase with the homogenization
temperature. At 580°C homogenization temperature, the hardening potential of the 4 and
8h are practically the same. Finally for the lower alloyed 6063 and 6005 billets, the
hardening potential at shorter homogenization times (0.5 and 4h) increase with the
homogenization temperature.

The above results illustrate the complex interactions between alloying elements,
homogenization temperature, time and cooling rate on the strengthening mechanisms at
play and especially on solid solution and precipitation strengthening. More work is
required in this area, possibly involving a more rigorous approach, e.g an extended KWN

model in multicomponent systems, to quantify the observed behavior.

5.4. Effect of excess-Si on the CCP diagram

5.4.1.Introduction

Extrudability depends on the state of iron intermetallics and removal of
microsegregation during homogenization. However, extrudability also depends on the
strength of the billet prior to extrusion, i.e. the state of Mg:Si precipitation. Mg2Si
precipitation takes place during cooling from the homogenization temperature and also
during billet preheating. These Mg,Si precipitates should dissolve completely during
extrusion in order to develop a good response to the aging treatment. The rate of cooling is
important. It appears that a cooling cycle that produces a fine dispersion of -Mg,Si is the
optimum for extrudability [15,16]. The reasons are: (a) finer particle dispersion, which
dissolves faster, (b) a lower dissolution temperatures because it possesses a lower solvus
temperature. Therefore during preheating, the " will dissolve at a lower temperature, be
substituted by a fine dispersion of (-Mg.Si, which will dissolve readily during extrusion.
This enables the use of a lower preheating temperature, providing a larger window for
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temperature rise up to the exit temperature. This means that a higher extrusion speed can
be applied. Precipitation of (3 takes place below 400°C. A CCP diagram for 6060 alloys can be
used to design the relevant cooling cycle. As far as alloying is concerned, it appears that the
amount of the so-called excess Si (Siex) is important as it affects the precipitation kinetics in
Al-Mg-Si alloys. Siex leads to finer and denser precipitates by enhancing the nucleation
kinetics of GP zones. It has been reported [17] that the excess Si in the alloy enhances the
nucleation of the hexagonal (3- MgzSi on Si atom grids, which are composed of hexagonal
sub cells with lattice parameters a=b=4.05A and c=4.05A (Angstroms). For a given Mg and
Fe content, the amount of Siex depends on which intermetallic (a-AlFeSi or -AlFeSi) is
present. During homogenization, the transformation f—a leads to an increase of Siex since
the B-AlFeSi contains more Si than the a-AlFeSi phase. The aim of this section is to
determine the shift of the Continuous Cooling Precipitation diagram due to the amount of
the excess Si in the alloy. The methodology was applied for the 6060_3 alloy. The chemical

composition of the alloy was given in Table 2.2 in Chapter 2.

5.4.2.Methodology

Construction of CCP diagrams can be accomplished experimentally by applying
Differential Scanning Calorimetry (DSC). A sample is cooled continuously from the
homogenization temperature and the endothermic or exothermic peaks arising from
particle dissolution or precipitation are recorded. Such a DSC spectrum is given in Figure

5.18 taken from [18], for a 6005 alloy for several cooling rates.
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Figure 5.18: DSC spectra for 6005 alloy (0.57Mg-0.68Si) for cooling rates from 0.1 to 375
K/min [18]

The first peak during cooling is attributed to 3-Mg:Si, while the second peak at lower
temperatures is attributed to B’-Mg,Si precipitation. It is clear that the application of a
higher cooling rate suppresses the precipitation of the [(-Mg:Si, leaving only the
precipitation of the B’-MgzSi. Literature studies regarding the effect of cooling rate on the
precipitation of MgSi are limited. Only one publication regarding the development of
Continuous Cooling Precipitation (CCP) diagram was found [18] and one publication
regarding the isothermal TTP diagram of 6082 [19]. The work presented in this section is
based on the work presented in [18] where the CCP diagrams for five alloys 6060, 6063,
6005, 6082(L) and 6082(H) were determined. The composition of the 6060 alloy studied in
the above work is 0.43 Mg-0.40Si. The aim is to quantify the shift of the CCP with the new
alloy composition of 6060_3. It is evident from the above work that the position of CCP is
influenced by mainly the Mg content and secondly by the excess Si in the alloy. Mg
influences directly the amount of Mg;Si while the excess Si influences the heterogeneous
nucleation sites of the ’-Mg:Si. The methodology followed is the following:
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e Non linear fitting of the B-nose and the B"-nose of the CCP with the Mg content using the
data of the CCPs from the work [18].

e Use of the equations derived in step (a) to calculate the nose position for a model alloy.

e Displacement of the B and B’ noses due to the excess Si in the alloy. Final position of the
CCP curve of the 6060 _3 alloy.

5.4.3.Results

The CCP diagrams for the alloys investigated in [18] are depicted in Figure 5.19.
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Figure 5.19: CCP diagram for 6060, 6063, 6005 and 6082 alloys [18]
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The times for the  and ' noses of the CCP diagrams are given in Table 5.2 as a function of

Mg content

Table 5.2 Position of 8 and 3 noses from the CCP diagrams of Fig.2

Time (sec) Time (sec) Logt Logt
Mg(wt%)

(B-nose) (B-nose) (B-nose) (B-nose)
0.43 1200 450 3.07 2.65
0.47 180 100 2.25 2.00
0.57 170 25 2.23 1.39
0.61 40 10 1.60 1.00
1.05 15 1.8 1.17 0.255

Nonlinear curve fitting has applied to the data of Table 5.3 in order to get an expression for
the position of the noses as a function of Mg content. An Arrhenius expression was selected

for the fitting. The fitting results are displayed in Figure 5.20

(a) (b)
Figure 5.20: Arrhenius fitting of the data of Table 2 a) Fitting the B-nose, b) fitting ' - nose

The expression for the $-nose is

logt =1.13665 +22.4678¢ °*%2'% (1)

The expression for the $'-nose is
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logt =0.186353-+ 27.3091e **4e @

For Mg=0.38 for 6060_3 alloy the position of the noses are

B-nose at t=4750 sec

B’-nose at t=3750 sec

Thus the  and B’ noses are displaced by 1000 sec based only on the Mg content of the alloy.
The next step is to find the displacement of the B'-nose due to the excess Si in the alloy. The
excess Si is the Si remaining in the alloy after subtracting the Si necessary for the formation
of Mg,Si and the Si present in the a-AlFeMnSi phase after the (-AlFeSi—a-AlFeMnSi
transformation during homogenization.

The relevant equations are [20]:

[Si]xs = [Si]alloy - [Si]a-AlFeMnSi - [Si]Mg2Si (3)
[Si]Mg.Si = [Mg]alloy {Asi/2AMg} = 0.577 [Mg]alloy (4)
[Si]a-AlFeMnSi = [Fe+Mn]alloy {ASi/3(AFe+AMn)} = 0.0664 [Fe+Mn]alloy (5)

where A is the atomic weight of the alloying element.

The results are displayed in Table 5.3

Table 5.3: Calculation of excess Si of the alloys (compositions in wt%)

Alloy Mg Si Fe Mn [Si]xs
6060 0.43 0.39 0.22 0.02 0.126
6063 0.47 0.50 0.19 0.03 0.214
6005 0.57 0.68 0.20 0.11 0.330
6082(L) 0.61 0.69 0.196 0.45 0.295
6082(H) 1.05 1.23 0.20 0.65 0.567
6060_3 0.38 0.47 0.2 0.03 0.288
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A continuous cooling precipitation model is applied in order to calculate the start time

for the precipitation of 3'-MgSi phase. In this work the KWN model was employed.

In order to calculate the shift of the B’-nose the following parameters were considered:

The B’-solvus curve in the phase diagram was displaced by 70°C to lower temperatures
relative to the equilibrium 8 solvus curve.

Because the 3'-phase is semicoherent with the Al matrix, the interfacial energy was reduced
to y=0.3 J]/m2 relative to y=0.5 J]/m2 for the equilibrium 3-phase, which is incoherent.

The effect of excess Si was taken into account with two adjustable parameters in the
KWN model. The first parameter, the total number of nucleation sites No, was increased in
proportionality with the excess Si in the alloy. For the 6060_3 model alloy, a value 2No was
selected, where No is the value considered for the 6060 alloy in Table 5.3. The second
parameter, the activation energy, was reduced exponentially with the amount of excess Si.
In this way the activation energy for the 6060_3 model alloy was reduced to the value AGo,/7
relative to the value of AG, for 6060 in Table 5.3.

The results are shown in Figure 5.21. The 8 'nose is displaced by 1530 sec and is located at
about 2220 sec.

Figure 5.21: Effect of excess Si on the precipitation of ’-Mg,Si

The shift in the CCP diagram of the 6060_3 alloy is shown in Figure 5.22. The dotted B’
line is shifted by taking into account only the Mg effect as per equation (2). The full line

corresponds to the 3'-nose, taking into account the effect of excess Si in the alloy.
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Figure 5.22: CCP diagram of the 6060_3 alloy (red lines). The dotted B’ line is shifted by
taking into account only the Mg effect. The ' nose (full line) is shifted by
taking into account the effect of excess Si in the 6060_3 alloy

The resulting CCP diagram can be used for the design of a homogenization cooling program,

in order to achieve precipitation of the metastable phase '-Mg.Si.

5.5. Design rules for high extrudability

The aim of the present section is to formulate design rules regarding the
homogenization practice in order to obtain high extrudability. From the literature and from
the results of this thesis, regarding the simulation of solidification and homogenization of
6xxx alloys, the following preliminary remarks can be made:

Extrudability is a complex property, not measurable directly. Extrudability is usually
determined at the extrusion shop with several ways, like the maximum extrusion speed
accomplished without surface defects or the maximum pressure, or even the contact time in
the press. However, since extrudability is a property, it depends on the microstructure,

which in turn depends on the composition and the process chain from melt treatment and
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alloying down to the extrusion press. All elements of the process chain have an effect on
extrudability:

1. melt conditioning, cleaning and alloying,

2. DC casting - development of the as cast microstructure,

3. billet homogenization, involving heating and holding

4. cooling from the homogenization temperature

5. billet preheating at the extrusion shop.
The rest of the process chain is also important because it affects extrudability indirectly. So
billet preheating is followed by

6. extrusion,

7. cooling from the extrusion temperature (also solution temperature) and

8. aging for precipitation strengthening.
It appears that from the above list, the most important design rules regarding high
extrudability are:

Melt purity: 1t is an important and usually overlooked variable, which influences
extrudability and yield in the press shop. It is influenced by the melt conditioning, cleaning
and alloying practice for the control of inclusions, hydrogen, alkali metal salts and the
desired alloying level.

As-cast microstructure: The microstructure developed during DC casting is affected by
the solidification conditions. Grain size and DAS are the most important factors. They can be
controlled by the casting speed (solidification rate) and seeding for grain refining. A smaller
grain size and DAS improves the strength and also shortens the diffusion distances, leading
to a more efficient homogenization for a given homogenization cycle. In terms of phase
fractions, the results presented in Chapter 2 allowed the mapping of the Mg-Si space for
given Fe and Mn contents. Compositions can be selected to minimize the undesirable 3-
AlFeSi intermetallic in the as-cast microstructure, in order to achieve a good starting point
for the homogenization to follow. It was shown that Mn reduces the amount of 3-AlFeSi for
a given Mg-Si-Fe combination.

Homogenization process: The aim of homogenization is to reduce the microsegregation
of elements and phases that are concentrated at grain boundaries and interdendritic areas.

In 6xxx alloys the undesirable B-AlFesi intermetallic phase, which limits extrudability,
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transforms to a more rounded o-AlFeMnSi intermetallic phase. With the simulations
presented in Chapter 3, it is possible to determine the required time for Mg»Si dissolution
and the transformation f—ua-AlFeSi as a function of homogenization temperature and alloy
composition. It was shown that Mn has a beneficial effect on the kinetics of the 3 to «
transformation. After the transformation f—a is complete, the homogenization process
continuous since the a phase undergoes coarsening and spheroidization, adopting a
necklace morphology. Microstructural indices, such as the aspect ratio and the circularity,
were determined in Chapter 4 and can be used to characterize the homogenization stage
quantitatively. These parameters can be determined by quantitative metallography (image
analysis). A fully homogenized billet, with the potential for high extrudability should have
all B-AlFeSi transformed to a-AlFeSi, with necklace morphology and as aspect ratio and
circularity approaching unity. In addition all Mg,Si should be dissolved and Mg and Si
should be distributed as uniformly as possible in the grain interiors.

Cooling from the homogenization temperature: The rate of cooling is important. It
appears that a cooling cycle that produces a fine dispersion it 3'-MgzSi is the optimum,
because it possesses a lower solvus temperature. Therefore during preheating, the " will
dissolve at a lower temperature, be substituted by a fine dispersion of 3-Mg>Si, which will
dissolve readily during extrusion. This enables the use of a lower preheating temperature,
providing a larger window for temperature rise up to the exit temperature. This means that
a higher extrusion speed can be obtained. The cooling program should be designed so that
precipitation of 3-Mg,Si is avoided and only precipitation of $'-MgzSi takes place. A CCP
diagram like the one developed for the 6060_alloy in this Chapter can be used to design the
cooling cycle.

Preheating of billet prior to extrusion: It is important to match the preheating
conditions to the homogenization cooling conditions in order to get the most benefit of
homogenization. (-Mg.Si precipitates require higher temperatures to dissolve (higher
solvus) and have a detrimental effect on hot ductility. On the other hand the $'-Mg>Si ppts,
are finer, semicoherent with the matrix and have a lower solvus temperature. Thus a lower
preheating temperature can be employed in combination with a high extrusion speed. This

will raise the exit temperature to a value sufficient for complete dissolution of Mg>Si.
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5.6. Conclusions

From the results presented in this chapter the following conclusions can be drawn:

e Precipitation during cooling from the homogenization temperature was simulated with the
KWN precipitation model. The relevant particle size distribution (PSD), evolution of
volume fraction and particle size during cooling were calculated. The results were
introduced in a suitable strength model to calculate the resulting hardness. The simulation
results are in satisfactory agreement with experimental data. Forced air cooling results in
higher hardness in relation to natural cooling for the alloy 6063 investigated.

e The hardening of the homogenized billets was investigated experimentally. Regarding the
effect of the homogenization cooling rate, water quenching results in higher hardness
relative to air cooling and forced air cooling. The hardness difference increases with
alloying in the order 6063—6005—6082. The effect is attributed to the higher amounts of
Mg and Si retained in solid solution during cooling.

e Regarding the effect of alloy composition, homogenization temperature, homogenization
time and homogenization cooling rate on the hardening potential of the homogenized
billets, the alloys water that were quenched from the homogenization temperature
exhibited the higher hardening potential relative to the air and forced cooling. In addition,
the maximum hardening potential is exhibited for the 8h homogenization time,
irrespective of the homogenization temperature.

e For the lower alloyed 6063 and 6005 billets, the hardening potential at shorter
homogenization time increase with the homogenization temperature.

e The effect of excess Si on the precipitation of B'-Mg,Si was determined using the KWN
precipitation model. The resulting shift in the continuous cooling precipitation (CCP)
diagram was calculated. This allows the design of a suitable cooling program in order to
avoid the precipitation of f-Mg,Si and promote the precipitation of -Mg,Si. This allows
the use of a lower preheating temperature prior to extrusion and leads to the use of higher
press loads in order to obtain higher extrusion speeds.

e Specific design rules were formulated, regarding the as-cast microstructure, the
homogenization temperature and time as well as the cooling from the homogenization

temperature in order to obtain high extrudability.
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6.

Conclusions

The results presented in this thesis lead to the following conclusions:

Regarding the as-cast microstructures

Computational alloy thermodynamics, based on the CALPHAD approach, has been
applied to perform Scheil-Gulliver solidification simulations. The resulting
microsegregation of elements and phases in the as-cast microstructure were
calculated as a function of alloy composition.

The results of the simulations were confirmed experimentally by quantitative image
analysis for the measurement of phase fractions.

The variation of the mole fractions of the extrudability-limiting [3-AlFeSi phase and
the strengthening Mg>Si phase with alloying elements has been mapped over the
useful range (0-1.2 mass%) in the Mg-Si composition space.

The constructed maps indicate that low mole fractions of (3-AlFeSi are associated
with lower Si and higher Mg compositions. On the other hand, high mole fractions of
Mg>Si are associated with both higher Si and Mg compositions, with Mg possessing a
stronger effect.

Construction of maps for different levels of Mn has shown that addition of Mn could
allow for higher alloying with Mg and Si, in order to obtain higher amount of Mg:Si,
without at the same time increasing the 3-AlFeSi intermetallic phase in the as-cast

microstructure.

Regarding the homogenization process

Institutional Repositor

The Dual grain model (DGM) has been developed to treat the homogenization
process in multicomponent and multiphase Al-alloys exhibiting a large variability of
the as-cast grain size. With the model it is possible to simulate the temporal and
spatial evolution of phase fractions and element concentration during

homogenization.
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e Regarding the evolution of phase fractions during homogenization, the predictions
of the DGM model have been validated experimentally with XRD analysis. The
evolution of the [3-AlFeSi—a-AlFeSi transformation is predicted by the DGM and is
confirmed by XRD in the same time scale.

e The DGM predictions regarding the evolution of Fe and Mg concentrations with
homogenization time are in excellent agreement. There are only some discrepancies
in the profiles of Si and Mn. The Si discrepancy is due to the Si-diamond phase not
taken into account in the DGM. The Mn discrepancy is due to the Mn retention in the
a-AlFeSi phase.

e The DGM predicts the fast dissolution of Mg:Si during homogenization and its re-
precipitation during cooling. It also predicts its dissolution during preheating prior
to extrusion.

e The DGM can describe the temporal and spatial evolution of the -AlFeSi—a-AlFeSi
transformation. The spatial evolution exhibits an exact spatial correspondence. In
addition the transformation starts at a certain distance from the boundary and the
transformation front moves towards the boundary.

e Both the Mg>Si dissolution and the (-AlFeSi—a-AlFeSi transformation are faster in
the smaller grain as predicted by the DGM. In addition the concentration profiles of
the elements homogenize faster in the smaller grain, indicating that a fine grain size
in the as-cast microstructure accelerates the homogenization process.

e The DGM predicts correctly the effect of homogenization temperature. The rate of
both the Mg>Si dissolution and the [3-AlFeSi—a-AlFeSi transformation increase with
the homogenization temperature.

e A preliminary attempt to develop homogenization process maps has been performed
using the DGM. These maps are, at present, based on Mg>Si dissolution and the 8-
AlFeSi—a-AlFeSi transformation and can be used for the design of the
homogenization heat treatment.

e The quantification of the homogenization state was achieved by determine specific
microstructural indices, such as the aspect ratio and the circularity of the
intermetallic phases. In this way it was possible to quantify the shape evolution of

the intermetallic compounds during homogenization.
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Regarding the homogenization cooling

e Precipitation during cooling from the homogenization temperature was simulated
with the Kampman-Wagner Numerical (KWN) precipitation model. The relevant
particle size distribution (PSD), the evolution of volume fraction and the particle size
during cooling were calculated. The results were introduced in a suitable strength
model to calculate the resulting hardness. The simulation results are in satisfactory
agreement with experimental data. Forced air-cooling resulted in higher hardness in
relation to natural cooling for the alloy 6063 investigated.

e The hardness of the homogenized billets was investigated experimentally. Regarding
the effect of homogenization cooling rate, water quenching results in higher
hardness relative to air cooling and forced air cooling. The hardness difference
increases with alloying in the order 6063—-6005—-6082. The effect is attributed to
the higher amounts of Mg and Si retained in solid solution during cooling.

e Regarding the effect of alloy composition, homogenization temperature,
homogenization time and homogenization cooling rate on the hardening potential of
the homogenized billets, the alloys that were water-quenched from the
homogenization temperature exhibited the higher hardening potential relative to
the air and forced cooling. In addition, the maximum hardening potential was
exhibited for the 8h homogenization time, irrespective of the homogenization
temperature.

e The effect of excess Si on the precipitation of f’-Mg.Si was determined using the
KWN precipitation model. The resulting shift in the continuous cooling precipitation
(CCP) diagram was calculated. This allows the design of a suitable cooling program
in order to avoid the precipitation of 3-Mg>Si and allow the precipitation of ’-Mg>Si.
This allows the use of a lower preheating prior to extrusion and leads to the use of

higher press loads in order to obtain higher extrusion speeds.
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Regarding the design rules

e Specific design rules were formulated, regarding the as-cast microstructure, the
homogenization temperature and time as well as the cooling from the
homogenization temperature in order to obtain high extrudability.

e The microstructure developed during DC casting is affected by the solidification
conditions. Grain size and dendrite arm spacing (DAS) are the most important
factors. They can be controlled by the casting speed (solidification rate) and seeding
for grain refining. A smaller grain size and DAS improves the strength and also
shortens the diffusion distances, leading to a more efficient homogenization for a
given homogenization cycle.

e Phase fraction mapping, developed in Chapter 2, can be used for the selection of
alloy compositions to minimize the undesirable 3-AlFeSi intermetallic in the as-cast
microstructure, in order to achieve a good starting point for the homogenization to
follow. In addition, it has been shown that Mn reduces the amount of (3-AlFeSi for a
given Mg-Si-Fe combination.

e With the DGM model presented in Chapter 3, it is possible to determine the required
time for Mg,Si dissolution and the transformation f—oa-AlFeSi as a function of
homogenization temperature and alloy composition. It has also been shown that Mn
has a beneficial effect on the kinetics of the 3 to a transformation. The DGM model
also indicated that a small as-cast grain size accelerates the kinetics of
homogenization, a point that was indicated above.

e Microstructural indices, such as the aspect ratio and the circularity, were
determined in Chapter 4 and can be used to characterize the homogenization stage
quantitatively. A fully homogenized billet, with the potential for high extrudability
should have all 3-AlFeSi transformed to a-AlFeSi, with necklace morphology and
with aspect ratio and circularity approaching unity. In addition all Mg,Si should be
dissolved and Mg and Si should be distributed as uniformly as possible in the grain

interiors.
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e The cooling from the homogenization temperature should be designed so that
precipitation of 3-MgzSi is avoided and only precipitation of ’-Mg.Si takes place. A
CCP diagram like the one developed for a 6060 alloy in this Chapter 5 can be used to
design the cooling cycle.

e It is important to match the preheating conditions to the homogenization cooling
conditions in order to get the most benefit of homogenization. 3-Mg>Si precipitates
require higher temperatures to dissolve (higher solvus) and have a detrimental
effect on hot ductility. On the other hand the 3'-Mg>Si ppts, are finer, semi - coherent
with the matrix and have a lower solvus temperature. Thus a lower preheating
temperature can be employed in combination with a high extrusion speed. This will

raise the exit temperature to a value sufficient for complete dissolution of Mg:Si.
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7.  Proposal for further research

The present thesis provided answers to specific questions and methodologies towards
the computationally-based design of extrudable Al-alloys. However, as it was expected, new
questions and new research topics were generated. Some of these topics are outlined

below:
Model integration

While the simulation of microsegregation has been linked to the DGM, the
precipitation during homogenization cooling is an independent simulation based on the
KWN model. It is proposed to link this model to the DGM in the sense that the results of the
DGM can be used as a direct input to the KWN model. A Matlab code could be written to
perform this task. In this way it would be possible to link also the preheating prior to
extrusion; so that all parts of the process chain prior to extrusion can be integrated. This
will increase the level of model integration and provide an easier-to-handle computational

tool for design purposes.
Homogenization cooling

In this thesis the KWN model was used to simulate the precipitation during
homogenization cooling. The current version of the model handles only one set of
precipitates in binary systems (matrix-precipitate) as in the Al-Mg:Si system. Furthermore
only equilibrium phases are considered. It is proposed to investigate the application of the
new software TC-Prisma, which is based on the KWN model, but additionally relies on the
thermodynamic and kinetic databases of Thermo-Calc and Dictra. The new versions of
Thermo-Calc provide values for the interfacial energies and contain data for metastable
phases, making it possible in the near future to simulate precipitation of metastable or

transition phases, such as the 3'-Mg>Si.
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DGM model

The DGM for homogenization can be further refined through parametric simulation
studies such as (a) looking at different geometries (spherical or cylindrical), (b) simulating
different grain sizes, (c) taking into account increased diffusivities due to high dislocation
density. In addition the effect of composition such as the effect of Mn or other alloying

elements on the a-AlFeSi—3-AlFeSi transformation could be investigated.

Homogenization Process Maps

A preliminary attempt to generate a homogenization process map was presented in this
thesis based on the time for the completion of the a-AlFeSi—3-AlFeSi transformation. These
maps should be extended for other alloy compositions (with different Fe and Mn contents),

in order to generate a master process map for the homogenization of 6xxx alloys.

Shape change during homogenization

It appears that in addition to the MgzSi dissolution and the a-AlFeSi—[3-AlFeSi
transformation, a third transformation regarding the shape change of the a-AlFeSi phase
takes place during homogenization. This transformation has three stages (a) edge rounding,
(b) particle pinching and (c) neckless formation and spheroidization.

A model describing the shape evolution of the a-AlFeSi should be developed and linked to

the DGM in order to generate a complete homogenization model for 6xxx alloys.

Extrusion and aging

A next step to process integration is the link of the homogenization model with
available or to-be-developed models for hot extrusion based on the finite element method.
Extrusion is a deformation process carried out under high deformation rates at high

temperatures. Several metallurgical phenomena, such as recovery, recrystallization, phase
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dissolution and reprecipitation take place concurrently during the extrusion process. The
material after extrusion is subjected to the final aging treatment for precipitation
strengthening. The simulation of extrusion and aging combining mechanics and metallurgy
seems to be a good research topic, which will allow the complete process integration and,

therefore, the full scale computational design of extrudable Al-alloys.
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