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Microstructurally Controlled Mechanical PropertasAl-
Mg-Si Alloys for Warm Forming Applications

SUMMARY

Aluminium and its alloys are mainly handicapped jpgyor room temperature
formability compared to steel. Owing to their lighight and excellent corrosion
resistance the use of aluminium alloys in autonsobildustries is increasing
progressively. Therefore, the main challenge toekiension of aluminium alloys
application is the improvement of their formabilitggheet forming at warm
temperature has been reported as one of the prgrésilutions of the formability
problem. Warm forming may reduce the flow stress @te of work hardening and
can improve ductility and toughness. Warm formingeistigations on 5xxx
aluminium alloys showed considerable improvementi#wability. 5xxx alloys,
however, can only be hardened by strain hardenmypthey suffer from stretcher
strain. Precipitation hardened alloys like 6xxx malnium alloys may offer a
promising alternative since they are free of Ludgralong with the possibility of
strengthening by control of precipitates. Althowgxx aluminium alloys are not the
strongest among the aluminium alloys, still theytabute the maximum share of
aluminium products. Nearly 90% of the aluminium rasions are with 6xxx
aluminium alloys. Unfortunately little is known altowarm forming of 6xxx. This
was the primary motivation for the present investign. Finite element models
(FEM) became a common tool to simulate forming operatidénformation about
the material work hardening and plastic anisotrisgequired for the simulation and
is obtained from experimental measurement or otihemerical models. Since
temperature influences the material response ongtex way, its effect needs to be
included in the models for accurate simulation.réfare, the objective of this work
was first to experimentally study the mechanicaheh@our of 6xxx aluminium
alloys from room temperature to 250°C and theneweetbp temperature dependent
numerical models for work hardening and plasticsatnopy that can be linked to
FEM. Deep drawing of cylindrical cups is used tastrate the performance of the
coupled models.

Two aluminium alloys were used during this investign. 6016 with Si excess
(Mg/Si=0.4 in wt.%) is considered as one of thenpiging alloys while the other
alloy, 6061, is balanced in terms of Si and Mg eaht Chapter 2 deals with the
characterization of the as-received materials. Te as-received recrystallized
alloys were found similar in respects to grain sidistribution, nature and
distribution of constituent particles, and crysighaphic texture. The main



Summary

difference among them was in chemical compositiord amall precipitate
distribution. This difference is visible in the &ug kinetics measured by hardness
tests during artificial isothermal ageing at 150180°C and 250°C.

The procedure for the mechanical tests used for pesent investigation is
described in chapter 3. Tensile and plane strampcession (PSC) tests were
performed using the Gleeble 3800 at Delft Univgreit Technology. Deep drawing
(DD) tests were done at TNO Science and Industiydtioven, while the bi-axial
(BA) tests were done at Tata Steel (at the timethef tests Corus) Research
Development and Technology, [IJmuiden. In secti@itiBe description of the tensile
specimen, test procedure, temperature distributieidle the deformation zone and
accuracy of the tests is discussed. Same issuemddressed for PSC, DD and BA
tests in section 3.3, section 3.4 and section I18.Bas been observed that all tests
were highly repeatable.

The effect of solutes and precipitates on streagthwork hardening is investigated
experimentally in chapter 4 by varying temper statwlding time before
deformation, alloy composition and strain rate. dhserved higher work-hardening
rate for naturally aged material (T4) compared ntificial aged one (T6) could be
explained as the result of solute depletion duragging. The effect is more
pronounced with increasing temperature. Higherdystrength for T6 specimens
compared to T4 ones could be related to the presehstronger precipitates after
artificial ageing. Long holding time influences pigtate state and morphology in
the same way than artificial ageing and therebyletxstrength and work-hardening
rate close to T6 state. In T4 condition, 6061 liergjer than 6016 during tensile and
bi-axial experiments for all the respective tempees, in line with hardness
measurements. The effect of alloy composition in stéte is, however, more
complex as it also depends on the deformation testye. Strain rate variations
within the investigated range do not influence floev stress at room temperature
resulting in zero strain rate sensitivity. At hightemperatures the impact of strain
rate was also small except for extremely slow defiion rate (0.0001% in which
evidences of dynamic precipitation has been noti€ding DD the punch force-
punch displacement response was found consisteiit ageing curves, i.e. W
temper being the softest and T6 the strongest raht&¥ith longer holding time
before drawing the initial force increase is steegmad interestingly the maximum
force for all the curves was found to be the same.

In chapter 5 the influence of temperature and rstrate on work hardening is

studied from tensile and deep drawing tests andespently the results were used

to develop a temperature dependent work hardenodemThe experimental results

presented in section 5.3 show that both yield gtterand work hardening rate

decrease with increasing temperature and logicalyloes the punch force during

DD. Microstructure evolution during deformation walso observed by Scanning
X1
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Electron Microscopy (SEM), Electron Back Scatteredfraction (EBSD) and
Gallium Enhanced Microscopy (GEM). The final purposf this chapter was to
propose a strain hardening model that can accyrsitaeulate the material behaviour
at various temperatures and strain rates. ke model was selected because it
calculates the flow stress from a microstructurescdption similar to the one
observed in aluminium alloys. The description o tiwork hardening model is
presented in section 5.4. The origitdgs model had been tested for different non
heat-treatable aluminium alloys at room temperatordy. For the present
investigation this model needed to be extendedigel temperature range and to
6xxx series. The model has then been modifiedrimgeof contribution of shearable
precipitates to the yield strength and dislocatean slip length. The transition
radius shear-by pass has been fitted as a funofidemperature as well as two
solute content dependent parameters. Despite tmitedi number of fitted
parameters the model was found to reproduce rebowall the materials response
during deformation.

Chapter 6 aims to generate a temperature depepagdtiocus to be used as an
input for FEM modeling. Therefore, the first objget of this chapter is to
understand the anisotropic behaviour of heat todatéxxx aluminium alloys from
room temperature to 250 both from experiment and modelling results. Thape
of the r-value profile measured from tensile tegptfsection 6.3.1) and the position
and number of cup ears during DD (section 6.3.2)ewieund independent of
forming temperature. The average r-value and ealiude, however, depend on
temperature. Efforts have been made to investigate textural change (section
6.3.3) during deformation that might be relatea@n@sotropic effects. Although the
deformed and initial textures are different for atlodes of deformation, no
significant effect of the deformation temperatune texture evolution could be
observed. The possible activation of extra sligesys with increasing temperature
has been determined from the analysis of EBSD naapb subsequently, this
possibility has been implemented into caystal plasticity Visco-Plastic Self-
Consistent (VPSOnodel. VPSCmodel successfully predicts the deformed texture
after 35% PSC deformation at room temperature &¥Q for both alloys using the
CRSS ratios of different slip systems determineaérdfitting the r-value profiles
(section 6.5). Good match is obtained between xperémental and calculated yield
locus at room temperature and the model is thed tsgredict the yield locus at
250°C (section 6.6).

The main objective of the project was to developysptally based models that
should predict the work hardening and plastic amgy behaviour of 6xxx
aluminium alloys, and that can be used as a palersource for FE simulation of
warm forming operation. Chapter 7 presents an elamop such FE simulation
applied to warm deep drawing of cylindrical cupsniteé element code DiekA

Xiv
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developed at University of Twente, The Netherlangss linked withNesandVPSC
models. The punch force-punch displacement curadscap thickness distribution
predicted by the FEM for different conditions weampared with the experimental
results. The simulation results show a good agreemith experiment and illustrate
the potential interest of the modeling approach.

XV



SAMENVATTING

Aluminium en zijn legeringen worden voornamelijk hggderd door slechte

vervormbaarheid bij kamer temperatuur in vergetigkinet staal. Dankzij hun lage
gewicht en uitstekende corrosie bestendigheid néemgebruik van aluminium in

de automobielindustrie steeds verder toe. Daaromheds verbeteren van de
vervormbaarheid de belangrijkste uitdaging om depésbaarheid van aluminium
legeringen te vergroten. Het warm vervormen vaatplark wordt genoemd als een
van de veelbelovende oplossingen voor het vervoanhegdsprobleem. Warm
vervormen kan de vloeispanning en verstevigingsiélhverminderen en de
vervormbaarheid en taaiheid verbeteren. warmversodarzoek naar 5xxx

aluminium legeringen heeft een aanzienlijke ventxegevan de trekbaarheid laten
zien. 5xxx legeringen kunnen alleen verstevigd wardoor vervorming, waarbij

bandvorming aan het oppervlak optreedt. Precipiteastevigde legeringen, zoals
de 6xxx aluminium legeringen, kunnen een veelbaldvaternatief zijn, aangezien
Liderbanden hier niet optreden, terwijl zij bovendienvirstevigen zijn door

precipitaten. Hoewel 6xxx aluminium legeringen ni sterkste zijn van de
aluminium legeringen, hebben zij wel het grootsendeel in de aluminium

producten. Bijna 90% van de aluminium extrusies dvogedaan met 6xxx

aluminium legeringen. Helaas is weinig bekend dwetrwarm vervormen van 6xxx.
Dit was de primaire motivatie voor dit onderzoekndige elementen modellen
(EEM) wordt veel gebruikt om vormingsprocesseniteuteren. Informatie over de

versteviging van het materiaal en de plastischeoamipie is benodigd voor deze
simulaties. Deze informatie is verkregen door eixpentele metingen of andere
numerieke modellen. Omdat temperatuur de reactie vet materiaal op een
complexe manier beinvloed, moet dit effect worderegenomen in de modellen om
te komen tot accurate simulaties. Daarom was heft \in dit onderzoek om eerst
het mechanisch gedrag van 6xxx aluminium legeringeperimenteel te

onderzoeken van kamer temperatuur tot 250°C. Emdaamperatuursafhankelijke
numerieke modellen te ontwikkelen voor de verstegigen plastische anisotropie,
die kunnen worden gekoppeld aan EEM. Dieptrekkem eitindrische bekers is

gebruikt om de prestaties te laten zien van de gmdide modellen.

Twee aluminium legeringen zijn gebruikt tijdens ditderzoek. 6016 met een Si
overschot (Mg/Si = 0.4 in wt.%) wordt beschouwd edés veelbelovende legering,
terwijl bij de andere legering, 6061, de hoeveelh8i en Mg is gebalanceerd.
Hoofdstuk 2 behandelt het karakteriseren van deamigien materialen. De twee
ontvangen gerekristalliseerde legeringen warenjkgelbrtig voor wat betreft de,
type en verdeling van de al aanwezige deeltjes restakografische textuur. Het



Samenvatting

belangrijkste verschil was de chemische samensgedin de verdeling van de kleine
precipitaten. Dit verschil is zichtbaar in de vetetingskinetiek, gemeten door
hardheidstesten tijdens kunstmatig isotherm venmmdeop 150°C, 180°C and
250°C.

De procedure voor de mechanische testen in dit randk is beschreven in
hoofdstuk 3. Trekproefen en plane strain compres$&C) testen zijn uitgevoerd
met de Gleebe 3800 op de Technische Universitdit.Dgieptrek (DT) tests zijn
gedaan bij TNO Science and Industry, Eindhovenyifiede bi-axiale (BA) tests
zijn gedaan bij Tata steel (op het moment van detsteCorus) Research
Development and Technology, IJmuiden. In paragBaafis het proefstuk voor de
trekproef, de test procedure, de temperatuursvagiel de deformatie zone en de
accuraatheid van de tests besproken. Dezelfde zaseten ook besproken voor de
PSC, DT en BA tests in paragraaf 3.3, paragraafeB.paragraaf 3.5. Alle tests
bleken in hoge mate herhaalbaar.

Het effect van opgeloste atomen en precipitaterd@sterkte en versteviging is
experimenteel onderzocht in hoofdstuk 4 door hegven van de ontlaten toestand,
gloeitijd voor deformatie, legeringsamenstelling retksnelheid. De waargenomen
grotere verstevigingsnelheid voor natuurlijke vetening (T4) vergeleken met de
kunstmatige veroudering (T6) kan worden verklaasdrdde afname van opgeloste
atomen ten gevolge van veroudering. Dit effect isrker met toenemende
temperatuur. De hogere vloeigrens voor het T6 ptakfvergeleken met het T4
proefstuk kan gerelateerd zijn aan de aanwezighaid sterkere precipitaten na
kunstmatige veroudering. Een langere gloeitijd Weiedt de staat en morfologie
van het precipitaat op dezelfde manier als kunstypateroudering en vertoont
daarom een sterkte en verstevigingsnelheid dieeligdgaar is met de T6 situatie.
Onder T4 condities is 6061 sterker dan 6016 tijdémekproef en bi-axiale
experimenten voor alle respectievelijke temperatur®it is in lijn met de
hardheidsmetingen. Het effect van de legeringsateling onder T6 condities is
echter compliceerder, omdat het ook afhangt vardefermatietemperatuur. De
onderzochte reksnelheden hebben geen invioed op videispanning bij
kamertemperatuur, dus de reksnelheidsgevoeligheimlli Op hogere temperaturen
was het effect van de reksnelheid ook klein, behaleor extreem langzame
reksnelheden (0.0001™%s waarbij tekenen van dynamische precipitatie zijn
waargenomen. Tijdens DT was de kracht — verplagtsispons consistent met de
verouderingscurves, dat is W is het zachtste ensTiget sterkste materiaal. Met
langere gloeitijden voor het vervormen is de itdgti&kracht toename steiler.
Opmerkelijk genoeg was het maximum kracht voor elieres hetzelfde.

In hoofdstuk 5 is de invioed van temperatuur ersmekheid op de versteviging

onderzocht met trekproeven en dieptrektests enolgegus zijn de resultaten

gebruikt om een temperatuur afhankelijk verstexggmodel te ontwikkelen. De
XVii
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experimentele resultaten gepresenteerd in paradr8afaten zien dat zowel de
vloeigrens als de verstevigingssnelheid afnemen tomtemende temperatuur en
logischerwijze ook de kracht tijdens DT. De ontwekkg van de microstructuur
tijdens deformatie is ook onderzocht met ScannitectEon Microscopy (SEM),
Electron Back Scattered Diffraction (EBSD) en Gatli Enhanced Microscopy
(GEM). Het doel van dit hoofdstuk was om een vetigtagsmodel te ontwikkelen
dat het materiaalgedrag op een accurate wijze e@mulbij verschillende
temperaturen en reksnelheden. HW¥es model is gekozen omdat het de
vloeispanning berekend op basis van een microsiuctlie vergelijkbaar is met de
microstructuur ~ van aluminiumlegeringen. De  beschrijving van het
verstevigingsmodel is gepresenteerd in paragraéf Het oorspronkelijkeNes
model is alleen getest op verschillende niet-wasinetieandelbare aluminium
legeringen opkamertemperatuur. Voor het huidige onderzoek mbest model
worden uitgebreid naar een groter temperatuurdbereide 6xxx series. Het model
is vervolgens aangepast voor wat betreft de biglramn afschuifbare precipitaten op
de vloeigrens en de gemiddelde dislocatie glijeafdt De straal waarbij dislocaties
om het deeltje heen gaan is gefit als een funetietemperatuur en twee parameters
afhankelijk van de hoeveelheid opgeloste atomema@ks het beperkte aantal fit-
parameters, was het model redelijk goed in staatsigons van het materiaal tijdens
deformatie te voorspellen.

Het doel van hoofdstuk 6 is om een temperatuurs&ftgke vlioeiopperviak te
verkrijgen, die als invoer kan worden gebruikt v&iM modeling. Daarom is het
eerste doel van dit hoofdstuk om het anisotropisgfeglrag van warmte
behandelbare 6xxx aluminium legeringen te begrijpan kamertemperatuur tot
250°C, zowel via experimentele als modelleer resait. De vorm van het r-waarde
profiel gemeten met rekproefen (paragraaf 6.3.1hetraantal en de positie van de
oren tijdens DT (paragraaf 6.3.2) was onafhankelgk de vormingstemperatuur.
Echter, de gemiddelde r-waarde en oor amplitudgédmaf van temperatuur. Er zijn
pogingen zijn gedaan om textuurveranderingen (pagdd.3.3) tijdens deformatie
te onderzoeken, die gerelateerd kunnen zijn assotopische effecten. Hoewel de
gedeformeerde en initiéle textuur verschillend zijor alle deformatie modes, is er
geen significant effect van de deformatietemperatop de textuurevolutie
waargenomen. De mogelijke activatie van extra ygismen met toenemende
temperatuur is bepaald door middel van EBSD mapsveamwolgens is deze
mogelijkheid geimplementeerd in eekristalplasticiteit Visco-Plastic Self-
Consistent (VPSC)nodel. HetVPSC model voorspelt met succes voor beide
legeringen de gedeformeerde textuur na 35% PSCrdafie op kamertemperatuur
en 250°C, gebruik makende van de CRSS ratio’s easchillende glijsystemen, die
bepaald zijn na het fitten van de r-waarde profi¢fgaragraaf 6.5). Een goede match
is verkregen tussen het experimentele en bereketakopperviak op kamer
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Samenvatting

temperatuur. Het model is vervolgens gebruikt omt koei-opperviak te
voorspellen op 250°C (paragraaf 6.6).

Het belangrijkste doel van het project was om egsis€h gebaseerd model te
ontwikkelen dat de versteviging en het plastischésaropie gedrag van 6xxx
aluminium legeringen kan voorspellen, en dat kanrdeon gebruikt als een
potentiéle bron voor een FE simulatie van een warmingsoperatie. Hoofdstuk 7
presenteert een voorbeeld van een dergelijke FRilaiim, toegepast op warm
dieptrekken van cilindrische bekers. Het eindigenginten programma DiekA,
ontwikkeld aan de Universiteit Twente, Nederlaredgekoppeld aaNesenVPSC

modellen. De kracht — verplaatsing curves en beékierderdeling die voorspeld zijn
door het EEM voor verschillende condities zijn \adelken met de experimentele
resultaten. De simulatieresultaten vertonen eend@oevereenkomst met de
experimenten en illustreren het mogelijke belany deze modelmatige benadering.

Xix






Chapter 1

INTRODUCTION

1.1 Warm Forming of Aluminium Alloys

The demand for aluminium alloys has been increaisirgyisk pace in recent years
in automotive industries owing to their light weiglind corrosion resistance. For
instance, the use of aluminium sheet material ypical automobile body could
provide a mass reduction of up to 50pct comparedutoent steel construction.
However, despite having high strength to weighibratuminium and its alloys are
lagging far behind in this sector primarily becao$¢heir poor formability at room
temperature[1] which is approximately 2/3 of that of steel. grovement of
formability is of special interest for the autonwati industries, where weight
reduction is compulsory on the one hand and pammi® intricate shapes on the
other hand. Super plastic aluminium alloys can esklirthis issue by offering
extremely high tensile ductility but with the draadk of high material cost, low
production rates and requirement of new formingiggent. Recent investigations
into the phenomenon of increased tensile ductdityAl-Mg and Al-Mg-Si alloys
showed a practical alternative to superplastidtthas been documenté?] that the
room temperature tensile elongation is at a minimasrcompared to both cryogenic
and elevated temperaturg. At cryogenic temperatures the increment ofstien
elongation of many aluminium alloys is attributecinty to the enhancement of
work hardening and the same effect at elevated eestyres is principally due to
increased strain rate hardening. Forming at elevamperature seems one of the
most promising solutior[g] because forming at cryogenic temperature néagiser
energy consumption and leads to increased sprimds lsampared to elevated
temperature deformation. The interest towards wimming also derives from the
reduction in flow stress, increase in ductility amtrease in toughness of the
material when compared with cold forming. Moreowvfer, temperatures lower than
those involved during hot forging it is easier tbtain close tolerance and high
quality surface finish. Increasing formability byamn forming is still a challenge to
the industry. This process is industrially more ligmging and more complex in
terms of the microstructure-mechanical behavioutatienship. In elevated
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temperature forming the most important issue is ¢bkection of the temperature
range. There should be few structure changes andsala stable microstructure
during operation. Hot forming is accompanied byn#igant structural changes
associated with deformation-induced recrystallaatiand growth of grains or
particles. In addition, creep may affect the forghiteformation and cavitations at
the grain boundaries can lead to permanent fa#tréow strain rate. So, warm
forming is preferable for aluminium alloys comparedhot forming in order to

improve the room temperature formability.

Forming of aluminium alloys at elevated temperaunas been reported by many
researchers [5-10] but mostly on 5xxx series alldyimch [5] investigated the
potential of warm forming by deep drawing of bo#ttangular and circular cups
from annealed and hardened aluminium alloy sheatty én 1946. Their results
showed significant improvement in the drawability {erms of cup height) at a
relatively moderate temperature of about I5@ven for the precipitation hardened
alloys (like 2024-T4 and 7075-T6). In the 1950’sadaminium alloy containing 3-
4% Mg was generally employed for warm press formpanels for the more
expensive ranges of cars. In the 1970’s it wasodis@d that an aluminium-6% Mg
alloy could give a total elongation of about 3008@bout 250°C at an appropriate
strain rate. It was observed that [7-8] the cupghteincreased with increasing
forming temperature and / or decreasing punch speredn Al-2Mg and 5182-O
alloy. Warm forming of alloy 5182-O at 120°C wasaessfully used by General
Motors [9] to produce inner door panels and a V-6 oil panahroercial press
speeds, by heating both the die and the blank aimha mica lubricant and a
MoSi2/graphite release agent. According to theisults, some precipitation
hardened alloys could also be warm formed succsstuproduce components at
250°C at a cycling rate of 5 parts/min. The optimforming temperatures were
found to be 200°C and 250°C for the precipitatiardened and the strain hardened
alloys, respectively. In a more recent study witl83, Tetsuo and Fusahito [10]
found that the limit drawing ratio increases wititrieasing die temperature and
decreases with increasing forming speed. Bolt aisl do-workers [11]also
conducted comparative warm drawing tests on 57846816. They concluded that
warm forming offers a good possibility for drawimgmplicated aluminium sheet
products which cannot be made at room temperatitigouwt extra forming or
joining operation. They also found that the minimdia temperature required for a
significant deeper product is lower for the 6016€bpared to 5754-0 alloy. At a
temperature of 175°C the increase in maximum hégt8016-T4 is 30% while it is
only 11% for 5754-0.

Although 5xxx series alloys exhibit higher strengffan 6xxx alloys in annealed
condition they suffer from the problem of dynamias ageing effects resulting in
stretch marks, which affect the surface qualitysoAthey are not heat treatable and
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can only be hardened by mechanical working. Onotier hand, 6xxx alloys are
heat treatable and free of Ludering. This arisesfthe lower Mg content compared
to the 5xxx series. Also other solute elements sashSi and Cu are either
energetically bound to Mg in the form of coherelnsters or have too low diffusion
rates to enable the formation of effective soluteaspheres that pin dislocations.
Typically 5xxx alloys are used for inner panels dgse of their better formability
and 6xxx alloys for outer panels because of theratss of stretcher lines. It would
be, however, preferable to use only one type ofydbr the entire application.

The 6xxx series are not the strongest among thmiaium alloys although they
contribute to the highest share of aluminium prasiUe-20%)[12]. In extrusion
industry the share is even higher as 90% of theudgt aluminium profiles are
made from 6xxx series alloy4.3] A renewed interest in Al-Mg—-Si and Al-Mg-Si—
(Cu) alloys in recent years has been led by thepgmct of applications of 6xxx
alloys in the automotive industry. Al-Mg-Si alloygth no or very little Cu are the
materials of choice in Europe and 6016 is consitlasethe most promising system
[14]. A material with low yield strength (<130 MPahd good formability yields
low springback and relative ease for productioeahplex forms with accuracy. In
service, a demand for higher yield strength (>20PaMis placed. The alloys
harbour a huge potential for improvement of strienigy precipitation hardening
during the paint baking cycle, typically in the ganof 170 — 200°C for time up to 30
minutes [1]. The age-hardening response of thelegsals very significant and
hence the control of precipitation during thermoehnical treatment is critical for
attaining an optimal alloy performance.

As previously mentioned little is known about wafonming of 6xxx and also on
the effect of temperature on work hardening andtf@anisotropy, which are two
important properties related to formability. Theref, exploration of warm forming
potential of existing and new 6xxx aluminium allopgecomes essential. Finite
element modelling (FEM) has been a very effectivthod to simulate the forming
processes with accurate prediction of deformatienaviour. FEM can be used not
only in process analysis but also in the produdigieto estimate the optimum
conditions of the forming processes [1,2] order to access the warm formability of
6xxx alloys it is necessary to combine the FEM waih appropriate constitutive
model describing the material work hardening. FRIgsis is also complicated due
to the material dependence on plastic anisotropictwican be measured under
multiple loading condition$15]. Plastic anisotropy can be largely controlleg
crystallographic texture and a texture deriveddyielcus combined with FEM has
been used to explain the anisotropy during drawkgther complications arise
when the effect of temperature on hardening andtiplanisotropy is introduced
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into FEM through material models. The use of anrappate material model is,
therefore, of vital importance for the accurate puoal simulation of sheet metal
forming. Moreover, temperature dependent metalkbalgpbhenomena like dynamic
recovery, change in precipitate state, activatibnextra slip systems, etc., are
expected to have a huge influence on the charattsriof plastic deformation
during warm forming and should also be considerethe models. Despite their
potential large application range in terms of ahlgy systems and process
conditions, such combined FEM and material modgdr@giches are still being
developed and no fully validated version is avddafet.

1.2 Objective of the Thesis

Although warm forming is regarded as a promisingcpss to improve formability
of 6xxx aluminium alloys compared to room tempematiorming, existing data are
still limited and temperature dependent modelsplastic deformation are not yet
fully predictive. Generation of knowledge in termof warm formability of 6xxx
alloys and influence of temperature on work hamgraénd plastic anisotropy is the
first objective of the thesis. The two alloys sédelcpurposefully for the present
investigation are 6016 and 6061. Alloy 6016 is &®&iess alloy, while alloy 6061 is
almost balanced. Several mechanical tests are tsedentify the temperature
dependence of work hardening and plastic anisotrapy relation to the
microstructure and texture characteristics. Théoperance of these alloys for warm
forming applications is also studied. The secondedalve aims to generate
physically based material models describing pladgéormation and anisotropy.
This includes a unified model of work hardeningegpective of alloy conditions,
temperature and strain rate. The effects of changeecipitates state are part of the
work hardening model. A crystal plasticity baseddeiathat takes into account the
effect of plastic anisotropy also needs to be asthpgb both room and warm
temperatures and validated. Finally, the materiatiels are aimed to be coupled
with FEM and applied to the simulation of warm famgnof 6xxx sheets.

1.3 Outlineof the Thesis

Chapter2 describes the characterization of the as-recemwatérials used for the
present investigation. 6016 and 6061 rolled andealed sheets of 1 and 3 mm
thickness were chosen mainly in naturally aged (&dAdl artificially aged (T6)
conditions. The grain size was measured from optiteroscopy micrographs and
electron back scattering diffraction (EBSD) mapattieles and second phases were
characterized on optical microscopy and scanniagteln microscopy micrographs
and by energy dispersive X-ray spectroscopy. Ini@e@.1.5 the crystallographic
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texture of the materials were calculated from thsults of X-ray diffraction. The
age hardening behaviour of the alloys at the diffetemperatures of interest was
also measured.

The description of the mechanical tests used througthe thesis is presented in
chapter 3. For achieving the final goal of the pobjit was necessary to carry out
tensile, plane strain compression, deep drawinghauackial tests at room and warm
temperatures. The description of the machines,piestedures and accuracy of the
measurements are presented. After the introdudtiosection 3.1, tensile test
procedures, test conditions, accuracy and a cosgrarbetween bulk and sheet
materials are reported in section 3.2. Likewisenplatrain, deep drawing and bi-
axial tests are described in section 3.3, sectiérafd section 3.5 respectively.

Combining the techniques described in chapter 2 andhapter 4 has been
constituted to study the effect of solutes and ipiedes on mechanical properties
principally on strength and work hardening. Threst tesults namely tensile, deep-
drawing and bi-axial were considered to explais #fifect in section 4.3.1, section
4.3.2 and section 4.3.3, respectively. The presfipistate was varied by changing
temper, holding time and strain rate and subsecgféstts are reported both at room
and warm temperatures. Bi-axial tests, however,ewearried out only at room
temperature. From the results of the tensile tef$ts, possibility of dynamic
precipitation at different strain rates was invgstéd.

Chapter 5 investigates the effect of temperatutesarain rate on strength and work
hardening mainly from a microstructure point ofwi€The results from the tensile
and deep-drawing tests are analyzed in this chapgtbe gallium enhanced

microscopy and EBSD results of the deformed sampieside information about

the substructure formation and level of misorigotatbetween the subgrains. A
work hardening model has been adapted to heaableaaluminium alloys and used
to simulate the experimental stress-strain curveteudifferent conditions for both

alloys.

Chapter 6 is dedicated to the effect of plasticsatnopy both at room and warm
temperatures. Anisotropy was investigated by méagthe changes in r-value with
tensile direction (section 6.3.1), earing (sectt8.2), texture (section 6.3.3) and
yield locus (section 6.6). Experimental r-value aedture have been used for
validating a crystal plasticity bas#&filsco-Plastic Self-Consistent (VPSC) model and
subsequently the model has been used in predittingield locus at 25C.

The general objective of the project is to devefdysically based models that
should predict the material constitutive relatidpshneeded as input for FE
simulation of forming processes. Thdes work hardening model described in
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chapter 5 and th&PSC crystal plasticity model presented in chapter enlanked

to the FEM software program DiekA. The resultstef FE simulations of cold and

warm forming of cylindrical cups are presented laguter 7. Thickness distribution

of the drawn cups along with their force-displacatmesponse were simulated and
compared with experimental measurements.
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CHAPTER 2

CHARACTERIZATION OF THE AS
RECEIVED MATERIALS

This chapter provides a description of the as-etkimaterials used for the present
investigation. The alloys, denominated EN AW-601td &N AW-6061, each
available with a thickness of 1 mm and 3 mm, wesedumainly in naturally aged
(T4) and artificially aged (T6) conditions. The cheterization has been performed
using Optical Microscopy, Scanning Electron Micraysg, Energy Dispersive X-ray
Spectroscopy, Electron Back Scattered Diffractiod X-ray Diffraction. The as-
received recrystallized alloys are very much simitamany respects, e.g. grain size
and grain size distribution, nature of constitueatticles and their distribution, and
texture. The main difference among them is in thengical composition and small
precipitate distribution. The static ageing resportd these materials is also
discussed.
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2.1 Microstructure and Texture Characterization

The as-received materials have been characterizg€érins of microstructure and
texture.

2.1.1 Initial material

Aluminium alloys EN AW-6016 and EN AW-6061 in therfn of rolled sheets have
been used for the present research. These matbaaés been supplied by Aleris
Aluminum Duffel BVBA via Corus, IJmuiden, The Netlends. The sheets have
been cold rolled, solution treated, quenched andrally aged (T4). Two different

thicknesses of each material has been receivedihitiness and the composition
of these materials are shown in table 2.1. Alloy®& a Si excess alloy (Mg/Si=0.4
in wt.%) while alloy 6061 is almost balancefMg/Si=1.5). Another noticeable
difference between the two alloys is the highercGutent of alloy 6061.

Table 2.1: Sheet thickness, t [mm], chemical composition [wt&sjd designation of
the investigated materials

Name Alloy t Si Fe Cu Mn Mg Cr Others
16-S 6016 101 1.03 0.25 0.06 0.15 042 0.02 <015
16-B 6016 291 099 0.26 0.06 0.15 043 0.02 < 0|15
61-S 6061 120 062 035 020 0.08 095 015 <015
61-B 6061 3.09 063 035 021 007 098 015 <0J15

In the entire thesis, materials with thicknesseselto 1 mm are referred as S and
those close to 3 mm are referred as B material.

Heat treatment

Naturally aged material has been converted to pmgdd condition or T6 by
applying a heat treatment, at 150°C for 4 houre¥etd by annealing at 170°C for 4

hours in a salt bath and quenching in water.

! Conventionally a 6xxx aluminium alloy is said balad when its Mg:Si ratio corresponds
to the stoichiometry of the M8i precipitate, i.e. 1.73 in weight fraction.
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2.1.2 Microstructure

The microstructures of the as-received and heatdde materials have been
characterized by means of Optical Microscopy (OMjcanning Electron
Microscopy (SEM) and Electron Back Scattered Ddfian (EBSD).

Optical microscopy

Tucker's etchant (10.6 ml HCI, 6 ml HNO4.6 ml HF, 178.8 ml }O;
electroetching for 15 s to 30 s with 18 V) has bemsed to reveal the grain
boundaries when observed under OM (Although Basketthant has been the most
common etchant for most aluminium alloys, it does give good results for these
two 6xxx alloys).

(b)

Figure 2.1: OM micrograph of the grain structure revealed gdiacker’s etchant
for (a) 16-T4-B: 50Qum from the surface and (b) 16-T6-S: close to théase

Figure 2.2: OM micrograph of the grain structure revealed ugingker’s etchant
for (a) 61-T4-B: close to the surface and (b) 6:BI&00um from the surface

Looking at the grain structure in figure 2.1 angufie 2.2, of the initial materials in
T4 and T6 states it can be said that the grainselmegated along the rolling
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direction (RD). Also, there is no obvious differenamong the four materials in
terms of grain shape. Observations on differentatioas show that the
microstructure is homogeneous throughout the entaterial.

Scanning Electron Microscopy

6061 and 6016 alloys of both tempers and thicknesse been examined in
backscatter mode in a Field Emission Gun Scanniegti®n Microscope of type
JEOL JSM 6500F. After fine cloth polishing up tagyaarter micron the samples
were electro-polished using A2 solution (78 ml dwdc acid, 90 ml HO, 730 ml
ethanol, 100 ml butylglycol) with a voltage of 20awvid a flow rate of 18 ml/s for
50 s at-12C.

AUX1 100KV X500  10um  WD99mm

TU Delft AUX1  100kV X500 1lJum_ WD 10.3mm AUX1 100kv X500

(© (d)

Figure 2.3: SEM micrographs of the initial materials at tletre of the cross-
section for (a) 16-T4-S (b) 16-T4-B (c) 16-T6-S (&)} T6-B

From figure 2.3 it can be noticed that, like OM ,NbBbservations also show grains
elongated along the rolling direction and that #werage grain size for the four
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different conditions are very close to each othéo qualitative difference is
observed between T4 and T6, which implies thatethierno effect of the heat
treatment on the grain structure. The uniform @sitwithin a grain revealed by
back-scattered image confirms a fully recrystatlizaicrostructure. Similar features
have been noticed with 6061 B and S materials.

Electron Back Scattered Diffraction

EBSD measurements were performed on a JEOL JSMF6508nning electron
microscope employing the Channel5 acquisition systé HKL. The samples for
the EBSD observations were prepared by grindir@0® 1000 and 2400 grit silicon
carbide papers followed by cloth polishing in 9 Bnim, 3 um, 1 um and % pm
diamond suspension and finally electro-polishinghwi2 solution at 20 V for 50 s
at -12°C at a flow rate of 18 ml/s. EBSD measurdnoérthe as-received materials
has been performed for both tempers and on crat®ise perpendicular to RD (RD
cross-section) and perpendicular to TD (TD crossise) with a step size of fim.
Each EBSD map typically consists of 200 to 400rggal he average indexation rate
obtained was 90% and the average mean angulartideviAD) was 0.5. The
orientation image maps (OIM) presented in this ieactare after wild spikes
correction (replacement of the orientation of isedbhighly mis-orientated pixel by
the orientation of one of the neighbouring pixelajl complete removal of the zero
solution points. This procedure does not altemtioephology of the grains.
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Figure 2.4: Sample 16-T4-S: (a) OIM (b) position of scanneghzon sample cross-
section and (c) color code used for all EBSD maps.

In sample 16-T4-S, it is clear from the OIM (figu2el) that the as-received material
is fully recrystallized owing to the uniform crytaraphic orientation inside each

grain. This fact can also be corroborated by logkihthe band contrast map, where
grains look completely strain free without any déble defects. All the as-received
materials show similar recrystallised microstruetur
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I -5 7 Mp2; Step=1.25 pm; Giid2004400

(a) (b)
Figure 2.5: OIM for (a) 16-T4-S and (b) 16-T6-S

The comparison of the transverse sections of figuéa and figure 2.5b confirms

that the heat treatment did not bring any changgran shape and size, meaning
that grain coarsening was very sluggish or prewvkriig precipitates on grain

boundaries. For both occasions the grains are atedgalong TD and RD (figure

2.4a and figure 2.5a), which means they graindlatrellipsoids ompancaked.
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Figure 2.6: OIM for (a) 61-T4-S and (b) 61-T4-S for two diféant cross-sections

Similar to alloy 6016 (figure 2.4a and 2.5a), twoss-sections RD and TD have
been investigated for alloy 6061 under T4 condiiigure 2.6) and the conclusions
are also identical in almost every respect. Obsienvaof similar grain size and

shape for both the cross-section truly speaks atheutlat and ellipsoidal nature of
the grains. The observations on the B materialsvang much similar to the results
obtained on the S materials.

2.1.3 Grainsze

The grain size of the as-received materials hash beeasured from the OM
micrographs and EBSD maps.
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Figure 2.7: Location of sub-surface and centre for (a) OM @)dEBSD samples

Figure 2.7shows the locations on the samples observed by @MEBSD chosen in
order to define the centre and sub-surface ardaes.slib-surface is restricted up to
300 um deep for both the techniques.
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Grain size by optical microscopy
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Figure 2.8: Comparison of grain size distribution measure®dh micrograph

OM micrographs have been analyzed by using thewaodt called Analysis
developed by analySIS FIVEto obtain the equivalent circular diameter (EGBY
aspect ratio of each individual grain. The grairesdistributions represented in
figure 2.8, have been calculated using the follgwéquation for the frequency:
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_ N
Frequency N where,

N; is the number of grains in size clasA is the class width {(8n for all cases) and
N, is the total number of grains involved in the ge.

Figure 2.8 shows the grain size distribution arulet®.2 the average grain size and
aspect ratio. The number of grains involved indhalysis varied between 100 and
500 depending on the micrograph. The results shawhe grain size for T4 and T6
state for both alloys are the same, which confithes previous conclusion from
OIM that the heat-treatment did not bring any clearig grain size and its
distribution.

Table 2.2: Average grain size on cross-section (C-S) TDhi ¢enter (Cen), sub-
surface (Sur) and through thickness average (Aud)aspect ratio (AR) measured
by OM

Sample TD [pm] AR

Cen Sur Avg
16-T4-S 215 209 216 2(
16-T6-S 21.6 228 222 2.7
61-T4-S 19.9 205 19.2 2.4
61-T6-S 17.4 184 17.7 1.9
16-T4-B 22.7 227 239 24
16-T6-B 219 241 228 2.]
61-T4-B 249 212 244 2]
61-T6-B 234 259 244 21
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Figure 2.9: Comparison of grain size distribution for twoogié by OM

For each material, the data for T4 and T6 state leeen combined to increase the
statistical relevance of the size distribution \(fig 2.9). From figure 2.@ndtable
2.2, it can be seen that the 61-S material haslemgdains than the other three
materials, which are similar. The frequency of drgedins (in the range of 0 and 20
pum) of 61-S is higher than in 16-S alloy. The aspatibs for all the conditions are
close to 2 except for alloy 16-T4-B-TD where iRig.
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Figure 2.10: Grain size from centre to the surface
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Figure 2.10shows the average grain size variation from cetatrgurface for all T4
conditions. Comparing the four alloys no clear eysdtic variation of grain size can
be noticed. For alloy 61-T4-B a layer (around 208)of larger grains has been
noticed at 150 um away from the surface (close dsitipn 0.7) from the OM
micrograph. This is not well reflected in the gramtause the effect of these large
grains is compensated by the presence of verygfias close to the surface.

Grain size by EBSD

The equivalent circular diameter and the aspedb fdadve been measured from
EBSD maps in the same way than that for OM micnolgsa The number of grains
involved in the measurement varies in between 59 grains depending on the
size of the OIM maps.

Table 2.3: Grain size and aspect ratio measurement datinedthy EBSD

C-S
Sample AR
TD [pm]
Cen Sur Avg
16-T4-S 178 18.6 17.9 2.4

16-T6-S  19.6 20.4 19.5 2.0

61-T4-S 15 19.8 16.4 2.0
61-T6-S 16.9 14.5 154 1.9
16-T4-B 19.8 - 19.8 25
61-T6-B 19.4 - 194 2.1
Sample c-S

RD [pm]

Cen Sur Avg
16-T4-S 19.2 20.3 194 2.2
61-T4-S  15.3 15.3 15.1 2.0

Table 2.3represents the average grain size and aspectoratRD and TD sections
for 6016 and 6061 materials. The results are sinfillaboth alloys. It is confirmed
that the heat treatment to form T6 does not affeefgrain structure and that 6061-S
has smaller grains compared to other materials. fseilts also confirm the
observation from OM results in that the averagengsize across RD and TD
sections are similar for both the alloys.
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Figure 2.11: Comparison of average grain size|fim) measured by EBSD and OM

Grain size measurement from OM and EBSD are cordperdigure 2.11. It is
evident that the grain size is overestimated by @Ms shows that not all the grain
boundaries have been revealed during etching cdhgles for OM observations.

2.1.4 Particlesand second phases

In order to reveal the size, morphology, orientgtioomposition and quantify the
second phase particles OM, SEM and EDXS have bseh u

(a) (b)

Figure 2.12: Optical micrograph of the grain structure revdddg using Keller’s
etchant for (a) 61-T6-S and (b) 16-T4-S
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Keller's etchant (performed better than 0.5% HFpwaed to reveal the shape and
morphology of the second phase particles by OM.r@tere various shapes of
particles some being fragmented during rolling aemabtly aligned along the rolling
direction (Figure 2.12). These particles are magoystituent particles generated
during casting with a size in the range from 5@qué. They are present all over the
grains and on grain boundaries also. Using opticetographs it was practically not
possible to indentify any remarkable differencesoagthe alloys or the tempers
from particle size, shape or density point of view.

© ‘ (d)

Figure 2.13: Scanning micrographs for (a) 16-T4-S (b) 16-T4cB16-T6-S and (d)
16-T6-B at the sub-surface

In addition to the constituent particles SEM micagahs (figure 2.13) also clearly
reveal the presence of smaller particles or digp@ssprominent along the grain
boundaries. They are distributed inside the graisswell. These particles have
spherical or ellipsoid shape with a size rangirgfi0.02 to 0.5um and form during
heat-treatments. For the sample 16-T6-B (1igur@@).lit is seen that small particles
on the grain boundary have been scored off probdiniyng polishing leaving small
voids. The voids can also be due to the chemidaklaton the particles during
electro-polishing.
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Quantification of the constituent particles hasrbperformed for alloy 61-T4-S on
the TD plane using pictures from SEM acquired irckbscattered mode. The
acceleration voltage was 10 kV with magnificatiod08X and 10 mm working
distance. The software used to analyze the dateibloran Vantage Software. The
detailed description of the process can be fountthénwork of Anselmino [1]. The
particles with length 0.0um and more and area Opm? and more have been
considered for the present calculations. From thayais the average 3D radius,
volume density and volume fraction are found tdh&6 pm, 5.3 x16° particles/m
and 0.0064 respectively.

EDXS has been performed with the same SEM equipmdenticcelerating voltage
of 15 kV and working distance of 25 mm was used tf@se measurements. A
limited number of particles were analyzed on 165 4nd 16-T6-S samples. It
shows that the main elements are Si, Fe, Mn andAddo o particles with
composition AfFeSi and particles with A}(FeMn)Si have been found [2].

The small precipitates that are responsible forptreipitation hardening of these
alloys have a size in the range of a few tens olongeter and are therefore not
visible with the technique applied here.

215 Texture

The texture of the as-received materials has beemed from XRD measurements.
The ND surface of the samples for XRD measuren@né 38 mnx 38 mm) were
first polished up to the desired thickness levefoke the final polishing by smooth
polishing paper (2400). Samples were dipped in 1&@4N for 10 min and then
transferred under running water very quickly beftihhey were cleaned by 25%
HNO; for 20 s. After cleaning they were again placediarnrunning water. On
average 5um has been removed due to the chemical action.

Texture measurements have been performed usin@nlier-AXS D8 Discover
equipped with a Co tube (45 kV, 25 mA). The gonianeadius is 300 mm. The
parallel beam optics consists of a PolyCap (divecge0.25°, 4 mm x 2 mm) in the
incident beam in combination with a parallel sdligr(divergence: 0.35°) in the
diffracted beam. The advantage of this setup isitha virtually free of defocusing
and insensitive for specimen displacement. The figlees measured were {100},
{110}, {111}, and {311}. The integration time is ke to 1 s (per measuring point)
for pole figure measurement and 10 s for backgrauedsurement. 16 circles were
measured witly = 5° andymax = 75° {: tilt). The beam mode is set in point focus
with continuous measurement in (azimuth) and a step size & = 5° (72
segments). Measured data have been processed WatMTM-FHM software
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system developed by P. Van Houtte. After backgrosndtraction poles figures
were used to calculate the orientation distributfanction (ODF) following the
spherical harmonic method {L = 22) and applying the orthorhombic sample
symmetry which is suitable for rolled sheets. Equeights were given to each pole
figure. The ODFs are plotted as sections througkrBpaced, ¢, ¢,) for constant
values of,, using Bunge’s notation [3] with ND, RD and TD tbemple reference
axes.
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Figure 2.14: Volume fraction of the texture components ateatight levels of
thickness for 61-T4-S.

Figure 2.14 shows the variation of the volume fmactof the main texture
components across the thickness for 61-T4-S maétdriaan be noticed that the
texture components do not vary a lot throughoutthinegkness. This remains true for
other materials as well. The average through ttask texture of the materials has
been calculated using a weighted average of thedfficients of surface, sub-
surface (15%) and mid-thickness (50%) textures. Waights were chosen as 10, 30
and 60% respectively, based on the volume of natassumed to be represented by
each measured texture.
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Figure 2.15: Through thickness ODF from XRD shown by threessrsections of
constantp, angle for (a) 61-T4-S (b) 61-T4-B (c) 61-T6-B (d-T4-B and (e) 16-
T6-S and (f) 16-T6-B.
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Table 2.4: Volume fraction (%) of most important texture qoonents calculated
with the software of Van Houtte. For calculatiosarh EBSD data a spread of 11° is

assumed around each orientation and G is the nuwibgrains involved in the

calculation.

Sample G| Cube Goss Br & Cu P RG| D
16-T4-S-TD | 130 6.9 28 1p 46 18 16 50 09 23
16-T4-S-RD | 274 4.0 54 1B 46 20 15 53 P4 |25

g | Com-16-T4-S| 404 5.1 44 13 46 19 16 5.2 0.6 |24
B | 16-T6-S-TD | 220 4.2 29 14 47 211 3.0 52 04 23
S| 61-T4-S-TD | 413 52| 1.8/ 21 62 22 12 68 D9 7
D 61-T4-S-RD | 459 5.1 120 2p 69 28 18 6.6 [1.1 (3.2
Com-61-T4-S| 8724 5.2 1 22 66 25 15 67 |1.0 (2.9
61-T6-S-TD | 457 6.8 19 16 63 27 1.7 6.7 04 3.1
16-T4-S - 5.7 45| 1% 5 18 3 45 05 23
61-T4-S - 6.7 23] 17 5 2 15 6 142 27
x 16-T4-B - 9.7 1.7 14 37 1pb 19 41 11 22
E 16-T6-B - 9.3 26| 1.6 41 1) 18 42 14 22
61-T4-B - 7.3 14| 14 5 19 18 52 1.7 26
61-T6-B - 6.3 11| 13 43 1pb 18 44 19 21

From figure 2.15 it can be noticed that all the Gldfe qualitatively very similar.
All the textures are dominated by cube orientedingtaThey can also be
characterized by the presence of thibre, from Cube to Goss, and S/R oriented
grains (Table 2.4). Comparing the four as-receiweaterials, it is observed that
alloy 16-B has the highest cube volume fractionlevhilloy 16-S has the lowest
cube volume fraction and the highest Goss voluraetifsn. For both alloys it is
observed that S material has lower volume fractbrcube and higher volume
fraction of Goss than B material. No change inuextdue to the conversion from
T4 to T6 has been noticed. As observed in sectid? 2he grain size does not
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change due to heat treatment during the formaticrédrom T4, consequently any
texture change due to this conversion is also xp¢eted.

Texture characterization has also been performedy U BBSD measurements. The
sample preparation and EBSD settings have beenildeddn section 2.1.2. The
ODF has been calculated by the series expansiohochahcluded in the HKL
CHANNELD5 system using kax = 22 and half Gaussian spread of 7°. Orthorhombic
sample symmetry has been applied during the cdionlawhich is a valid
assumption for rolled material. Wild spike correatiand partial noise reduction has
been performed before the calculation of the OOBBFs calculated from EBSD
measurements on RD and TD cross-sections of the saaterial show some small
quantitative differences, which can be explainedthsy limited area of the EBSD
maps. For the sake of better statistics, measumsnom RD and TD cross-sections
were therefore merged by combining the series esipan coefficients (C-
coefficients) and using weight factors proportiot@mlthe map areas (indicated by
“com-" in Table 2.4). The volume fractions of tesgucomponents generated from
the EBSD measurements produce a very good agreenignthe ones from the
XRD data for both alloys (Table 2.4). The ODFs gated from XRD are
considered for future references in this thesis.

2.2 Static Ageing Kinetics

The ageing kinetics of the as-received materiats been measured from Vickers
hardness tests using the micro-hardness testedduetm Olympus. The load used
was 500 gf. Each result is an average of 7 measmsnand the accuracys2.5
for a confidence level of 0.95.

It is reminded here that the as-received mate(ibdg were heated to 180 for 4
hours followed by 17TC for 4 hours in an salt bath and water quenchddrta the
T6 temper. The natural ageing response has beesuneehover a period of more
than several years. Artificial isothermal ageing lhe&en performed by heating the
as-received (T4) and heat treated materials (T6bhiste different temperatures
(150°C, 180°C and 250°C) for different time peri@sl then quenching in water.
At 250°C annealing was done in a salt bath wheagasil bath was employed for
the other two temperatures.
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Figure 2.16: Natural ageing response of the as-received aatitreated materials
(a) 6016 (b) 6061

The natural ageing response for T4 state is predantfigure 2.16. There is only a

negligible change in hardness over the long tintogdeand 6061-T4 is found to be
harder compared to 6016-T4.
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Figure 2.17: Artificial ageing response of 6016 and 6061 Semals (a) T4 at
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The artificial ageing response for the T4 stateresented in figure 2.17a, 2.17c, and
2.17e. An initial drop of hardness for both theowd of T4 state is observed at
250°C, while the drop is absent for ageing at 188A@ 150°C. This initial drop in
hardness has already been reported [4, 5]. An. ¢éJafound that the depth of the
drop increases with temperature and that the toneeach the lowest hardness is
shorter at higher temperature. The following reasas put forward by An and his
co-workers: small clusters called natural ageing)Mlusters, are expected to form
at room temperature and are responsible for thength increase during natural
ageing. During artificial ageing the NA clusterseddirst to dissolve to release the
solutes required to form GP zones, which delays ftrenation of hardening
particles upon heating [5, 6, 7]. This is the reafaw the dip in the hardness curve at
250°C for the alloys in T4 state. There is no suchfdipthe ageing curves obtained
at 180C or 150C in the present investigation. The probable reasahe slower
dissolution of the NA clusters at lower temperatumad the simultaneous
development of the GP zones that compensates tigadss drop. Both 6016-T4
and 6061-T4 alloys have similar ageing kinetics seath the same peak hardness.
The main difference between the two alloys is #@edr hardness decrease of 6016-
T4 compared to 6061-T4 during overageing.

The natural ageing for the T6 stage also showsr@i®.16) the least change in
hardness value with time. Alloy 6016 is found to dlghtly harder in T6 state
compared to alloy 6061, whereas the opposite ésfouthe T4 state.

The artificial ageing response for the T6 statgrésented in figure 2.17b, 2.17d and
2.17f. As expected, the T6 state of both alloys wiasady at peak aged or even
overaged state as the ageing curves do not showleayinitial hardness increase.
The peak hardness values of the two alloys are acabfe. When plotted on the
same graph, the T6 curves follow the overaged qfathe T4 curves for all cases
meaning that overageing kinetics are the same dtir tempers. Ageing curves at
250°C clearly show that also in T6 state alloy 6@i@rages quicker than alloy
6061.

Three factors have to be considered when compatiegstrength and ageing
kinetics of the two investigated alloys: the totahount of Mg and Si alloying
elements, the Mg/Si ratio and the Cu content. 6364 balanced alloy that can
potentially form a higher volume fraction of Mg&j, GP zones or NA clusters than
alloy 6016. This can explain the higher hardnes80&f1 in T4 state. The higher Cu
content in 6061 also contributes to its higher Bddness. On the other hand, 6016
is a Si excess alloy. Excess Si changes the stoiatiry of Guinier Preston (GP)
zones and increases their number density [8]. hegetith the higher amount of Si
left in solid solution, this will increase the siggh [9] and partially reduce the
difference in hardness between 6061 and 6016. Bdtition of Si and Cu are
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known to speed up the artificial ageing kineticihe underaged regime [10, 11].
The very similar ageing kinetics of 6016-T4, witigtrer Si content, and 6061-T4,
with higher Cu content, can then be explained lgylthlance between the effect of
these two elements. The stoichiometry of Mi@recipitates responsible for the
strength in peak hardness or T6 state is usuatlyecto MgSis [12]. At T6 state
6061 becomes a Mg excess alloy and 6016 is s8li excess alloy. It is then not
possible to qualitatively comment about the relatsirength of the two alloys. Cu
addition has negligible effect on peak strength [A@ has been found to improve
the thermal stability of the precipitates [11]. lsian explain the slower coarsening
rate, hence hardness decrease, during overagei6@6&if compared to 6016. A
gquantitative comparison of the effect of the cheh@omposition of the two alloys
on their mechanical properties requires the useausfierical models and will be
done in chapter 5.

That 6061-T4 is stronger than 6016-T4, is evideminfthe tensile and deep drawing
test results discussed in chapter 4.
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CHAPTER 3

MECHANICAL TEST PROCEDURES

This chapter describes the procedures of all thehar@cal tests performed for the
present investigation at both room and warm tentpera. The reported procedures
pertain to Tensile, Plane Strain Compression, Wareep-Drawing and Biaxial
tests. The procedures for measurement of ear @rafitl thickness distribution from
the centre of the cup to flange are described asqgbahe post drawing analysis.
Tensile and PSC tests were performed on the thenewitanical simulator Gleeble
3800 and deep drawing at TNO Science and Industnghoven, The Netherlands.
The accuracy of the tests was determined and alltéists were found highly
repeatable.
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3.1. Introduction

The principle objective of this chapter is to déserthe mechanical test procedures
used throughout the investigation. Tensile, plainairs compression (PSC), deep-
drawing (DD) and biaxial (BA) tests have been del@¢dn the present scope of
research. The objective of these tests was to figeds the influence of process
parameters on mechanical response and to use $iudtsrdéo validate a work
hardening model and form an experimental yield $oased as input of a finite
element code. Tensile, PSC and DD tests were peeibat room temperature (RT),
150°C, 180C and 256C.

Tensile and PSC tests were done with the thermdiamécal simulator Gleeble
380C. The advantage of using this machine was the ateaontrol of temperature
and simultaneous heating and loading, so that oeftion could start immediately
after achieving the desired temperature. Apart figgnerating usual stress-strain
curves, the results of the tests were used to figeate the work hardening response
of the materials. The tensile curves were also deedhe validation of the work
hardening model that has been coupled with FEMriteioto incorporate the effect
of work hardening. The description of the work harithg model and subsequent
validation are discussed in chapter 5.

Force displacement response, ear profile and cugkrkss distribution were
measured to study the effect of process conditmm®D. These results are also
used for validating the FEM simulations in chapter

3.2. Tensile Test

3.2.1. Introduction

The uniaxial tensile test is the most common anpufa among all the screening
tests principally because of its easier controlrothe test parameters. The test
results are typically important in estimating vasoparameters that influence
formability [1,2,3,4] under simple loading condit@

In the present investigation, tensile tests wereiedh out using the thermo-
mechanical simulator Gleeble 3800. Tests were padd with 6016 and 6061
specimens of T4 and T6 tempers under different itiond. The chemical
composition and characteristics of these mateai@slescribed in chapter 2.
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3.2.2. Procedure and test conditions
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Figure 3.1 Design and dimension (in mm) of the tensile sp&cimen

The design and dimension of the tensile specimemp@@sented in figure 3.1. The
function of the two holes at either end of the @pen is to hold the specimen
between the grips. An extensometer was attach#iteahiddle of the specimen and
the test was gauge controlled so that the measutesheeformation was restricted
to the length within the two arms of the extens@nethe initial distance between
the two arms of the extensometer was 10 mm, eadftairdng 5 mm distance from
the centre of the specimen.
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Figure 3.2 Description of a typical tensile test
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The general description of a warm temperature leensst can be found in figure
3.2. The specimens were pre-loaded to 0.5 kN pressuthe beginning of the test.
The temperature started then to increase keepafpthe constant till the beginning
of deformation.After deformation the specimens were simultaneowusigled by
compressed air and unloaded. For the tests perbanBT, the same sequence has
been maintained without heating and cooling by amsged air. From the load-
gauge length curves so generated, the true sttesstrain response of the materials
was calculated and subsequently the 0.2 % offseitd yoint was determined.
Finally, the work hardening response was plottecireg true stress. Work
hardening coefficients (n) was calculated fromglmpe of the true stress-true strain
plot. The Lankford R-values were calculated froma #ipecimen dimension changes
along the gauge length and width.

The two alloys were tested approximately one yéar ¢éheir production in the form
of sheets. Tests were carried out at RT,°C5AL80°C and 25 for T4 and T6
tempers. The heating rate was’6fs for all cases. Tensile specimens were taken
from rolled sheets with the tensile direction plafaio the rolling direction for most
of the tests. Some tests were also performed wighténsile axis parallel to the
transverse, 45°, 30° and°6firections with respect to the rolling directian dtudy
the influence of plastic anisotropy. The detailsuttanisotropy results are discussed
in chapter 6. In order to investigate the effecswéin rate, tests were performed at
0.1 §%, 0.01 & and for few occasion 0.001*.sThe purpose of an extremely slow
rate was to observe the occurrence of any dynaneicigitation. Effect of holding
time at test temperature before deformation wasstigated at 25 for T4 temper
by using holding times of 2 s, 30 s and 600 s.
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Temperature distribution inside the deformation zone
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Figure 3.3 Position of the thermocouples for the temperapuodile test

For the warm temperature tests, maintaining théretbsemperature between the
two arms of the extensometer (i.e. deformation yaves an important issue. The
specimens were heated by the resistance Jould affddhe grips were kept cold by
the water cooling system. Consequently a temperagradient forms during
heating. Therefore, it was necessary to measurgethperature profile inside the
deformation zone. To this purpose, three thermoesupere placed at the locations
indicated by the circle marks in figure 3.3. Theomaple TC1 was placed at the
middle of the sample, thermocouples TC2 and TCZvadsiced horizontally 5 mm
and 10 mm away from TC1.

Table 3.1 Measured temperature by the thermocouples platdiferent positions

on the tensile specimen.

Sample TempC HR (C/s) TCL{C) TC2¢C) TC3(C) AD()
16-T4-S 250 50 250 244 233 6
16-T4-S 150 50 150 146 140 4
16-T4-B 250 50 250 247 133 3
16-T4-B 150 50 150 148 140 2

Y Temperature difference between TC1 and TC2.
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Table 3.1 presents the measured temperatures aimddifierences. The difference
has been found to bé® between TC1 and TC2 for a nominal temperatu256fC
(i.e. within the deformation zone) for 6016-T4 Steml. At lower temperature
(150°C) this difference is even lower °@). For B materials, the temperature
distribution inside the deformation zone was fowwen better compared to S and
the difference was found to be’@ and 2C for higher (250°C) and lower
temperatures (150°C) respectively. Therefore, thgimum temperature difference
within the deformation zone i@, which is within the accepted range reported by
other researchers [5]. Tests were also conductacingl the thermocouples at the
edges of the specimen (marked as x in figure 3iB)imthe deformation zone. For a
6016-T4 specimen, the difference between them wasd to be 1C, which is well
within the measurement accuracy. The temperatgtetlition is assumed to be the
same for 6016-T6, 6061-T4 and T6 specimens.

3.2.3. Accuracy of the test

250+ 95-
~200- E
E é 190+
21504 Average 7
@ 2 1851
£100- N
2 g
S 50 < 180
|_
0 T T T T T T T T M 75 1 M T T T T 1
0.00 0.04 0.08 0.12 0.16 0.018 0.024 0.030 0.036
True Strain True Strain
(@) (b)

Figure 3.4 Measure of repeatability for 16-T4-S at 150°Cn3ike direction along
RD.

Figure 3.4 shows three tensile tests with identioalditions carried out on sample
6016-T4-S at 15T and with a strain rate of 0.1"sThe average scatter from the
average plot i=1 MPa for the same value of strain. Therefore piteeess is highly

repeatable. All the test results presented inttiésis are average results of at least
two tests.
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3.2.4. Comparison between S and B samples
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Figure 3.5 Tensile tests along RD with B and S specimengdp6016-T4 at RT
and 250°C with a strain rate of 0.01 after 30 s holding (b) 6061-T6 at two
different strain rates after 30 s of holding at 250

Tensile tests were carried out with B and S mdteaorder to check the effect of
specimen thickness on tensile test results. Withoat same chemical composition
(refer chapter 2) and after same heat-treatmeistiitteresting to note from figure
3.5 that thickness has negligible effect on stetssin plot for all process conditions
meaning the tests carried with S and B materi@camparable.

3.3. Plane Strain Compression

3.3.1 Introduction

Orowan [6] first proposed Plane Strain Compres$RBC) tests as a simulation of
material flow behaviour experienced during platel atrip rolling. Since then,

extensive investigations have been carried out Hferdnt researchers using
different machines with standard principle testpayameters [7-10]. In the current
investigation, PSC tests are used to observe arasure the microstructure and
texture evolution at larger strains than the onbtained in tensile tests. This
information will contribute to the development ofysically based models that
include microstructural parameters such as theahsion substructure.
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3.3.2 General description
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Figure 3.6. Schematic of the PSC test

PSC tests have been done using the thermo-mechaincalator Gleeble 3800
under controlled conditions of temperature andirstrates. That the alloys were
tested approximately one year after their productitate is believed to have
negligible influence on the test performance. péstes of desired dimensions were
cut from as received sheets of 3 mm (B samples3dayk erosion technique. The
loading direction (LD) is perpendicular to the dshéparallel to ND) and the
extension occurs along the rolling direction (RBY) fost of the tests.



Chapter 3 43

(b)

Figure 3.7: (a) Schematic diagram of the PSC anvil (b) Gle&800 chamber

The specimen and anvil dimensions along with trerdser of the Gleeble 3800 hot
forging simulator are presented in figure 3.7. Tewe a uniform deformation of
the test specimen lateral rigidity and accuratgratient between the anvils were
checked carefully. It was found that flow patterould be asymmetric due to
misalignment [11,12]. The compression has beeropedd with 8 mm width (w)
anvils, made of Tungsten Carbide. Anvils are lonthan the specimen. Tungsten
Carbide is strong enough to sustain the load reqént during deformation and
does react neither with the test piece nor withltheicant. The ratio of anvil width
to sample thickness is always more than 2. As tivlsamove during deformation
the material is compressed (along, say, the z-aatig) extended along the anvil
width (say, x). The friction between the anvils @ahd sample has been reduced by
applying a paste made of chemically pure Ni andlgita that can withstand a
temperature up to 1400°C. The samples were prestbadth 1.5 kN force during
heating and holding before the deformation startee thermocouples were spot
welded at the middle of side of the specimen (a(thz)-plane). The heating occurs
following the principle of the Joule effeat 50°C/s, ensuring a very fast temperature
homogenization all over the sample. Strictly spegkithe displacement was not
restricted only to the (x,z) plane as lateral widgn(along y), though small, was
unavoidable. After deformation, the specimens wsiraultaneously cooled by
compressed air and unloaded. The entire procespiiesented graphically in figure
3.6. The maximum deformation imposed was 35% ofrttial thickness.
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3.4. Deep-Drawing

3.4.1 Introduction

Deep drawing of sheets is a widely accepted metbothe production of carbody
panels. It is also an important and popular progesse assessment of formability
of sheet metals. The objective of the deep-draviggis was to investigate the
influence of process parameters on the force-dispient curves, foot prihbf the
drawn cups used to characterize the earing preafiid, on the thickness distribution
along the cup cross section. Moreover, the resutt® also used for validation of
the coupled work hardening, crystal plasticity dfidite Element (FEM) models.
During cup drawing, the majority of the deformatimecurs in the flange region and
the average r-value,,q, is a good measure of the drawability. Higihgg values
prevent thinning in the cup wall by increasing plafiow in the flange resulting in
delayed onset of necking. Thus, highgy, increases the drawing depth. This
parameter was measured from the tensile testsmiegs@ section 3.2. Foot print
measurements were used to characterize the typeamptitude of planar plastic
anisotropy. In case of four fold symmetry anisojtopr also gives a good
estimation of the drawability. The higher thevalue the more pronounced the ears
leading to a reduction in drawing depth as earstnmmgs trimmed. Thickness
variation along the cup is also an important pateamas extensive thinning can
result in tearing. The change in thickness of drawps was observed and analyzed
by some researchers [13-16]. However, the full thécal description of the
drawing operation is less documented, as the donditof straining are complex
and vary from point to point in type and magnitulfetal drawn inwards over the
die is subjected to an enormous amount of hoop oessfve strain, while the part
formed over the punch profile is under biaxial tensExperimental investigation of
strains for drawing cylindrical cups from a flatailar blank was first done by
Chung and Swift [14]. In their analytical investiige for the cup thickness, they
assumed the strain rate to be constant during doawihich is not a tangible
assumption. Mahdavian and He [13] developed anytical model to calculate the
thickness of the drawn cup taking the friction tmetween the blank and the tool

! Equivalent to earing, i.e. a wavy projection fotha the open end of a cup or shell in the
course of deep drawing because of differences iiactibnal properties. Also termed as
scallop. An important consequence is inhomogenelistsibution of mechanical properties
and wall thickness due to volume conservation.
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into account. The reduction of frictional force wiasind to prevent the thinning of
the cup wall.

3.4.2 Procedure and test conditions

Warm deep drawing tests were carried out at TN@re and Industry laboratories
in Eindhoven (The Netherlands) on sheets of 60156061 of T4, T6 and W (as
solutionized) tempers. A 1000 kN hydraulic press wsed to perform the tests. The
general view of the tool and the press is showlfigure 3.8 and basic data are given
in table 3.2.

Figure 3.8 Picture of the applied tool set-up (a) overadiwi(b) tool set-up with
blank, blank holder, die, punch and heating arrareggs. The white wires are
connected to the heating rods while the blue waresconnected to the
thermocouples.

Table 3.2 Dimensions of the tool

Parameters Values (mm)
Punch diameterd() 110
Punch nose radius,j 10
Inside die diameterd() 113
Draw in radius 15
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die
blank n————— —
blank ¢
holder =4 punchf
AL AT
positioning Holding Drawing
(a) (b) (c)

Figure 3.1Q Schematic deep-drawing operation

A short description of the deep-drawing procedwepiiesented schematically in
figure 3.10. The blanks were placed on top of tb&l gunch, which was little
shifted vertically from the blank holder (figurel8a). The blanks were lubricated
with a water based paste that contained34d he paste was applied on both sides
of the blank before being placed on top of the qmithch. For drawing at warm
temperature, the die and blank holder were heajemidans of electrical resistance
heating arrangements while the punch remained doble internal water flow
throughout the entire process. The blanks werenasduo be heated up and reach
the desired temperature very quickly (in secondsy@on as they were in contact
with the die and the blank holder (figure 3.10t)eTholding time, which is the time
during which the blank is maintained at the drawtimgperature before the drawing
starts, is counted from the moment the hot dieldadk holder were in contact with
the blank. Other press parts were not warmer tl8d6.3During heating the water of
the lubricant evaporates leaving only the lubricant the blank. Drawing was
performed by moving down simultaneously the die dtahk holder while the
punch remained immobile (figure 3.10c). Drawing wstspped when the die
reached the desired depth, which was set beforblémk completely flows inside
the die. The cups were water quenched after waawidg. There was a time lapse
of around 5 s between the completion of drawingwater quenching. For drawing
at RT the sequence of operations remained exdwlgame, except the heating and
cooling steps.

The drawing tests were carried out for 6016 andl6aoys of W, T4 and T6
tempers. Tests were performed at RT, 180°C and@%@r different holding times
(10 s, 30 s and 600 s) and punch velocities (betWw8eand 120 mm/s). The drawing
depths were fixed either at 65 or 80 mm. The blaakling pressure (BHP) was
adjusted to ensure flowing of the material presseder the blank holder without
tearing while preventing wrinkling. All the aboveanameters were varied in one
series of tests, denominated test A. Another sefiexperiments termed as series B,
were performed to dissociate possible effects of geometry from the ones of
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plastic anisotropy. In test series B, the rollinigedtion of the blanks were put at
different angles with respect to a reference dioactf the tool. Series C was done
to examine the effect of friction between the blamd the tool by varying the
lubrification conditions. The results from seriesafe presented in chapter 4 and
chapter 5 to study the effect of precipitates, terafure and deformation rate while
series B and series C tests are reported in ch&ptexplaining the effect of
anisotropy.

3.4.3 Test output and accuracy

Apart from generating the force displacement respprar profile and thickness
distribution from the bottom to the flange of theawn cups were the two most
important outputs from the drawing tests.

Force displacement response

The machine recorded the data for ram foréergm) and blank holding force
(F_bht), the difference of which is the punch forée §). During holdingF_ram and
F_bht are equal and the blank remains immobile. Duriregmthg F_ram increases
andF_bht also increases to counter F_ram. WIelbht reaches the chosen blank
holding force, only=_ram continues to increase so that drawing starts. madment
defines the origin for the force-displacement plot.

120 1100
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1- > - Displacement e

~. 80 150 E
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o o
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Figure 3.11 Typical drawing plot showing the force-displacereesponse for the

material £_s), the blank holding forceH_bht) and the displacement of the die (u) at
different stages of drawing
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A schematic of the forces acting during the drawopegration can be seen in figure
3.11. The plot represents the changes of fofees)( BHP (_bht) and punch
displacementu) with time. There was a small value of positive Bldven during
the time of closing and holding.

Ear profile

(a) (b)

Figure 3.12 (a) Digital picture of the cup and (b) binarizptture with BC and
MC.

The plastic flow anisotropy was characterized byasueing the foot-print of the
cup. The digital pictures (figure 3.12af the cups were binarized and the distance
between the pixels of the outer circumference dwedcentral axis of the cup was
plotted as a function of the angle from the rollidigection @. A linear rule was
placed next to the cup and the length of the ruds wsed for calibration purpose.
All the cups were placed keeping the rolling dii@ethorizontally. So angles at 0°,
180° and 360° are along the rolling direction afid &nd 270° correspond to the
transverse direction. As noticed from figure 3.8 tentre of the bottom of the cup
(referred to as BC) and the centre of the outeuanference of the cup (named MC)
may be different. Both centres were considered ofware named “QWin” was
used to binarize, clean and fill up holes of thevappicture, find BC and the pixels
at the outer circumference. A second program, “G&tvas used to find MC and
calculate the distance (d) of the pixels from thi&eo circumference from either BC
or MC as a function of the angle from the rollirigedtion (6) (figure 3.13).
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Figure 3.13 Earing with BC and MC

MC is directly linked to the blank center and ttea profile from MC is then only
sensitive to the plastic flow anisotropy effect.eThoint BC corresponds to the
punch center and, therefore, the ear profile froé &so depends on the possible
shift between blank and punch centefithe less the misalignment the more
symmetric the ear profile from BC and the appearasfdboth plots converges. The
two centers (BC and MC) should merge togetherahkland punch centers were
aligned perfectly. During drawing at RT the problefcentre shifting was absent
and hence both plots were identical.

Thickness measurement

The thickness of the cups along a radial line gdmogn the bottom center to the
flange was measured by using a micrometer. Thé&nbgs profile along RD, TD,
30° or 45 from RD has been measured depending on the cspteopy. Standard
deviations have been calculated by repeating thasurement 10 times at three
significant locations: middle of the cup bottone,. ibetweenda], middle of the first
curvature, i.e. betweem,p] and middle of the wall, i.e. betweelnd] in figure 3.14.
The measurement accuracy was found to be +0.01Zanmil three locations and
the same value has been assumed valid for the gmbfile.
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Figure 3.14 General pattern of the thickness profile for lthéf cross-section of a
cup;sa: cup bottomss” punch axisab: zone around the punch radibg; cup wall,
d: die throatge: die profile radiusf: flange

Looking at the nature of all the plots some genesahments can be made. The first
noticeable reduction of thickness has been founflasi. This part was under
tension and bended around the punch radius whepuheh moves at the time of
drawing. The minimum of the thickness plot is saéposition €’ which is almost
halfway of the wall. The thickness increases frdmat tpoint up to the flang€)(
During drawing the reduction of the blank circunefece under the die and blank
holder generated a tangential compressive forcedaedo volume conservation of
the material this results in thickening. When thetahflows around the die radius, it
experiences a bending and unbending under tendichwnakes the sheet thinner.
The final thickness is then the result of a contjmetibetween these deformation
modes. In between the part of the blank that bandisnd the punch radiua,p] and
the part that flow around the die radibe] there is a small ring of the blank where
the thickness is close to the initial thickness)deethe local maximum at[15] has
been seen. The thickness at the bottom of the wapsound slightly lower than the
initial thickness for most of the cases. This d#fece (maximum 0.05 mm) actually
represents the stretching at the bottom of the.clips difference is, however, small
for most of the cases as the friction between thecp and the blank prevents
stretching.
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Accuracy of force displacement
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Figure 3.15 Reproducibility for 6061-T6 sheet drawn at 250°C

The general trend for the force-displacement phaiws a sharp increase up to a
maximum before the force starts to decrease. Theegs was found to be highly
repeatable, as depicted in figure 3.15. 6061-T@kdaof drawing ratio 2.0 were
drawn at 250°C with various punch velocities raggiom 60 to 69 mm/min. It was
found that for a holding time difference of 2 s floece variation is +1 kN for the
same punch velocity antl2.5 kN for different punch velocities. In generall
forces are withintl kN at RT andt2 kN at 250C for tests done under the same
conditions.
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Accuracy of ear and thickness profile
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Figure 3.16 Reproducibility of data corresponding to sam@&& T4 drawn at
250°C for three different tests with similar comalits. The earing profile was
calculated from (a) BC and (b) MC, whereas thekiiéss was assessed along (c)
TD and (d) RD

The earing profile calculated from MC, figure 3.4(shows that the results are
highly repeatable with a maximum variation of ab&0t9 mm although the exact
distance depends on the depth of the drawn cupd&parture of BC from MC due
to the misalignment (maximum 6.49 mm and minimuBiImm within all tests) of

the blank does not affect the repeatability for fibat-print measurement from MC.
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The earing profile curves formed with BC were ngimetric because of the
misalignment (figure 3.16a). Consequently, earingfiles calculated from MC are
used for the remaining of the thesis. The diffeesimcthickness between cups drawn
under identical conditions is lower than the thieks measurement accuracy, which
confirms the reproducibility of the drawing tesfigre 3.16c and d).

3.5. Bi-axial Tests

3.5.1 Introduction and objective

Bi-axial (BA) tests by means of through-thicknessnpression were performed in
order to achieve larger strain deformation at Rintin tensile tests. The BA yield
point would be also useful to construct the experital yield locus at RT.

3.5.2 Procedure and test conditions

The equi-biaxial tests were performed at Tata Si€elus Research Development
and Technology at the time of the tests), IImuidéme Netherlands. A stack of
eleven square sheets have been glued with a PyeEagure 3.17a) combined
with preserving oil as a lubricant [16]. By applgina compressive stress
perpendicular to the plane of the glued sheetbi@asrsin the figure 3.17a, the stress
state can be compared with an equi-biaxial striede.sWith this configuration it is
possible to achieve a stress-strain plot with veigh strain levels. A friction
correction has been applied after the test. A rafiteight-to-width of 1.25 was
found to be suitable in order to keep a frictiostaéss minimum [17]. The tests were
carried out in a MTS hydraulic testing machine amdneasure the displacement
along both in-plane directions a cross extensonvedsrused, cf. figure 3.17b. Three
strain rates 0.001’s0.01 & and 0.1 § were used at RT for both alloys of T4
temper.
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@ (b)

Figure 3.17 (a) Stacked sheet specimens (b) View of crosnsgimeter

Accuracy of bi-axial tests
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Figure 3.18 Tests for repeatability with 61-T4-S-RT

Figure 3.18 shows that the bi-axial tests are kigtdpeatable and the stress
difference between tests with identical conditiaiess than 1 MPa.
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CHAPTER 4

EFFECT OF SOLUTES AND
PRECIPITATES ON MECHANICAL
BEHAVIOUR

This chapter provides a description of the effdcsautes and precipitates on the
mechanical response of 6xxx aluminium alloys thfotgnsile, biaxial and deep-
drawing tests. Different solute and precipitatéestavere obtained through variation
in temper, holding time before deformation andistrate. Precipitates are found to
have a large influence on the yield strength of thaterials while solutes

predominantly control the work hardening rate.sltaiso shown that at extremely
slow deformation rate evidence of dynamic precijutahas been revealed.
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4.1 Introduction

Most pure metals are soft at ordinary temperataréhair crystal structure offers

hardly any resistance to dislocation motion alolig ganes. The strength increases
after appearance of obstacles to hinder the maifodislocations. The obstacles
may be in the form of grain boundaries, second @hmsticles, solute atoms and
dislocation arrays. Precipitation hardening, wharall particles inhibit the motion

of dislocations and hence strengthen the metal, b applied since long to

improve the mechanical strength of aluminium allolys general the precipitates

should be present with high density to maximize strength increment. The stress
during plastic deformation, called flow stress,reases with accumulated plastic
strain. The entanglement of dislocation motion layiaus sources, and hence the
dislocation accumulation, is the most importanuctiral phenomenon associated
with plastic deformation. The dislocations tendféom three dimensional arrays

which depend on strain, strain rate, temperaturevels as materials features like

stacking fault energy, crystal structure, solutatent etc. Dislocations also interact
with existing precipitates or with precipitates rfang on dislocations during

deformation, i.e. dynamic precipitation [1]. Wherecend phase particles are
sufficiently strong and cannot be sheared by dadloos, they give rise to an

improvement of flow stress and work hardening. Eheard particles complicate the
slip in the matrix resulting in a rapid build updislocation density.

In aluminium alloys the dependence of the flowsgren the Peierls-Nabarro stress
is small. The main contribution comes from the solatoms, shearable and non
shearable precipitates or dislocation-dislocatioteraction. The change in nature
and density of the obstacles changes the evolofiavork hardening. The strongest
aluminium alloys are produced by age hardeningeat treatable alloys (2xxx, 6xxx
and 7xxx). The improvement of the mechanical prigeris obtained by the
precipitation of a fine dispersion of nano scalecipitates from a supersaturated
solid solution during ageing. The presence of fie@o scale precipitates is more
effective in blocking dislocation motion as comphte dispersoids (50 to 500 nm)
and hence precipitation strengthening is more gffechan strength effects from
dispersoids. Precipitation hardenable alloys gediyeexhibit low strain hardening
rates. Strain rate hardening plays a more importaatin improving the resistance
to strain localization and the increase of straite rsensitivity with temperature
becomes a key mechanism in improving the warm foiliha One important
observation of precipitation hardenable alloyshiattthe increase of the forming
temperature produces only a slightly improved penénce for stretching
operations while it greatly improves the formailin drawing operation [2]. The
principle aim of this chapter is, therefore, tontfy the effect of precipitates on
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yield strength and work hardenig under differergiag conditions and deformation
modes. The data generated are used in a work hagdeodel in chapter 5.

Precipitation in 6xxx system occurs through a sagaef several metastable phases
up to the stable ones. These metastable phasesmpogtant since the optimum
mechanical properties are usually obtained in mseof a distribution of
metastable phases. Concerning the sequence antustrof the precipitates quite a
large number of results have been published. Apprately 20 structures have been
proposed between the initial supersaturated soligtion and equilibriunp phase.
The structure of precipitates at the early stageotswell established owing to the
difficulty of observing and quantifying the micrastture on such an ultra-fine
scale. Drastic quenching from homogenization oruskbn temperature produces a
solid solution supersaturated with Mg and Si. Owimdhe higher solubility of Mg
in Al, Si comes out of the solution and forms ocbust when stored at room
temperature. Formation of Mg clusters has also Ibeparted [3]. Further storing or
heating causes diffusion of Mg and formation of Blgnatural ageing clusters
(NA). The first phases to precipitate are caliedl zones. Formation oGP zones
occurs with the help of quenched-in vacancies. #dwtby Edwards et al. [4]
revealed the presence of two types @P zones namelyGP-1 and GP-Il or
alternatively callegs". Fully coherent spheric&P-1 zones exhibit a size range of 1
to 3 nm. Partially coherer®P-1l zones appear as needles having up to 5 nm in
width and 50 nnin length. The next phase in the transformatiorusege is8 .
has a rod shape and a lower Mg/Si ratio thahhe stable phase f5(Mg,Si). 6xxx
aluminium alloys obtain their maximum strength begpitation of" metastable
phase. An excess Si (Mg[wt%]:Si[wt%]<1.7), as ie ttase of 6016, is found to [5]
enhance the age hardening response by increassmgnumber density of3"
metastable precipitates. It also reduces the M@t in earlyGP zones and co-
clusters. For a Cu containing alloys like 6061,i€found to accelerate the kinetics
of precipitation and increase the strength duririficial ageing. The effect ifarge

in the underaged region and smaller but noticeahl¢he value of peak hardness
[6]. Extra precipitation off" has been identified apart froBP zones resulting in a
much finer precipitate distribution for the alloyittv a higher Cu content. The
maximum hardness in these alloys is obtained bgadhebination of smalGP zones
with approximately 2.0 nm diameter and needleg"akith typical length size of 10
to 15 nm. The density of these precipitates is tagh fors" needles a value of
10/um?® has been reported [6]. The determination of theirmgsequence for such
alloys is also complicated by the presence of riwgia one co-existing phase in one
particular heat-treatment stage. The increasedpi@iion kinetics is supported by
the formation of theQ” phase in addition to the precipitates formed i tbrnary
alloys.Q’ is the precursor phase of the equilibri@mphase [6]. The addition of Cu
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also reduces the deterioration of the age-harderesgonse arising from natural
ageing of Al-Mg-Si alloys. It is also reported [Bjat Cu addition increases the level
of supersaturation of Mg and Si by retarding thenfation of Mg-Si clusters during
natural ageing. In 6061 alloy the sequential appeag of precipitates is mostly the
same than in the ternary Al-Mg-Si alloys, only #ieetics may be faster due to the
presence of Cu. AlsQ (Al.,CuMg,Si,) is expected to form due to the same reason.
Pre-deformation also influences the precipitationetics. Initially the ageing
kinetics of deformed materials is similar to theeaf undeformed materials but it
decreases rapidly due to progressive annihilatibrthe quenched-in vacancies
towards dislocations. Precipitation during deforiowat conventionally known as
dynamic precipitation, occurs when deformation &f@rmed in a supersaturated
solid solution. Precipitation can appear at a mdakter rate than that in
conventional conditions at temperature over 1701C

The variety of precipitates that can form in 6xiloys, depending on the process
condition, shows the necessity to investigate ffeceof precipitates on mechanical
properties under different conditions. Several ipitate distributions have been
obtained by changing the temper or holding timdedbrmation temperature before
deformation. A variation of the deformation rateswased to reveal the effect of
dynamic precipitation. The chapter starts with stigating the effect of precipitates
during tensile (section 4.3.1) and by bi-axial {get4.3.2) tests followed by their
effect during a deep-drawing forming operation {®&c 4.3.3). The chapter
concludes with a detailed discussion of the submeigeffects. The influence of
precipitates on plastic anisotropy is presentechapter 6.

4.2 Experimental Conditions

Tensile tests were mostly conducted at room tenjperdRT) and 250°C for 6016
and 6061 specimens of both S and B with 1 mm amar3thicknesses respectively
and T4 and T6 conditions. Some additional testevadso done at 150°C and/or
180°C. The strain rates chosen were 0.01 and ®.dnder normal circumstances
and in some cases 0.001ts study the effect of dynamic precipitation. Babtests
at a strain rate of 0.1, 0.01 and 0.0dwere carried out only at RT for S materials.
Deep-drawing tests were also conducted at RT afAfifor T4 and T6 conditions.
Additional tests were done at 250°C immediateleraffolutionizing the blanks at
540°C for 1 h (W temper). The Blank Holding Press@BHP) has been kept
constant at 4.1 MPa for the tests conducted at ®Rir2a5 MPa for tests at 250°C
while the punch velocity (PV) varied between 60 min/ and 78 mm/min for the
standard tests. Additional tests were done witWVafund 10 mm/min to study the
effect of a low PV and 120 mm/min for high PV. Timechanical test procedures
were described in detail in chapter 3.
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4.3 Results

4.3.1 Tensile tests

The effect of solutes and precipitates on tengitg@rties has been investigated by
varying successively temper, holding time beforettfst and strain rate.
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Effect of temper
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Figure 4.1 Effect of temper on true stress-true strain plotga) 6016 alloy at a
strain rate of 0.01°Yb) 6016 at a strain rate of 0.1 &) 6061 at a strain rate of
0.01 §' (d) 6061 at a strain rate of 0.1 §he tensile direction is parallel to RD. The

cross marks in the figure indicate the end of umifelongation

Figure 4.1 illustrates the effect of temper fortbatloys at two strain rates and two
temperatures. As expected, for all conditions T@eni@ is stronger compared to
T4, although the rate of work hardening is higher the T4 state at both
temperatures (figure 4.2). The difference in woakdening rate is smaller at room
temperature than at 250°C. For T6 state deforme&2b@tC there is practically no
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work hardening and the true stress true strainecappears almost like a plateau
before the onset of necking.
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Figure 4.2 Effect of temper on work hardening rat for (a) 6016 at a strain rate
of 0.01 §"and (b) 6061 at a strain rate of 0.01 he tensile direction is parallel to
RD. ¢ is flow stress and, is yield strength
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Effect of holding time
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Figure 4.3 Effect of holding time at 250°C on true stressetstrain plot for (a)
6016-T4 (b) 6061-T4. The tensile direction is piatab RD.

The effect of holding time, i.e. the time periodveeen the end of heating of the
specimen to the desired test temperature and #ne oft deformation, is shown in

figure 4.3 for two strain rates. The holding timnte2&0°C has been varied from a
very short period (2 s) to a long period (600 shvein intermediate standard (30 s)
holding in accordance with the static ageing kioeets reported in chapter 2. At
250°C, from the static ageing plot of T4 materialfias been observed that the
hardness value decreases slightly between 2 arsda3olding and this evolution

corresponds to the dissolution of small naturalirmpelusters. Figure 4.3 shows,
however, that this dissolution has almost no effattthe stress-strain plot as the

“HT02" and “HT30" plots are completely superimposed
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Figure 4.4 Evidence of prolonged necking for alloy 6016-2%0°C for (a) tests
with different holding time before the tensile tést Specimen with diffused
necking tested after a holding time of 600 s.

Increasing further the holding time to 600 s resinta clear change in mechanical
behaviour for T4 materials. With a positive stréiardening response only for a
short initial part and higher yield point, the nr&k shows the character of
prolonged diffused necking (figure 4.4). Similaress-strain curves are found for T6
material held for 600 s before deformation. For féterials, this situation

corresponds to peak hardness according to thec sdgting curves. There is a
continuous evolution of work hardening behaviouewlthanging from T4 material

with a holding time of 30 s to T6 material and thenT4 and T6 materials with a
holding time of 600 s; the uniform elongation deses and the total elongation
becomes dominated by post uniform elongation. Ffmyure 4.4b, it seems that
crack initiated from the centre of the specimen gmeéads towards the edges.
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Effect of strain rate
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Figure 4.5 Effect of strain rate on true stress-true strairve, with tensile direction
parallel to RD, of (a) 6061-T4-S and (b) 6061-T6F8sts at 250°C were started
after 30 s holding at this temperature

The effect of strain rate has been investigatedbfith alloys and temper at RT,
150°C and 250°C by comparing results at two straiies: 0.1$ and 0.01 8 (figure
4.5). For T4 materials there is no difference intenials response under different
strain rates at room temperature resulting in s&m@n rate sensitivity. At 150°C the
rate of work hardening slightly increases with istreate for both tempers T4 and
T6; T4 specimens deformed at 250°C clearly showistindt behaviour; with
decreasing the strain rate down to 0.081he yield strength decreases but the work
hardening rate becomes initially higher before rsdiing rapidly, resulting in a lower
uniform elongation (figure 4.5a). The above obséows are found equally true for
6061-B, 6016-S and 6016-B materials.
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4.3.2 Biaxial Tests
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Figure 4.6 Effect of temper on true stress-true strain plot6016 and 6061 alloys
at RT, at a strain rate of (a) 0.01(b) 0.1 &' and (c) evolution of strain rate during
the test with 6061-T6 (d) response of strain rate6061-T4

The results of the compression tests of stacketkglaised to represent the equi-
biaxial behaviour as described in section 3.5 paesented in figure 4.6. The higher
strain could be reached with the biaxial test camgbdo the tensile test. The strain
rate has been nicely maintained stable throughwmitdst as shown in figure 4.6c.
Figure 4.6a and figure 4.6b confirm that in T4 dtind, 6061 is significantly
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stronger than 6016 but the difference is reducedl ®temper. Figure 4.6d shows
that the strain rate also has a negligible effadthe stress-strain response at RT.

4.3.3 Deep-Drawing

It is not possible to achieve the full theoretickscription of the deep-drawing
process because of its complex straining conditind its variation from point to

point in magnitude and type. The metal drawn inwasddergoes substantial hoop
compressive strain while the part over the pundiilprundergoes bi-axial tension.
The effect of precipitates on force-displacemengtfrint and thickness under
different conditions of drawing are presented oo sheet alloys.

Effect of temper

120, 120,
100+ 100+
= 80 = 80
SN =
o 60- o 60
S o
S 4. 0 S 404
L 40 w L 40 —%—61-T4
' T / —A—16-T4
20 —0— 20144 -
. 6 ¥ —O— 16-T6
0 T T T T O T T T
0 15 30 45 60 0 20 40 60
Displacement (mm) Displacement (mm)
@) (b)

Figure 4.7: Effect of temper on force-displacement plotsZ2°Z for (a) 6016 and
(b) 6016 and 6061

The punch force — punch displacement plditgure 4.7 are found consistent with
the ageing curves and as expected W condition septe the softest and T6 the
strongest material. The force response of T4 andowditions at the beginning of
deformation are the same before T4 gets strongdrdaparts after some point
(figure 4.7 &
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Figure 4.8 Effect of temper on thickness distribution at 260dor (a) 6016 and (b)
6016 alloys.

The basic nature of the thickness distribut{figure 4.8 is found independent of
alloy and temper. More stretching at the bottomngld’ D is observed for W
compared to T4 and T6 tempers but this is well witthe accuracy limit of the
experiment.
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Effect of Holding Time
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Figure 4.9 Effect of holding time at test temperature befdrawing on force-
displacement plot at 250°C for (a) 6016-T4 ando@)6-T4 and 6061-T4

The effect of holding time has been investigatedfuth alloys by holding the plates
between the die and blank holder heated to 250fGliféerent time spans before
drawing but keeping the same punch velocity andkblelding pressure conditions.
The holding time has been varied from 32 s to 10 anider T4 state. The effect of
precipitates on the drawing force is clearly verygited as there is no significant
difference among the plots of different holding ainffigure 4.9). Although for
longer holding time the initial force increase iseper, interestingly the maximum
for all the plots has been found to be the samé&Khbss plots were also found to
overlap with each other. Only for alloy 6061 the arawn after a longer holding
time was found thinner along the TD direction aftex first curvature.
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Effect of Punch Velocity
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Figure 4.1Q Effect of PV during drawing of 6016-T4 sheet 802C on (a) force-
displacement plot and (b) force-time response

Figure 4.10 compares the results obtained withvea RV (13 mm/min) to the
standard case (78 mm/min) for 6016 in T4 state58f@ keeping the holding time
and blank holding pressure constant. It can becedtfrom figure 4.10a, that the
drawing force is higher for lower PV. Like otherrameters, the PV has no
influence on thickness plots.

4.4 Discussion

4.4.1 Effect of solutes and precipitates on the mechaniteesponse

The effect of solutes and precipitates has beesstivated by varying the temper or
the holding time at warm temperature before deftiona T4 (naturally aged)
materials have been subjected to a heat-treatnfie803C for 4 hours followed by
170°C for 4 hours to achieve the T6 state. Accaydinresults in chapter 2 (figure
2.17), T4 specimens held for 600 s at 250°C befeaen deformation have also
reached the peak aged condition although the ptatEp (population, morphology
and size) is expected to be different than for E6ause of the different ageing
temperature. The influence of solutes and predgstan yield point and work
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hardening can directly be noticed from the tenaild bi-axial tests while the punch
force-displacement response derived from the deaywidg experiments results
from the full stress distribution in the cup makihg interpretation more complex.

For all cases the yield strength was found higberTi than T4 temper condition
(figure 4.1, figure 4.6, and table 4.1). Similarhlding T4 specimens for 600 s
before the test at 280 drives the material towards the T6 state andrabyuthe
alloy exhibits a similar yield strength than T6 vl (figure 4.4). The yield
strength is a function of density and size of thetacles. Values from literature in
terms of precipitate density indicate that T4 eithila higher density than the T6
condition (e.g. 3x1% and 4.2x18f particles/m for 6016-T4 and 6061-T4 compared
to 1.5x16° and 4x16 for 6016-T6 and 6061-TE]). So clearly the size effect of
the particles dominates over the density contrisutiThe precipitates in T6 being
larger, they pin dislocations more effectively thha ones in T4.

Table 4.1.0.2% off set yield stress (%%, and parameters of the Voce equation

fitted to the experimental tensile test resultswaitstrain rate of 0.01's

T4—-RT T4-250°C T6-RT T6 - 250°C

6016
YSos(MPa) 153 86 261 157
Omax(MP) 2070 1310 1390 580
IB| 10.7 18.1 9.0 37.8

6061
YSos(MPa) 178 115 247 171
Omax(MPa) 2180 1720 1390 920
IB| 11.0 17.5 11.3 23.4

The work hardening rate in a precipitation hardeakaly is generally controlled by
the interaction of dislocations with the soluteét e the matrix and with the
precipitates. The Equivalent Circular Diameter [(B®f the precipitates in T4
condition is nearly 1 nm while that for T6 condititt was reported to be 2.5 nm and
3.7 nm for 6016 and 6061, respectivgy]. Furthermore, in the T4 stage the
precipitates are mostly spherical while they am shaped3”in the T6 stage. The
above facts show that a less dense population gifebiprecipitates results to a
decrease of work hardening rate. At 250°C the virankdening rate for T6 decreases
to such an extent that the true stress strain dureemes practically flat resulting to
almost no work hardening. The work hardening ragesws flow stress plot, or
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Kocks-Mecking plot, had proved to be an efficiempnresentation to analyse
experimental data. The Voce equation has then fitéeth to the stage Il part of the
work hardening curves in order to determine th&ahivork hardening rate at the
beginning of stage Il Qmax=dcr/d£p) and the dynamic recovery parameter

(B =d6/do during stage Ill) (table 4.1). At RT the lower wdnlrdening rate for

T6 materials compared to T4 comes from a lower evafig,, since values are
similar. This is in accordance with other experitagédata [9,10] that show that the
initial work hardening ratef,,,) of T6 or peak-aged materials is minimum, meaning
that precipitates do not contribute to the stom@fgdislocations. Several explanations
have been proposed in order to explain this effébeng et al. [9] proposed that
precipitates at peak-aged conditions are still tida while Simar et al. [10]
suggested that precipitates at peak-aged condidomsion-shearable but because
their size is only slightly larger than the tramsitradius shear-by pass they can still
be sheared after accumulation of Orowan loops.dewease o8, from T4 to T6
tempers is therefore usually explained as the resgolution depletion [10,11]. It is
also expected that, when going from T4 to T6, tbieite depletion should make
dynamic recovery faster while the growth of shebrgtrecipitates should make
dynamic recovery slower. Literature data show thatdynamic recovery parameter
(18) is unaffected or slightly decreased when chandimom the T4 to the T6
condition, which means that the effect of precieisatends to dominate. Our
experimental results also show the same at RT.obteineds values are similar to
the ones reported for AA6111 [9] or for AA60O5A [10his implies that dynamic
recovery in AAG6xxx series is relatively independehthe exact solute content and
precipitate distribution.

At 250°C, the observed decrease of work harderatgyfrom T4 to T6 condition is
due to both a decrease &f,,and an increase d|| Lower g, values for T6 can be
explained by the depletion of solute during ageasgt was at RT while the sharp
increase offj] between T4 and T6 tempers suggests that at higineperature,
solutes control dynamic recovery.

There is a clear correspondence between the ircnedse of the drawing force

during deep drawing and the yield strength or hasdrof the material and therefore
with the precipitate population; at 250°C the dragyviforce increases less rapidly
during drawing of T4 blanks than during drawingTd blanks (figure 4.7b) or T4

blanks held for 600 s at 250°C (figure 4.9b). Theo tlast cases are similar.
Furthermore, the effect is more pronounced for 6@i#h 6061. The change of
hardness between T4 and T6 or after 600 s ageiB§QC is also higher for 6016
than for 6061 supporting the correlation betweenens strength and the increase
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rate of drawing force. Only drawing of W blanks elsoa departure from this
observation since drawing of W and T4 blanks rexpia similar force at the
beginning of drawing while W material has a lowe¢ strength than T4 one.

Looking at the temper effect, the maximum drawiogé increases when following
the temper sequence: W to T4 and to T6. This sugdkat the maximum force is
related to the yield strength or hardness too. Hewencreasing the holding time
before drawing from 30 to 600 s has no effect enrttaximum force of T4 blanks,
while it was shown it increases the yield strerigththe same level of T6 material.
Therefore, there is no one-to-one relation betwgetd strength and maximum
drawing force. In the present investigation the imapn force was reached after
approximately 30 mm of punch displacement, whichrisugh for the formation of
the cup bottom and the first curvature of the waherefore, the contribution of
work hardening becomes important when the maximamef is considered. An
interesting observation from the present investigatan be made in support of the
above proposition. The lower maximum force durirg for naturally aged material
with long holding time, compared to T6 materialndze explained by considering
the higher work hardening rate for T6 compared 4orfaterial with long holding
time (figure 4.4).

The results presented in this chapter can be eqaabn a qualitative basis, but a
more detailed analysis of the deep drawing proisegsesented in chapter 7.

4.4.2 Effect of alloy composition
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Figure 4.11 Effect of alloy composition on material strengtiring (a) tensile test
of T4 specimens with 0.01'strain rate (b) deep-drawing test of T4 blanks.



Chapter 4 75

1.6-

1.5 ——16-RT
e —%— 16-250
c 1.4 —0—61-RT
gl_?’_ ——61-250
Q1.2
1.1
F1.0-

0.9

0O 40 80 120
Dist. from Centre (mm)

Figure 4.12 Effect of alloy composition on the thickness dizttion for T4
conditions.

The effect of alloy composition has been demorestrdbr tensile tests (figure
4.11a), bi-axial tests (figure 4.@ad b) and deep drawing tests (figure 4.7b, 4.11b
and 4.12). In T4 condition, 6061 is stronger than 6@déterial in tensile and bi-
axial stress mode for all the respective tempeeatuin line with hardness
measurements. The work hardening rate is also highdooth temperatures, which
is due to the higher initial work hardening raig., (table 4.1). Both observations
logically explain the higher drawing forces for 8964. The reason for the higher
strength of 6061-T4 compared to 6016-T4 has beptaimed in chapter 2 (section
2.2). Tensile tests also confirm the RT hardnesasmmrements in T6 condition with
lower yield strength for 6061 than for 6016. Intmgly, at 250°C, the yield
strength of 6061-T6 is again higher than for 6086ds was the case in T4
condition. It was shown in chapter 2 that explajnthese differences requires a
guantitative estimation of the solute content araprecipitate distribution. At both
temperatures, however, it was observed that thé Wwardening rate is higher for
6061-T6 compared to 6016-T6, as it was observed4oiThe main difference is the
much faster recovery rate (high@t)|at 250°C for 6016-T6 compared to 6061-T6
(table 4.1). Concerning the thickness distributitiiere is hardly any difference
between the two alloys. The thickness profile (fegd.12) is higher for 6061 owing
to its higher initial thickness. Therefore, thefeliénce in composition and hence the
precipitate state does not affect the thicknesglgifor the present investigation.
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4.4.3 Effect of dynamic precipitation

The possible effect of dynamic precipitation hasrbévestigated by varying the
strain rate and PV of tensile and deep-drawingstesspectively. In case of T4
material deformed at 250°C it has been observet winek hardening becomes
faster with lower strain rate during tensile tg$iggure 4.5) and that the punch force
increases with decreasing PV during deep-drawiiggiié 4.10 and figure 4.13a and
b) so that the initial soft material gradually bews harder and approaches the T6
one. Both alloys exhibit qualitatively a very siarilbbehaviour and the difference is
only quantitative. These observations can be expthiin terms of dynamic
precipitation behaviour. Dynamic precipitation i®tnuncommon in aluminium
alloys. E.g. evidence of dynamic precipitation hde=n reported for 6061, 6111
[12] and Al-Zn-Mg [13] alloys. Since precipitatios a diffusion controlled process
slower strain rate allows more time for precipaatto take place. The static ageing
curve (cf. chapter 2) at 250°C for 6016-T4 and 6081showed a drop of hardness
after 30 s and a rapid rate of increase after 3 ofimnnealing. However, the
maximum hardness was attained after 10 min of ggdduring tensile tests, after
holding at 250°C for 30 s the time to reach the imamn force with a strain rate of
0.001 & was about 50 s. The time to reach the maximumefdizing the drawing
test is around 160 s (plus 30 s of holding time)léavest PV of 11 mm/min (figure
4.10b). This means that during deformation, sigaiit increase of hardness, hence
precipitation occurs according to the static ageingve. Furthermore, it has been
reported that dynamic precipitation brings down tbeer-ageing time from
1000 min to 1 min at 170°C [7] for AA6061 indicagirthe pronounced effect of
deformation. Another study [14] on the same alloyowed that dynamic
precipitation by equal channel angular extrusi@o drings down the time to reach
the peak hardness from 1000 min to 10 min comptoestatic ageing. Therefore,
dynamic precipitation is indeed expected during $hkew strain rate tests of this
investigation.
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Figure 4.13 Effect of precipitates at 250°C for (a) deep-draywvith 6016 (b)
deep-drawing with 6061. Standard holding time is3Mhd PV is 60-80 mm/min.

It can be seen in Figure 4.13b that deep drawingdoblanks at 250°C with punch

velocities between 60 and 120 mm/min produce thmes#orce displacement

response. It shows that no dynamic precipitatikledaglace in this PV range. Figure
4.13 also compares the effect of different waysptoduce precipitates on the
drawing force. The interesting fact that can becect is that the force displacement
response is very similar to the one in T6 conditi@eause of dynamic precipitation
at the lower PV rates. On the other hand, pre¢gstéormed by holding the blank at
250°C for 10 min before drawing do not result igher maximum forces than in T4
condition but only lead to a faster force increasailar to the one observed in

drawing T6 sheets.

4.5 Conclusions

The effect of solutes and precipitates on the mmichh properties has been

investigated from various perspectives. The rediritgen from various mechanical

tests e.g. tensile, bi-axial and deep-drawing ahrand higher temperatures are
similar in nature and helped to draw the conclusion

The higher work hardening rate or increase in dngworce with displacement for
the natural ageing state (T4) compared to thei@dtifageing one (T6) is attributed
to the lower solute content in the matrix in Tétestavhich controls the dislocation
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storage rate. In both tempers precipitates do ontribute to work hardening. At
higher temperature, solute content is also founihfimence the rate of dynamic
recovery. The higher yield stress for T6 is puréle to the size increase of fine
shearable precipitates. The increase of holding tiram standard (30 s) to 600 s
yields a similar strength response to the one péthin the T6 state. Longer holding
time tests are associated with the occurrence abpged diffused necking before
failure during tensile tests. With extremely slowfarmation rate evidence of
dynamic precipitation is revealed. The analysistha results also show that the
increase rate of the force during drawing bearslation with the material yield
strength while the maximum drawing force is alsatoalled by the work hardening
properties. Despite their influence on yield sttérend work hardening rate, solutes
and precipitates do not have any influence onhiukness distribution plots.

The two alloys did not show any remarkable qualieatdifferences for the
properties under investigation. Alloy 6061 is fouladbe stronger than alloy 6016
and work-harden faster at all temperatures.
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CHAPTER 5

WORK HARDENING IN 6XXX
ALUMINIUM ALLOYS

This chapter provides a description of the inflleen€temperature and strain rate on
work hardening. Uniaxial tensile and deep-drawiegis have been selected to study
the mentioned effects. Gallium enhanced micros@uyEBSD measurements have
also been used to reveal the effect of work hardepn microstructure in terms of
substructure formation and degree of misorientatibhe chapter proposes an
adaptation of theNes work hardening model to the case of 6xxx seri€khe
simulated true stress-true strain response of théenml is compared with the
experimental one over a temperature range from rtamperature to 250°C and
strain rates varying from 0.01's0 0.1 § for both alloys and tempers. The model
successfully predicts the material response.
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5.1 Introduction

Strain hardening or work hardening is an imporfalnénomenon associated with
plastic deformation of polycrystalline materialsndortant phenomena in plastic
deformation like the development of preferred @isgraphic orientations,
dislocation cell formation, plastic flow localizati, generation of residual stresses,
or fracture can be strongly influenced by work Ieaiidg properties. Work
hardening plays, therefore, a vital role in codingl plastic deformation, flow stress
evolution, strain distribution and, consequenthg tmetal behaviour during forming
operations.

The formation of a dislocation substructure is elpsassociated with the ability to
climb or cross slip of the dislocations. For alldes of deformation grains are sub-
divided into volume elements that are misorientétth wespect to each other. Based
on a large number of microstructural observatidtemasen et al. [1,2,3] and Hughes
[4,5] distinguished two levels of subdivision in digm to high stacking fault
energy metalsDislocation cells, commonly known as the smallegb-division
units, are constituted due to statistical trappafigylide dislocations together with
forest dislocations. Geometrically necessary botiadaand microbands form at a
larger sub-division scale. They surround cell biotgkwhich different combinations
of active slip systems operate. In order to accodat® the resulting strain
variations between the cell blocks these geomdiyicaecessary boundaries
incorporate the lattice rotations. Therefore, tlegrde of misorientation is larger
across the geometrically necessary boundaries aeahp@ cell walls. Because
dislocation walls and microbands are distributedulghout the entire volume of a
grain, strain accommodation occurs, therefore tinout a grain. Misorientations
across the geometrically necessary boundaries imélease during deformation
owing to the slip on different slip systems in ridigring cell blocks. The need for
extra accommodation due to diverging orientatianaeighboring cells is achieved
by further sub-division through the creation of roltands and new dense
dislocation walls within cell blocks. As furthermyrain formation requires climb
and cross slip, this is a thermally activated pssc&o, hot or cold deformation of
aluminium alloys is associated with an increase dislocation density and
subsequently a decrease in subgrain size and setri@asubgrain misorientation.
Deformation at elevated temperatures may be agedcigith activation of non-
octahedral slip systems, which consequently brihgnges in work hardening
behaviour in terms of formation of dislocation swbsture. In general, for most
aluminium alloys the work hardening rate decreasifls increasing temperature or
decreasing strain rate.
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The evolution of strain hardening of a materialidgrdeformation is usually derived
from the stress-strain curves by computing theaimstneous strain hardening rate
() and plotting it against flow stress increasesf) whereo, is the yield stress
(Kocks-Mecking plot). Kocks-Mecking plots are udyalnormalized by a
temperature dependent shear modulB)s&nd the plots becomd/G) vs (-0,)/G.
The plots for most fcc metals of medium to higrckiag fault energy exhibit four
distinct stages of hardening. Stage | or easy gitdge, which depends strongly on
the orientation of the crystal, is caused by thesation of a single slip system only
[6]. The interaction between dislocations is so kvieat the work-hardening rate is
low. This stage is only present in single crystafishigh purity metals. At room
temperature the easy glide stage can account féo 8696 strain [7]. Stage |l starts
when the dislocation density on the primary sligteygn becomes high enough to
favor dislocation slip on secondary slip plane. Tdislocation density in these
systems increases rapidly to the same value fomrmimary slip plane enhancing
the extent of dislocation interaction due to thesgnce of multiple slip systems. So
the value of@ is high but is found constant G£100,) and weakly sensitive to
temperature and strain rate. During stage Il, woakdening can be attributed to
dislocation pile ups at barriers such as Lomer+€btiocks (LC) [8,9], dislocation
tangles or glissile dislocations intersecting tessfle one. For most polycrystalline
metals stage Il is practically absent [10]. At #rel of stage Il, dislocations start to
distribute heterogeneously and form dislocationstuisture which continues into
the next stage until a stable subgrain structureashed. During stage Il the shear
stress-shear strain curve strongly deviates froneality. It is dependent on
temperature and strain rate. At the beginning afestlll the dislocation density
inside the cell becomes saturated. The misoriemtaticreases rapidly and the cell
size decreases. This stage is characterized sethuetion in hardening rate due to
the annihilation of screw dislocations by crosp #hown as dynamic recovery.
Dynamic recovery during stage lll is, however, sofficient to attain a steady state
of deformation, characterized by a dynamic equilifor between dislocation
multiplication (work hardening) and annihilation di-softening by dynamic
recovery). Stage lll is then followed by a stagdaaf but approximately constant
work hardening rate called stage IV. Stage IV teatés when the work hardening
rate drops to zero due to additional recovery meisiha or the occurrence of failure
(stage V). During the later stages of work hardgnihe stacking fault energy (SFE)
of the material becomes very important as it goséhe dislocations ability to cross
slip and hence recovery. In materials with high $iftocations can easily cross slip
and avoid obstacles, as it is the case for aluminiu

The evolution of the crystallographic texture haei considered to be another
factor affecting the strain hardening of polycrilste materials. The grains tend to
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rotate towards energetically more stable orientatiwith straining. This alters the
hardening behavior. Crystallographic texture arslodation substructure has been
reported [11] to have significant influence on faibility, typically in case of strain
path changes. The slip activity at microscopic llénBuences the substructure at a
mesoscopic scale and the grain rotation to stafdatation at a macroscopic level.
In order to isolate the effect of texture on foriligb a specific approach is
described in chapter 6.

The purpose of this chapter is to accumulate data fstrain hardening model that
can accurately simulate the material behaviourspatially the experimental stress-
strain response of AA6xxx alloys at warm tempemedurModels with a better
constitutive description of work hardening may gi@l more effective optimization
of the final process and product. For pure medaieasonable understanding has
been reached to describe the influence of temperaand strain rate on work
hardening rate both at low and high temperaturg RBat for alloys the presence of
solid solution and precipitates complicates theasibn and existing theories are less
accurate to explain the experimental data. The vianidening behaviour at room
temperature for 6xxx series has been investigagethdny researchers, but study of
the same phenomenon at warm temperatures is ridrelg@ent. Consequently, the
available well established room temperature modets rarely tested at warm
temperatures. Thbles [13] model, which has been tested for differeninghium
series at room temperature only, was used in tesept investigation both at room
and warm temperatures for 6xxx series. The expetimhelata are used to validate
the model. The effect of temperature and straire ram the work hardening
behaviour in association with substructure formatmd degree of mis-orientation
of the subgrains are studied in section 5.3. Theerijgtion of the work hardening
model is presented in section 5.4 and the appbicadind validation to the case of
6xxx alloys is reported in section 5.6.

5.2 Experimental Conditions

Tensile tests were mostly conducted at room tenpergRT) and at 250°C with
6016 and 6061 specimens of both S and B with 1 moh & mm thicknesses
respectively and T4 and T6 conditions. Some of tsts were also done at
intermediate temperatures: 130°C, 150°C and 180%@ strain rate effect was
investigated by comparing tests carried out at 0and at 0.1'S Deep-drawing
tests were conducted at RT and 250°C. The blandifplpressure (BHP) has been
kept constant at 4.1 MPa for the tests conducteRiTaand 2.5 MPa for the tests at
250°C while the punch velocity varied between 58 @ mm/min for 6016 and
between 74 and 122 mm/min for 6061 (cf. chapteor3details of the mechanical
test procedures). Following the results of chagtestrain rates during tensile tests
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and the punch velocity range were selected in athatythe material is free from the
effect of dynamic precipitation.

Microstructural characterization was done to reldte microstructure and work
hardening based on band contrast maps obtained BEBS8D measurements. The
microstructure was also investigated by the gallienhance microscopy (GEM)
technique. EBSD measurements were done with a sitep of 0.5um. The
indexation rate varied between 80 and 90%. The map®e enhanced using the
“noise reduction” correction procedure in the Tamgodule of the HKL software.
The green pixel represents “zero solutions”, ireaa where Kikuchi patterns could
not be recognised. Band contrast maps give a ctege of the appearance of bands
and subgrains and are used to measure the miarastucharacteristics and
intragranular misorientation. Thick black lines icate grain boundaries with
misorientations equal or larger than 15°, wherduws black lines represent low
angle grain boundaries with misorientations betwéerand 15°. The sample
preparation for EBSD samples is described is chapte

GEM has been used in order to reveal grain andraitbyoundaries. The melting
point of gallium [30°C] can be reduced by addingna@hium that forms a low
temperature melting eutectic. When liquid galliusy put in contact with the
aluminium sample gallium atoms diffuse along thaigimoundaries first and then
along the subgrain boundaries or small angle baieglaven at room temperature.
Addition of a small amount of gallium to aluminiuimcreases the visibility of the
grain and subgrain boundaries when observed inSB& by back scattered
electrons [14,15]. One side of the sample was petisfor SEM observation.
Gallium was applied on the far side of the polishmdface, which has been
previously scratched to break the oxide layer arsiige a better gallium penetration.
Before application gallium has been saturated widmmercially pure aluminium
(99.5%) to make gallium liquid at room temperatiyethe formation of the eutectic
phase. At the time of application of gallium on theface the temperature was 40°C
to 50°C. Typically after 2 hours, gallium had dg&ad through the sample thickness.
The average rate of propagation for gallium hasitfeend to be approximately 2
mm/hr. The sample was then observed in a SEM g §EOL-JSM-6500F This
process has been claimed to give optimum resultsréwealing small angle
dislocation boundaries with misorientations lesnti®. SEM images obtained with
back scattered electrons do not produce enouglrastrfor the very low angle
subgrain boundaries in a deformed structure andCEBSlimited by the angular
resolution of about 1.5° [16]. The resolution amhtcast of GEM-SEM has been
reported [14] to be better than conventional bawettered SEM and even EBSD. It
is also statistically sound considering the lamyea covered compared to TEM. The
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high angle grain boundaries show larger contrashpared to sub-boundaries
because more gallium atoms are segregated on tmedades with larger excess
free volume. Later they diffuse along the low angéeindaries by dislocation pipe
diffusion.

5.3 Experimental study of work hardening

The work hardening response of the investigateayslivas evaluated mainly from
the tensile test results while the effect of plasiéformation on microstructure was
observed after the plane strain compression ang-desving tests.

5.3.1 Tensile tests

Strain rate

Investigation of strain rate effects is closelycasated with two parameters namely
work hardening index (n) and strain rate sensytiilex (m=Alng/Aln¢). Strain
rate sensitivity of metals is a property that depsl during straining and depends
upon the deformation mode along with the dominaatdéning and softening
processes at the temperature and strain rate efestit[17]. It is an important
material property to evaluate the formability oeehmetals. Several authors [18,19]
have reported evidence of the strain rate sensitindex to be either dependent or
independent on strain and strain rate. At the beggof cold deformation the value
of 4olo is constant{o is the instantaneous flow strain increase) makiregstrain
rate sensitivity m constant and stress independsnhigher strain, the m value
increases whero vs o exhibits a positive deviation. At high temperat(reore than
0.5T,) the strain rate sensitivity shows an upward tréodh very early stages of
deformation [10]. Because the construction of guisttire depends on various
levels of strain and strain rate, strain rate g$smitsi is also related to work
hardening.
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Figure 5.1 Effect of strain rate on true stress-true strairve for (a) 6016-T4-S (b)
6016-T6-S and on work hardening for (¢) 6016-T456016-T6-S with tensile
direction parallel to RD is flow stress and is yield strength

The effect of strain rate on stress strain respanskfferent temperatures is shown
in figure 5.1 for the 6016 alloy. The results aegywsimilar to the ones presented for
alloy 6061 in chapter {4section 4.3.1 It is confirmed that dynamic precipitation
takes place in T4 specimens at 250°C and low steaén(0.001 ). For this reason,
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only strain rates over 0.0T" sre considered in this chapter. It is observetigtrain
rate has no effect on stress strain response athiR€& at higher temperature, stress
and work hardening rate tend to increase with eireg strain rate.

Temperature

The increasing deformation temperature has beesrtegpto result in a decrease of
yield stress and work hardening rate for 5182 [222] 6016-T4 and 6061-T6 [23]
aluminium alloys. In 5xxx alloys [20,21,22,24] isa corresponds to a decrease of
uniform elongation and to a larger strain rate #igity and total elongation. That
means the increase in total elongation is solelptrdmuted by post-uniform
elongation. Decreasing the strain rate even infiessthis effect leading to diffused
necking with localized thinning. Dynamic recovetyetevated temperature and low
strain rates has been believed to be the mechaesponsible for this behaviour. A
similar increase of total elongation with temperatias also been reported for
6xxx. Li and Ghosh [25] found that this effect isaker for 6111-T4 than for 5754
and Fuchs and Williams [23] also observed less midgrecy of uniform elongation
on strain rate for 6061-T6 compared to 5xxx. In agfon, Bolt and Werkhoven
[24] in their warm tensile test experiment with 6014 reported the reduction of
total elongation with temperature especially atvelostrain rates of 0.002'sind to

a lesser extent at 0.02.sThe effect of temperature on deformation of 6appears,
therefore, more complex than in non-heat treatalidg’s.



Chapter 5 89

350 350
$300- $300-
= 2501 = 2501
§ 200/ § 2001
ﬂ 150 250G ﬂ 150 250G
> 100, -O--RT > 1004 -O--RT
F 50 - -130C = 50 -4 -150C
0 ——180C 0
0.00 0.04 0.08 0.12 0.00 0.04 0.08
True Strain True Strain
@ ()
350 350
< <
53004 53004
= 2501 = 2501
(%) (79}
&ug 200 &ug 200
» 150] —0— 250C » 150] —0—250C
gloo -O-RT gloo -0 -RT
(o 50_ - - 150C — 50_ A 150C
O T T T T T T T 1 O T T T T T 1
0.00 0.04 0.08 0.12 0.16 0.00 0.04 0.08 0.12
True Strain True Strain
() (d)

Figure 5.2 Effect of temperature on true stress-true stragponse after 30 seconds
of holding and elongated along RD for sheet spectd (a) 6016-T4 (b) 6016-T6
(c) 6061-T4 and (d) 6061-T6 at a strain rate ol Gd

The effect of temperature on vyield strength and kWmardening has been
investigated in the temperature range between RIT2&80°C. Most of the tests were
stopped after 10% or 15% elongation. If the maximengineering stress was
reached within this deformation range the cross (ark on the figure 5.2
represents the onset of necking. It is found thwh lihe yield strength and work
hardening rate diminish progressively with incragstemperature for both the
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alloys and for both T4 and T6 tempers (figure figyre 5.3 and table 5.1). Under
T6 conditions work hardening reduces drasticallg Brcomes severely limited at
250°C. In that case the total elongation is maiglyen by the post uniform
elongation (see also figure 4.5 of chapte). 4These observations are in good
agreement with the literature results reported abov
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Figure 5.3 Variation of strain hardening index with temperat

The higher yield point at room temperature compacehigher temperatures (table
5.1) results from two effects. First, the strendéitreases due to 30 s of holding at
warm temperature before the tensile test starts sewbnd the direct effect of
temperature on yield point. From the static ageimgyes (Chapter 2) it can be seen,
for instance, that the hardness values of 6016-Tde&eases with 4 Hv after
holding for 30 s at 150°C and with 18 HV at 2507Tis effect was attributed to the
dissolution of small natural ageing (NA) clusters.
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Table 5.1.0.2% off set yield stress (¥%,) and parameters of the Voce equation

fitted to the experimental tensile test resulta strain rate of 0.01's

T4-RT T4-250°C T6-RT T6-250°Q

6016
YSos(MPa) 153 86 261 157
Ovex (MPa) 2070 1310 1390 580
Bl 10.7 18.1 9.0 37.8

6061
YSo,(MPa) 178 115 247 171
Orex (MPa) 2180 1720 1390 920
Bl 11.0 17.5 11.3 23.4

The effect of temperature can be further analyselddking at the parameters of the
Voce equation fitted on the stage Il part of timaet stress-true strain curves.

Gmxzda/dgp is the initial work-hardening rate at beginning sthge Ill and

B =d8/do is related to dynamic recovery during stage lib(e 5.1). Table 5.1

shows that the decrease of work hardening rate imitheasing temperature is
related to both a decrease of dislocation storéffipesmcy (decrease ofl.) and to
the thermal activation of dynamic recovery (inceea$ [3)). The lower storage rate
can be explained, as for the difference betweerafd T6 tempers, by a weaker
effect of solute atoms on dislocation storage ghdi temperature.

Work-hardening and microstructure

Specimens for EBSD analysis have been deformedthétiiensile direction parallel
to RD. The EBSD maps were measured in the midditomoof the gauge length on
the (RD, ND) or (tensile direction, TD) cross senti
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Figure 5.4 Band contrast maps for the tensile specimens 681IFD cross section
deformed up to a strain of 10% at (a) RT and (ff25at a strain rate of 0.0Ts
The horizontal lines in (a) are a measurementaotef

Figure 5.4 shows the development and comparisobaofl contrast maps after
tensile deformation at RT and 250°C. It can berbferoticed that grains are not
much strained and the deformation substructuredertdeveloped after 10% strain
at both the temperatures although deformation leeshed stage Il of work

hardening. The average degree of mis-orientatiotwdsEn two successive
measurement points inside a single grain alongzbotal and vertical directions is
1° and the misorientation from one end of the gtaianother is 6° to 7° for both the
specimens. Lee [26] proposed that owing to easéeowvery with increasing

temperature dislocations of the deformed boundarées rearrange themselves in
low energy configurations resulting in an increassthding tendency. A similar

observation has been noticed in the present irgagin (figure 5.4) where the

banding tendency is higher at 250°C compared toathBT.
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AUX1 100KV X5000 1um WD 10.3mm TU Delft AUX1 100KV X5000  1um WD 10.3mm
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Figure 5.5 GEM-SEM micrographs of the tensile specimen 66i6he TD plane

deformed at (a) RT and observed after Ga deposifi@hr. (b) RT and observed

after Ga deposition of 1 day (c) Z&Dand observed after Ga deposition of 2 hr. (d)
250°C and observed after Ga deposition of 1 day

Figure 5.5 shows that gallium has segregated agthan boundaries but is not
present at the interface between the shaded zasibkevinside the grains even not 1
day after its application. This implies that thesatientations between the shades are
too small to act as a faster diffusion path fouiifjgallium. The non penetration of
gallium even after 1 day truly supports the argumfem an under-developed
substructure already observed by EBSD. The majofityhe microbands, primarily
composed of dislocation tangles, end at grain baries. Restriction of gallium
flow inside the grains may be the consequencenatdiion in diffusion of gallium

at low misorientation.
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5.3.2 Plane Strain Compression

Work-hardening on microstructure

(c) (d)

Figure 5.6. Band contrast maps on TD section of PSC speciniengaterial of T4
temper deformed at a strain rate of 0'1(g) 6016 at RT (b) 6016 at 2%D(c) 6061
at RT and (d) 6061 at 2%0.

From figure 5.6 it can be noticed that the tempegahas no significant effect on the
evolution of grain morphology during PSC. The baastrast maps in figure 5.6
also reveal that after 30% deformation the subsiracinside the grain is mainly
composed of series of parallel bands. The maximuisonentation across the
deformation traces or bands have been found to beD&formation bands,
sometimes referred to as microbands have beenteebor PSC specimens [27].
The misorientation of the microbands have beenrtegoto be about 2-3°. This
value did not increase consistently with strain akhcorroborates with the present
observations. After PSC the microbands have beamdfto be oriented at 35° to the
rolling direction [28]. Another study [29] revealdtlis angle to be 65°. These
observations are in contradiction with the presamestigation. It can be readily
noticed from figure 5.6 that the bands are actudiltgcted in various angles to the
rolling direction. In most of the cases the bands @nidirectional inside a single
grain. Families of bands with different directioimsa grain can also be observed,
though limited in number.
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Figure 5.7 GEM-SEM photograph on TD plane of the PSC specideformed at
250°C, after 2 hours from Ga deposition for (a) 60168rdnd (b) 6061-T4-B

Figure 5.7 shows evidence of the start of subgi@imation for both the samples.
Both above pictures show features inside a singéngVery thin lines of white
gallium are seen separating different shades. Ehati®n did not change even after

a waiting period of one day.
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5.3.3 Warm Deep Drawing
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Figure 5.8 Effect of (a) punch velocity at 250°C and (b) parature on force-
displacement response after 30 seconds of holdinghieet of T4 condition.

Punch velocity

Figure 5.8a describes the variation of force-disptaent plots with punch velocity
for both the alloys. Varying punch velocity from &8 78 mm/min for 6016-T4 or
from 74 to 120 mm/min for 6061-T4 does not seerhawee any effect on the force-
displacement plot. The small increase of streshk stitain rate visible during tensile
test at 250°C has, therefore, no noticeable infltaern the punch force during deep
drawing tests.

Temperature

The effect of temperature on the force displacemesponse for both the alloys is
shown in figure 5.8b. Clearly the higher the terapere, the softer is the material
for all situations.
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Work-hardening on microstructure

R - 1 " M 23; Step=0.5 um; G idB00400

(@) (b)

I -0 ;M 303 Step=05 p Grid500:400

(©

Figure 5.9 Band contrast maps for the DD specimens on TEiZbotal axis —-RD
and vertical axis ND) section for (a) 6016 at RY§bB16 at 25¢C (c) 6061 at RT
and (d) 6061 at 25C.

Band contrast maps from EBSD measurements on the dewn specimens at a
location 3 mm from the edge of the flange are showfigure 5.9.

From the band contrast map above it can be notltaidthe microstructure is very
much similar for 6016 and 6061 at both temperatufé® microstructure shows
parallel bands with average band spacing of 5 fin7and misorientation less than
5° from one side to another side of a grain at raemperature, while the band
density reduces significantly at 250°C along witlsanientation to a value of 3°.
After DD the substructure made up of bands is sotlear as after PSC, although
the amount of deformation at the flange is clos80®&b. The elapsed time between
the end of drawing and quenching for warm DD testsy have causes added
recovery compared to room temperature drawing.
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Figure 5.10 GEM-SEM photograph of the DD specimen on the Téahe, after 2
hours from gallium application for (a) 6016-S at &1d (b) 6061-S at 25G.

In cups drawn at RT, (figure 5.10a) gallium seemslitfuse along parallel bands
inside the grains, the direction of the bands vayyfrom grain to grain. After
drawing at 250°C, (figure 5.10b) gallium is seerlood the grain boundaries while
the intraganular bands are less pronounced and desginuous. At both
temperatures, the GEMs show very similar substrestthan the ones observed in
EBSD contrast maps and confirm the formation ohaded dislocation structure.

From the band contrast maps of tensile, PSC andspgzimens it can be readily
concluded that in the majority of cases deformatiands ended at the grain
boundary i.e. bands were restricted inside a geaid, orientations were different in
different grains. The banding tendency increaseth viemperature for tensile
specimens while an opposite trend was noticed f&r §pecimens. For PSC
specimens it was however difficult to draw any saohclusions.

5.4 Work Hardening Model

The accurate prediction of the material behaviourind) plastic deformation
requires the combination of a material model, whpeokdicts the strength and work
hardening response of the material, and a FEM fwarle The work hardening
model developed biles was selected for the present research. In the setions
the reasons for this choice are first discussdthvied by a short description of the
model itself.

5.4.1 Selection of the model

A model of work hardening including a physicallyskd description of metal
plasticity was first introduced by Kocks [30]. Thispproach was modified
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subsequently by other researchers [31,32,33] ahdhgdfinal shape in the form of
the mechanical-threshold-strength (MTS) model [34]. Two other widely used work
hardening models have been developedNegMarthinsen-Holmedal [13,35,36]
and Roter-Goerdeler-Gottstein [37,38]. The models are referred to as the
microstructural metal plasticity (MMP) model, currently termed as thdes model,
and the3 internal variable model (3IVM) respectively. The three models differ in
microstructural description, kinetic descriptiondastructural evolutionMTS relies
on a single parameter only. The flow stress atleml is expressed as a function of
the average accumulated dislocation density. Thg thay are arranged is not
considered. In thé&es model dislocations are arranged inside cell watid cell
interior. With deformation, cell size, cell wall ithnesses and misorientation,
dislocation density inside cell wall and cell intervary and govern the work
hardening characteristics. In tl3VM, three internal state variables e.g. mobile
dislocations, immobile dislocations inside celleinor and cell walls are the main
controlling factors. BothNes and 3IVM models consider interactions between
mobile dislocations. Subsequently the dislocatiamstructure is formed due to both
short and long range interactions, whi&S only considers short range interactions.
The athermal storage of dislocations is taken ofii@ a similar way for all three
models. The statistical approach relied on to phigpose is virtually more complex
in Nes or 3IVM owing to the involvement of more microstructurdéreents.
Building of the substructure beyond stage Il is@xtely complex and the effect of
dynamic recovery should include collective migratiof dislocations rather than
individual effects. TheNes model effectively includes the growth rate of theb
boundary structure under dynamic conditions. Théecef of solute content,
dispersoids and grain boundaries are well coumetaNes model and makes it an
obvious choice for modelling. The model also presdithe evolution of the
stastistically averaged subgrain size, dislocatiensity inside the subgrains and the
misorientation between the subgrains.

Considering the models, their fundamental and miay$iasis, thé&les model sounds
more logical and has been chosen for the preserit Wme of the main drawbacks
of the MTS model in its present form is that it does not idgwexplicitly the effect
of solute, grain size and particle content. Addisitly, the Nes model generates a
closer fit of the experimental stress strain cus@spared to thdIVM model, using
the versions available at that moment. The podsilof coupling theNes model
with the FEM code and also with other material niedeade it the most suitable
candidate for the present project.
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5.4.2 Nomenclature

a, : Constant, relating dislocation spacing andsstre

a, : Constant, relating boundary spacing and stress

B @ Constant inr  expression

1% : Resolved shear strain rate

0 . Average diameter of the subgrains

Kk, : Geometrical factor for cell walls

Kk, . Constantin grain boundary contribution to $tipgth

k3 : Constant in particle contribution to slip lelhgt

Ky, @ Constantin precipitate contribution to slipdggh

v : Poisson ratio

U, : Debye frequency

fp . Scaling parameter for dislocation dipole sefianadistance

fa . Scaling parameter for activation volume forguain growth

o Initial value of dislocation density within tloells

p . Total density of dislocations stored in the eni

p, . Dislocation density within the sub-grain bouridar

P, - Mobile dislocation density

I, : Stress due to thermal short-range interactions/den mobile and stored
dislocations

r, Stress increment due to the presence of pretapita

7, : Athermal flow stress contribution

r, Solute clustering contribution to true stress

1} . Average misorientation of the subgrain bourekari

@¢. . Critical misorientation for subboundary energy

¢, : Saturation misorientation in stage 1V
w, : Constantin relaxation length and activatiotume expression

S

«) : Constant in activation volume and relaxatiostatice for thermal stress
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AU, : Binding energy between solute atoms and disioest

A @ Constant inr, equation
B, : Pre-exponential factor for dislocation velodityring dipole annihilation

B,"™: Pre-exponential factor for subgrain growth inguretals

B, : Pre-exponential factor for subgrain growth ituge

B; : Pre-exponential factor in the expression ofgsaim growth rate

B, : Pre-exponential factor for dislocation velociip the thermal stress
expression

b . Length of Burgers vector

C : Dislocation storage parameter

C. . Mg solute concentration near the dislocatioreco

c : Mg solute concentration

Cc, . Total solute concentration of Si and Cu

D : Average grain diameter

e; : Concentration exponent in expression of dynarsicovery by subgrain
growth

e, : Concentration exponent in expression of dynare@very by dislocation

dipole annihilation

e : Concentration exponent in thermal stress expras

f . Volume fraction of cell walls during stage Il

f,. : Volume fraction of material for which scalinglations hold
f.  : Volume fraction of precipitates

k : Boltzmann’s constant

: Shear modulus

K, : Parameter in the misorientation variation ratgression, which is function
of the scaling parameters.
L, : Effective dislocation mean slip length

L, : Slip length due to grain size

L . Slip length due to dislocations
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L, : Slip length due to particles

I : Mean effective particle spacing in the sliprm# along bending dislocation
I . Relaxation length for dislocation dipole ankition

. Relaxation length for solute-mobile dislocatiateraction

M : Taylor factor

m : Constant, ratio between mobile and stored diglon density( 1

gvs - Constantin the expression of S vs. subbounahsgrientation

Qv - Controls the maximum possible subgrain sizerdusubgrain growth

g, : Scaling parameter in stage Il
0. : Scaling parameter in stage I
r : Mean radius of precipitates

-~

o

. Transition radius for shearing — by-passing

T . Temperature

Uy : Activation energy for self diffusion

U, : Thermal activation energy

U, : Activation energy for diffusion of atoms in solutio

V, : Activation volume for subgrain growth

V, : Activation volume for dislocation dipole anriation

V,  : Activation volume for solute-mobile dislocatiorteraction

5.4.3 Description of the Nes model

The general philosophy of the work hardening maasesd proposed bies [13] and
was subsequently developed by other investiga@9340]. The main objective of
this model was to develop a unified theory of defation that can predict the stress-
strain behaviour for fcc metals or alloys under dayel of strain rate and
temperature. The theory is based on the detailsdrigi¢ion of the microstructure
evolution during different stages of deformationddéessing the problem of
athermal storage of dislocations on a statistipgir@aach and combining this with
models of dynamic recovery a general internal statéable description has been
developed. The effects due to non-deformable pitatgs and solid solutions have
also been includedNes assumed that at small strain (stage Il) dislocatiarrange
themselves in a cell structure having cell or sabgisize J, dislocation density
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inside the cellsg, dislocation density inside cells walls, and wall thickness
(figure.5.11). With increasing strain, cell wallsllapse in to sub-boundaries with
well defined misorientatiog.

Figure 5.11 Microstructural parameters for (a) small deforioras and (b) large
deformations [13]

The flow stress for a known microstructure can béngd as the summation of its
thermal (z,) and athermal fa) components. The thermal component is generated

due to short range interaction of mobile dislogadiowith intersecting stored
dislocations. The athermal component is the stesfibution due to precipitates or
particles @), solute clustersz, ), dislocations (, ) and boundaries{,) which are

considered as long range barriers.

TSl +Ty ST+ T, +Ty +Tg +T, (5.1)

In pure metals short range interactions are ordp@ated with cutting of trees and
dragging of jogs. In alloys, the amount of solutenas in solution and their thermal
activation are expected to control the speed of ingpwislocation. In both
situations, the thermal stress can be derived frenOrowan equation:

T,

= (T arcsinnf /Yo expU. KT)
Vi 201, 0,8,

] (5.2)

It is assumed that the mobile dislocation densjy ) is proportional to the stored
dislocation density ) i.e. p,, =mp. For solid solutions, the activation eneidy

is the summation of activation energy for solutéfudion (Us) and interaction
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energy between solute and dislocatidbly). vp is Debye frequency. The activation

volume)V, , and relaxation distancg,, are given by:

3
v =40 (5.3)
Cq

SC

Here « represents the constant in activation volume amaxagon distance for
thermal stress, b is the length of Burgers vectiyy, Mg solute concentration near

the dislocation core ang is concentration exponent.

b

I
As already mentioned the athermal contributionhef flow stress equation contains
four terms:

(a) Contribution due to non-shearable particlgs) (

] 2[ AGb jln(/l/b) 55)
P \1.24x27) A

Ais a constant andl the distance between non-shearable particlesad@aptation of
this term to the case of AA6xxx will be discussedeéction 5.4.4.
(b) The clustering stresg, due to the formation of clusters by low diffuswi

alloying elements e.g. Fe, Mn, Si.

(c) Contribution from forest dislocations approxted by the Taylor equation,
ale\/Z

(d) Contribution from the dislocation interactioitiwsub-grain and grain
. 1 1
boundaries a,Gb(—=+—
G0+ )

The last two terms change with the amount of de&tion because the dislocation
density and subgrain size change during work handen

At the beginning of deformation a rapid increasalisfocation density controls the

athermal part while the effect of spacing betwedmnIsoundaries, i.e. subgrain size,
becomes dominant when the dislocation density in#id cell saturates and cell size
decreases. To ensure a smooth transition betwezse ttwo stages a statistical
distribution of the subgrain size has been consileBased on this assumption,
equation 5.1 has been modified as follows.
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T=T, +f, =1, +7T, +T, +aGb( W \q/c_)\/_ J\[_ c] as ( 2(0)1+é)

(5.6)

I, (x)and I',(x) are functions related to the subgrain size distidim, G is the

shear modulus ang, is given by:

d, = fea (Y F(a% -D+1-Dq, + (- f)a, (5.7)

with a, a constant, relating dislocation spacing and stiedsr, a constant, relating
boundary spacing and stresfg, the volume fraction of the material in which scglin
relations hold.
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Figure 5.12 Schematic drawing for strain hardening and floress relationship
with indication of the successive deformation stage
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Figure 5.13 Changes in flow stress, dislocation density agltisize during
different stages of deformation.

The flow pattern at low temperature consists ofr fstages as described in figure
5.12 In case of single crystals, the early stage obueétion depends particularly
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on the testing temperature, purity and orientatibhe region of easy glide is
favoured by slip in single crystals. During defotioa of polycrystals stage I, 1lI
and IV can be readily observed [41]. Stage Il iarabterized by constant and high
strain hardening rate of the order@®00 due to accumulation of dislocations. The
strain hardening rate is weakly sensitive to tempge and the strain rate and
dislocation storage is supposed to be the soleingmkechanism and this continues
to the next stages until a stable subgrain stracisformed. Starting of dynamic
recovery leads to stage lll during in which the kvdrardening rate decreases
linearly with stress. The transition from stagedlstage Ill, for most commercial
alloys, is difficult to distinguish due to the effeof grain size and particle
distribution which contributes to hardening duristage Il. During stage Il the
structure remains similar and only changes in sipethe scaling principle can be
applied during this stage. At the beginning of stjthe dislocation density inside
the cell becomes saturated, the misorientationeasas rapidly and the cell size
decreases (figure 5.13). The strain hardening batmmes constant again during
stage IV. The work hardening rate at this stagggially 2x10* G, which is much
smaller than in stage Il. During stage V the rdtdislocation storage and recovery
becomes equal.

So the shape of the work hardening and stressigitai is dependent on the relative
dominance of the dislocation storage and recovEnis competition is translated in
the Nes model into a set of differential equations, gowegnthe evolution of
dislocation density and subgrain size.

dp _da’ , do” (5.8)
dy dy dy '
dd_dd  do” (5.9)
dy dy dy

Figure 5.13 shows in a schematic diagram the claangéow stress, dislocation
density and cell size during deformation. Dislogas are found to be stored in three
ways: in the cell interior, forming new boundari@sin old boundaries. Storage
inside the cell interior is described by the follogrequation:

dpo’ _ 1 2

= _ (5.10)
dy @+ f(q, -1)bLy

The effective mean slip length,, , is a function of the density of obstacles (forest

dislocations, precipitates and grain boundariegherslip plane and is given by:
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2 2 2 2 2 2 2
SR I U IOV O O N BN +(ﬁj (5.11)
L L, L, L, C r D
Lp, L,andL, are the slip length due to dislocations, partickesl grain size
respectivelyk, is a constant in grain boundary contribution ip &ngth andc;, a

constant in particle contribution to slip length.

Some dislocations contribute in forming new boureawhile stored, which results
in subgrain refinement:
— 2 2
do" __20"p C (5.12)
dy Ko@ Ly

with S a storage parameter that depends on theoandhlry misorientation. When
dislocations are consumed at old boundaries theysapposed not to contribute to
hardening, but rather have an impact on the mistai®n of the boundaries. The
model gives the following equation for sub-boundatigorientation evolution:

Fr ST (R 513

dy | " oLy W

f, is a function of the microstructure and equalaufirdy stage Il and vanishes at
larger deformation. The misorientation storage peter K, is an increasing
function of temperature as in stage Ill dynamiokexry gains importance.

At room temperature, where subgrain growth candggetted, dynamic recovery by
dislocation annihilation in the subgrain interi@ the predominant mechanism.

Dynamic recovery associated with a 3D dislocati@iwork requires thermally
activated cross slip and climb. The annihilatiote raf dislocations is expressed as:

do” 1
P _pF [ov = 5.14
dy i 'V”y ( )

¢, is a scaling parameter relating the dipole semaratistance to the average
distance between stored dislocations. The migratte, v, , of dislocations during

dipole annihilation depends on the exact contrglistep, either glide (g) or climb

(c):

e Gb _V(g)
vl =10l exp[%j Zsin{%J (5.15)

v’ Gb/p V"
W = [pbl By, exp(%] Zsin{%J (5.16)
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with |, the relaxation distanceB, a pre-exponential facto)” the activation
energy, andV, the activation volume. For pure metals, dislocataimb is the
limiting process andU” =Ug,, l,=b, and Vp=2g‘pb3. For solid solutions,
U" =U,+AU,. If glide is the controlling process, theh, =b/w c;*, and
V, =¢&,wb’c.”. On the other hand, if climb is the controllingopess, then
|, =b/ac,, and V, :Zg‘pb3. The parametersB, and ¢,are different for pure
metal and solid solution cases and for glide aimdlzprocesses.

Although subgrain growth at room temperature isligége, it may become an
important mechanism at higher temperature. In timeeat model the average sub
grain size in a dynamic situation will increaseaate:

A5 _ By ool Y | ogind PVs (5.17)
dy % KT KT

The activation volume for pure metal ¥ =&,b° and for solid solution, it is

V; =§,b°.¥ .The driving force for recovery is related to sudigr size and

misorientation and is given by:

__Gbg &g,
s 5 (619

The parameter8,; and ¢;are different for pure metal and solid solutionesas

In the present version of thides model the thermal, dislocation and subgrain stress
contributions are added linearly (equation 5.1)][4Zhe linear addition is
commonly accepted when adding stresses origindtimg obstacles of different
strength [43]. In literature, a power law, in whiehch term of eq. 5.1 is elevated to
a certain power n, is often proposed for adding dffect of precipitates to the
dislocation hardening term [44]. In particular, whgrecipitates become stronger it
is often assumed that they have a similar individtrngth than forest dislocations
and then a power law should be applied. Similanythe case of adding the
contribution of several populations of non-sheaagirecipitates, it was shown that
the linear addition gives rise to an overestimatibthe total stress and a power law
is closer to the exact solution [45]. The effectlud power exponent value is small
on yield strength due to the low dislocation dgnbitt significant on the total stress
at larger strain and on work hardening rate. Resalfiterature also show that the
power exponent value depends on the relative dtnesfthe precipitates compared
to other obstacles [43]. However, there is no netyet to find the power exponent
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value other than by fitting, and therefore the dinaddition law is kept in the current
model, even for T6 materials.

5.4.4 Modifications of the existing model

For the present work version V201 of the model used and the code was received
from the group of ENes of NTNU, Norway. After careful observation, it cée
seen that equation 5Wwhich is proposed to calculate the shear stresstaluesn
shearable particles in thdes model is unable to predict the contribution of the
smaller precipitates. Rather, the equation propdsetyhr [46] (equation 5.19)
generates a realistic solution where the stress fficreases with the precipitate
radius for radii below a critical value and thercidases due to coarsening of the
precipitates. Therefore the original equation far tontribution of dispersoids to the
yield stress (equation 5.5) has been replaced latem 5.19, which is more
suitable for the smaller precipitates present it lieatable alloys [47,48].

1 3
2 2
=M (ijz 2562 min[L ,1] (5.19)
2 r r,

[ is a parameter related to the dislocation lineitanandr. is the critical radius of
the precipitates at which dislocations start todsgthe precipitates.

The Nes model uses a statistical treatment to calculaee rttean slip length of
dislocation. The contribution of precipitates te thean slip length is given by
r

1
L, =—— 5.20
T (5.20)

r

with k3 a constant. In AA6xxx alloys, precipitates smatleanr. can be sheared and
consequently do not contribute to the slip lengtssuming that precipitates have a
size distribution, only those precipitates largbarir. contribute to dislocation
storage. Furthermore, by-pass by dislocations ofst®arable precipitates, as the
ones present in T6 condition, leaves Orowan loopsurad the precipitates.
Experimental results, however, show that the ihitiark hardening rategf) of T6

or peak-aged materials is minimum meaning the pita¢es present at this stage are
not efficient in storing dislocations. Followingethreatment of Simaf48], it is
assumed that Orowan loops can still shear a ptatépif the precipitate size is
smaller than the size of fully incoherent precitgta An efficiency factorgd) was
defined as the proportion of Orowan loops that dbannihilate by shearing. It is
assumed that the dislocation density increase dueprecipitates, which is
proportional toxs, also scales with the proportion of Orowan loopat tremain
around the precipitates. Tke parameter is then modified according to
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Ky = K3p¢(r‘c)r§% (5.21)
with rc.the mean radius arfdthe volume fraction of non shearable precipitétes
precipitates larger than), andxs, a constant parameteg. depends on the size of
the non-shearable precipitate. As in [4@]is assumed to vary linearly from 0 to 1
when the precipitate radius varies from to the radius of fully incoherent
precipitatesr.

p(r) =" (5.22)

5.5 Material inputs

Grain size D) and Taylor factor NI) are determined from experimental
measurements (table 5.2). The details of the gs@a measurements has been
discussed in chapter, 8ection 2.1.3. The Taylor factor was calculatechgishe
MTM-FHM software system developed by P. Van Houtiking the texture data
measured by XRD.

Table 5.2:Grain Size and Taylor factor for different alloys

Alloy Grain Size (m) M
16-T4-S 18.710° 2.98
16-T6-S 19.8.0% 3.02
61-T4-S 15.80% 2.95
61-T6-S 15.410 2.98

Clusters formed during natural ageing (NA) are tedaas small precipitates.
Consequentlyr,=0 MPa.

Other inputs like precipitate size)( number densityN) and volume fractionf,)
were determined by fitting independently the rooemperature yield strength
calculated with the model proposed Myhr [46] to experimental data for the
conditions listed in table 5.3. This model uses@te addition of pure metal stress
(o = 10 MPa), solute stress)(and precipitate stressg,), the latter being the same
than equation 5.19. THdyhr model was already validated for the yield strerafth



112 Work hardening in 6xxx alloys

AABxxx alloys. The parameter values so generates We 0.36 and. = 5 nm. For
T4 materials, precipitates are considered as Guitiieston (GP) zones or naturally
aged clusters and hence they are shearable. Thehistoetry of GP zones in
AAB016 (excess Si) is taken as;Mig,Si, (Mg:Si = 1:1) and in AA6061 (balanced
alloys) as AIMg,Si; (Mg:Si = 2:1) [50]. Knowing that these precipitsitare smaller
than the critical radius,, and the density is around “4@n* the values in table 5.3
are found to produce a good fit of the yield sttbndfigure 5.14). For T6,
precipitates arg3”. The stoichiometry is taken as BBk [51] r is the equivalent
circular radius of the needle shap@d Existing results from literature indicate that
the precipitate size should be around 5 nm, thaitein the order of 1% m* and
the solute content of either Mg or Si should beseloto the equilibrium
concentration. Based on this information, the valie table 5.3 were found by
fitting (figure 5.14).

Table 5.3:Volume fraction and radius of precipitates for eiffnt alloys

Alloy f, R (m)

16-T4-S 0.0049 0:80°
16-T6-S 0.0098 4:50%
61-T4-S 0.0094 0B0°
61-T6-S 0.0081 4:80°

Solute concentrations of Mg)(and Si were calculated from the mass balancée(tab
5.4). The amount of Si used for the formation déimetallics with Fe and Mn is
subtracted in the same way than in [46l is assumed to remain in solid solution.
Assuming the accuracy of the solute concentratedoutation being 0.02 wt% for
each element the resulting accuracy#ads found to be less than 2 MPa, which is
low compared to observed variationso#ith alloy and temper.

Table 5.4:Solute concentration for different alloys underastigation

Alloy clatfrac] Cylat frac]
16-T4-S  0.0038 0.0080

16-T6-S 0.0001 0.0034
61-T4-S 0.0089 0.0046
61-T6-S 0.0068 0.0009
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Figure 5.14 Fitting of yield strength at room temperaturehaitodel fromMyhr
[46]

The contribution of dispersoids to the increasdroé stress is in the range of 3-4
MPa and hence this effect is neglected. Also farstituents the effect is negligible.
Assuming the initial dislocation densitg) in undeformed metals between®&hd

10" m? and the volume fraction of cell walls to be 0.h te considered reasonable
values.

5.6 Model parameters

The Nes model has already been applied to 1xxx, 2xxx, 3amg 5xxx aluminium
alloys. Consequently the model parameters exightese series, but no set of data is
available for 6xxx alloys. The purpose of this gatis to determine the parameters
applicable to 6xxx alloys. The study started with parameters controlling the yield
strength and in the next section doing the samie witrk hardening.

5.6.1 Parameters controlling yield strength

Model parameters were first determined by fittinge tyield strength at room
temperature followed by refitting some parameterisigher temperature. The yield
strength in theNes model, which is the flow stress at zero strain,fasind
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comparable to the experimental ¢)%% value. According to the model, the yield
strength mainly depends on the thermal stress &edptecipitate stress. The
athermal contribution is small (~ 5 MPa). As ithié explained in this section, only
two parameters are used to fit the yield strenfgifst, the concentration exponent in
the activation volume and relaxation distance esgio®s used for the thermal stress
calculation is obtained by fitting the yield stremisroom temperatures(= 0.58).
Second, the temperature dependence of the yieddssts adjusted by making the
transition radius,r,, temperature dependent, with a value of 5 nm amro
temperature and 6.4 nm at 250°C. All other parammete taken from literature.

The thermal stress depends on temperature ane smnotent. The assumption made
in the current application of the model, is the etz of dynamic strain ageing
(DSA) meaning that no Mg segregates to dislocatioRserefore, the solute
concentration near dislocations ¢ =c+c,. Considering the relatively low level

of Mg in solid solution the potential effect of D 7; was found to be limited and
hence supports the assumption.

The main parameters in the thermal stress expre¢sguation 5.2 areB,, U;, &
ande. 7 is approximately proportional f64n(B{%) so the influence oB; is small
and the default value used for other alloys is ehdB; = 57). The activation energy
(Uy used in calculating the thermal stregyié the addition of the activation energy
for solute diffusion {Jy) and the interaction energy between dislocatioth swiute
atoms gUg). For Mg, values foltJs ranging from 120 kJ/mol to 140 kJ/mol have
been reported in various research articles [40,4he value offUs should be in the
order of 10 kJ/mol [39,40]. Therefore the valueléD kJ/mol forU; proposed in
previous application of thides model [39] seems too high and a value of 150 klJ/mo
was chosen for the present version. It is found thaariation of the activation
energy,U,, of 10 kJ/mol only changes the thermal stressfef\aMPa independently
of temperature. The two remaining parametersand «, control the temperature
dependence and overall level pfand have similar effects. Therefore, the value of
w; has been taken from literature [40] and only thacentration exponeng, is
used to fit simultaneously the room temperaturédysérength for the two alloys and
two tempers. A value of 0.58 is obtained and isimithe expected range [0.5 — 1].

Keeping the value of the parameters controlling yiedd strength within their
expected ranges and only making the shear modefmpdrature dependent, it was
found that the effect of temperature on thermadsstrand precipitate stress is not
enough to account for the observed yield strengthrehse with temperature.
Consequently, it was chosen to use the criticalugads a temperature dependent
parameter. This parameter depends on the typeroé facting during shearing of
precipitates (i.e. the interaction mechanism betwdislocation and precipitate),
which may depend on temperature. Furthermore theession used for, (equation
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5.5) is a rough approximation, which does not adersithe exact interaction
mechanism between dislocation and precipitate.t@mperature dependencempis
not well established and can be fitted by adjustingrhe fitting has been made
simultaneously for two alloys and two tempers betweoom temperature and
250°C, keeping the value of 5 nm at room tempeeaftable 5.5). The radius
increase for temperatures higher than 180°C mdeatshe resistance of precipitates
to shearing decreases with increasing temperature.

Table 5.5:Critical radius with temperature

Temperature (°C) r. (nm)
130 5.0
150 5.0
180 5.0
250 6.4

5.6.2 Parameters controlling work hardening

Theo-¢ curve from theNes model can be compared to the experimental drei@lot
(up to necking). In thées model, work hardening is modelled as the resulhef
competition between dislocation storage and dynamdovery. Several dynamic
recovery mechanisms are possible depending onntioeirat of solute in the matrix;
the mechanism giving the slowest recovery rategottie controlling one. Previous
simulations assumed that recovery in aluminiumyallith moderate amount of
alloying element, e.g. AAlxxx and AA3xxx [52], ismtrolled by dislocation climb
as in pure metals. Although the amount of Mg inidsgblution in the currently
investigated AA6xxx is lower than in typical Sxxhtays, simulations showed solute
drag and pinning reactions give the slowest regovate and control recovery, as
for 5xxx alloys.

A sensitivity study of the model revealed that atian of the values of the pre-
exponential parameteB;, andBs within their acceptable range does not have much
effect on the simulation results. In the same vihg, parameteq,y s controls the
dynamic recovery by subgrain growth mainly duriigge IV and has negligible
effect on the current simulations, which does rmtbgyond stage Ill. On the other
hand, the parameter§, ws €, controlling the dislocation annihilation inside
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dislocation cells and the parametefy@and{;s controlling subgrain growth may have
a significant effect on the simulation output degiag on the simulation conditions.
The sensitivity study, however, also showed thaiatian of the value of these
parameters within acceptable ranges does not imaptbg overall fitting of the
model with the experiment. According to the modsl,these parameters are also
supposed to be independent of solute content. k@set reasons, the values of
dynamic recovery parameters already reported feMglalloys [52] were used as
default, except fols andAUg which are the same than for thermal stress (6f15.

The sensitivity study with regard to the dislocatgiorage parameters also showed
that the model is not very sensitive to the valdetlee cell wall geometrical
parameterk,, the saturation misorientation in stage I§,, and the parameter
controlling the saturation of the subgrain sizestage 1V, Sy. These last two
parameters are important for deformation largemtktize one reached with the
current simulations. Default values were then dsethese parameters [52].

One of the most important physical variables cdliig the dislocation storage rate
is the mean slip length. As explained in sectiof.®.the mean slip length is
controlled by the distribution of forest dislocats) precipitates and grain
boundaries. The influence of precipitates is deteedh by the parametexs. In
AABxxx alloys, shearable and non-shearable preatigst interact differently with
dislocations and, therefore, have a different éféecthe dislocation storage. In the
current version, this effect has been included laking the parametet; dependent
on the precipitate distribution. Table 5.6 gives tfalue of parametexs; for the
investigated alloys and tempers, as well as theresponding precipitate
contribution to the mean slip length,. The results were obtained by assuming a log
normal precipitate size distribution with a stamtldeviationAr = 0.2r [47,49] and
by takingxs, = 1.5 [52],r determined (cf. section 5.6.1), angd= 25 nm [49]. From
the results in table 5.5, it can be noticed thattfe material in T6 conditions at
20°C, the average radius is close to the critiealius and about half of the
precipitates are non-shearablg, is small enough to expect the precipitates to
contribute to work-hardening. The chosen valuefgrand 4r are then important.
For the other conditions the average radius islsemalugh compared to the critical
radius so that only a very small fraction of préefes are non-shearable and
contribute tolLp.
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Table 5.6 Parameterss, ¢ andL, calculated withks, = 1.5 and a critical radius for
shearing/by-passing of = 5 nm (20°C) and 6.4 nm (250°C).

Al r re f ) b
oy c K3
°C)  (nm) (nm) (nm)
20
6016-T4 0.8 00049 - 0 0 0 %
250
6016-T6 20 45 00098 57 00042 003 0017 14
6016-T6 250 45 00098 69 00008 003 0002 96
20
6061-T4 0.8 00094 - 0 0 0 o
250
6061-T6 20 48 0008l 57 00045 0.04 0025 11
6061-T6 250 48 00081 7.0 0.0012 0.03 0.004 §
1E-35
f —A—1Lp ----LD-T6
: - O--Leff-T4 —O—Lp-T6-250
| ——LD- --%-- Leff-T6-250
1E- 4{\ LD-T4 eff-T6-25
/é L 0—0 O0————
£ :
-l

1E-6
1E11

1E12  1E13  1E14  1E15

Dislocation Density (m-2)

Figure 5.15 Comparison of the forest dislocatidr), precipitatesl,, and grain
size,Lp, contributions and effective slip length vs. dégsltion density for 6061

The forest dislocations, precipitates and graire sipntributions to the effective
mean slip length are compared in figure 5.15. Ti@ngsize contribution has been
calculated withk, = 2 [52], meaning that the average location ofiodistion sources

is in the centre of the grain. The forest dislamattontribution is controlled by the
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statistical parametelC, which is inversely proportional to the chance far
dislocation to become stored inside the cell. THasameter depends on the solute
content; the higher the solute content, the smaliermean free path should be,
meaning the smaller the paramegerA typical value ofC =50 is used in figure
5.15 For T4 materiall, is infinitely large (table 5.6) as the precipiwi@re small
and can be easily sheared, meaning that they deamitibute to work-hardening
(fraction of non-shearable precipitates is negl@ibin the same wayl,, for T6
materials deformed at 250°C is still large compa@d, and precipitates have
negligible influence while at RT, becomes comparable kg and the presence of
precipitates contribute td. Figure 5.15 also shows that at small value of
dislocation density or very small deformatidp, is the smallest of the three mean
free paths and hence grain size is the controftietpr. With increasing dislocation
density or deformatioh, decreases rapidly and eventually forest dislocaliemsity
becomes the controlling factor. The paramedeis therefore an important model
parameter. It is found that an incrementofrom 30 (corresponding to AA5xxx) to
80 (typical for commercially pure aluminium) decsea the flow stress in the order
of 40 MPa and extend the range of stage Il. Forppication of theNes model to
AABxxx, C is chosen as a fitting parameter.

The only remaining parameter of relevance is thaodation storageg.. This
parameter is the ratio between the cell size arddiktance between dislocations
inside the cell and, therefore, determines theridigion of dislocations in the
microstructure.q. is also related tay, the second scaling parameter. Previous
applications of théNes model [52] showed thal, should increase with increasing
solute content, which means that the dislocatiomokk inside the cells becomes
relatively denser compared to the cell size. Tlecebfqg. on the work-hardening is
complex because it influences simultaneously ttsbodation densityg, the cell
size, o, and the misorientatiod. The sensitivity study shows that the effect ol ce
size dominates and an increasipgvalue increases the cell size and reduces the
work-hardening rate. Sinog. depends on solute content, it is used as the decon
fitting parameter for work-hardening.

The experimental true stress - true strain respohfige two alloys, 6016 and 6061,
in T4 and T6 conditions, at two temperatures, 2888 250°C, and at a strain rate of
0.01 §" were used to fit théles model. The dislocation storage parameterand the
scaling parametery,, depend on solute content. However, for the curfigting,
these parameters are assumed independent of abloypasition but are fitted
separately for T4Q = 30 andy. = 9) and T6 €C = 50 andy. = 7) materials.
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Figure 5.186 Fitting of experimental true stress- true strain response4déemper
(a) 6016 and (b) 6061 with tides model applied at two different temperatures.
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Figure 5.17 Fitting of experimental work hardening rate for T4 tempg6016 and
(b) 6061 withNes model at two different temperatures

Figure 5.16 and figure 5.1how the quality of the fit for the true stress-true strain
response and the work hardening rate at room tempeeidr50°C for T4 temper
of both alloys. At room temperature, the simulated worldéing rates of both
alloys are approximately the same the only differerardothe yield strength. This
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is in accordance with experimental results. A gfibds obtained for both alloys

with the same set of parameter values althouglsithelated stage Il is longer than
in the experiment. When the temperature increases foom temperature to 250°C,
the model predicts a decrease of the work hardemitegfor both alloys. This is also
qualitatively in accordance with the experimentdults. At 250°C for 6016, the
work hardening rate is relatively well reproducéddhere is only a constant shift
between modelled and experimental flow stressesdbrmes from the initial shift

between the fitted and experimental yield strengti250°C for 6061, the simulated
work hardening rate is too low during stage lll.eTimodel does not capture the
experimental fact that, when the temperature irs@gathe work hardening rate
decreases less for 6061 than 6016.

400 S 40 o 0 v
3501 © 35 0007
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Figure 5.18 Fitting of experimental true stress-true strasgonse for T6 temper
(a) 6016 and (b) 6061 with tides model applied at two different temperatures
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Figure 5.19 Fitting of experimental work hardening rate f& fEmper (a) 6016 and
(b) 6061 withNes model at two different temperatures

Figure 5.18 and figure 5.19 show the quality of fibéor the true stress-true strain
and work hardening rate curves at room temperance 250°C for T6 temper of
both alloys. At room temperature, a good fit isadted for the work-hardening rate,
although stage Il predicted by the model is lonimn observed experimentally.
The shift between experimental and simulated sstai curves of 6061-T6 comes
from a shift between the fitted and experimentald/strength. The model also gives
a decrease of the work-hardening rate with increag@mperature to 250°C but not
as much as observed experimentally. However, améttcould not be obtained
with a single set of parameter values@andq,.

When changing from T4 to T6 temper, precipitatesrgand solutes are depleted. In
the literature [50,53, depletion of solutes during ageing is supposedbé¢o
responsible for the experimentally observed deer@dshe initial work-hardening
rate; solute depletion results in an increase efitiean free path, which is translated
in theNes model by an increase of the C parameter. The hifited C value for T6
condition compared to T4 reflects this effect oiuges. A relatively lowC value C

= 30) is found for T4 materials compared to Al-Mgdabxxx alloys C > 35) [52],
meaning that the mean free path is relatively smatl AA6xxx. The fittedC value
for T6 materials € = 50) is in accordance with values reported for Ad-Mg alloys

(C > 45) [52]. The scaling parametey, relates the dislocation cell size with the
dislocation density inside the cells. The contirudecrease of the fittegl values
when going from 5xxx [39] to 6xxx-T4 and to 6xxx-Bhow that increasing the
amount of precipitates and/or decreasing the amatinsolutes promotes the
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formation of cell walls at the expense of the gjeraf dislocation inside the cells.
This results in a decrease of subgrain size anth@ease of the stress and work-
hardening rate in stage lll, partially balancing #ffect ofC (the effect ofC still
dominates). The fitted values gf for T4 (. = 9) and T6 ¢ = 7) conditions are
lower than the values already reported for Al-Mgaby alloys with similar total
solute content (resp. .g 12 and 9) [52], meaning that the dislocation s&k is
smaller in 6xxx compared to Al-Mg alloys.

Experimental results showed that (section 5.3.hgmgoing from T4 to T6 temper,
the dynamic recovery rate during room temperat@frdhation slightly decreases
(e.g.B parameter of Voce equation decreases). This allysexplained as the result
of the competition between solute depletion andipi@ate growth. Thées model,
however, only includes the effect of solutes onaiyit recovery and therefore
predicts faster dynamic recovery rate for T6 coragaio T4 materials. However,
with the chosen parameters values, the effect &lsBuring deformation at 250°C,
the Nes model also predicts very similar dynamic recoveaies for T4 and T6
conditions while experimental measurements showerthnfaster rates for T6
compared to T4. More generally, with increasinggemature, the work-hardening
rates of T4 and T6 tempers calculated with es model converge to each other
while the experimental results showed the oppo3ites explains the quantitative
differences between calculated and experimentainsgtress curves at 250°C. The
reason for this discrepancy is, however, not yetewstood and still needs to be
investigated further.

5.6.3 Parameters and Values

The parameter values used in this model are predantthe following table (table
5.7). The meaning of the symbols was given in 5.4.2
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Table 5.7 Value of the parameters used in the model

Symbol Value range Unit Symbol| Value range | Unit
W 25 - e 0.67 -
Vo 1.010" st B 100 -
b 2.8610%° m &P 40 -
k 1.3810% J.K? es 0.65 -
K3 Refer Table 5.6 - Qivs 0.5 -
v 0.33 - Qiv,s 2 -
Co Refer Table 5.4 atom. fra¢. ¢ 0.052 Rad

AUg 0 J.mol* @ 20 -
Qe Cf. text - m 0.8 -
C Cf. text - B, 0.23 -
f 0.1 - ry 2510° M
m 0.3 - o 1.010" m?
a 3 - Iy 0.0 Pa
Ko 3.5 - o Calculated -
U, 150000 J.mot B, 0.23 -
Ug 130000 J.mot & 0.349 Rad
Us 150000 J.mol* B, 0.23 -

AUs 0 J.mol* AR 80 -
K> 2.0 - & 80 -
B 0.36 - w 1 -

B® 57 - & 0.58 -

5.7 Validation and Discussion

123

After fitting the Nes model for 6016 and 6061 alloys at room temperaand:250°C
with a strain rate of 0.01's the validity of the model has been studied atpth
temperatures (130°C, 150°C and 180°C) and straén(fal &) for the same alloys.
The use of thées model at lower strain rate 0.001 &) at 250°C is not possible as
experimental results show evidence of dynamic pittion for T4 tempers, a
mechanism which is not yet implemented in the model
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Figure 5.2Q0 Model predictions (a) comparison with experiméngsults for 6016-
T4 at 0.01 3 (b) simulation results for 6061-T4 (c) comparisgith experimental
results for 6061-T6 (d) simulated work hardening far 6061-T4. At each
temperature the curve located above corresponasti@in rate of 0.1’sand the
one below to 0.017sboth for experiment and modelling.

Figure 5.20a depicts the quality of model preditdidor three different temperatures
at a strain rate of 0.01'sfor the alloy 6016-T4. The fitted curves (at room
temperature and 250°C) are also shown on the sigone fin order to have a better
feeling about the suitability of the model withihet range of temperatures of
interest. It can be clearly seen that the modetesgfully predicts the decrease of



Chapter 5 125

work hardening rate with temperature. The shifteobasd between simulated and
experimental stress-strain curves at some tempegsis mainly due to a shift in
yield strength. As it was explained in 5.6.1 thenperature dependence of yield
strength has been fitted simultaneously for the inv@stigated alloys and tempers
with only one parameter and the match was not pefée all conditions. Similar
conclusions are obtained for 6061-T4. In 5.6.2 asvshown that a good fit of the
model for T6 tempers at both room temperature &tt@ was not possible; a good
fit was obtained at room temperature but the vewy Wwork hardening rate at 250°C
could not be well reproduced. Figure 5.20c showat tthe model slightly
overestimates the work-hardening rate of T6 mdter@ 150°C but the relative
effect of temperature on work hardening rate id wagbtured.

Figure 5.20b, shows the effect of strain rate atwsd temperatures for 6061-T4.
Similar results are obtained for 6016 and for TAditions. From experiment (figure

5.1) it was noticed that the yield strength at rommperature is independent of
strain rate and that it increases with strain rattehigher temperature. For T6
conditions at 250°C an increase of strength of aB6UMPa was noted with increase
of strain rate from 0.01 to 0.1*§figure 5.1). The model also predicts an increafse

the initial stress with increasing strain rate buerestimates this effect at room
temperature and underestimates it at higher ternpergfigure 5.20c). These

differences are, however, relatively small. Simolatresults also show that, when
temperature increases, the work hardening rateasess with increasing strain rate,
although this effect is small (figure 5.20.d). Thisn accordance with experimental
data (see figure 5.1 and figure 4.5 in chapterx®ept for the T4 conditions at

250°C for which a small effect of dynamic precifita was noticed.

5.8 Conclusions

The main objective of this chapter was to inveséghae effect of temperature and
strain rate on work hardening behaviour and to lbgvea numerical model
applicable to 6xxx aluminium alloys. Work hardeniigy related to strain rate
sensitivity through the formation of substructuteldferent levels of strain. Tensile
results show that the strain rate sensitivity isozor both the alloys at RT and
slightly positive at 250°C. Temperature influencd® flow stress in a most
noticeable manner. Both yield point and work hamdgnrate decrease with
increasing temperature. An analysis with the Vocgiation revealed that the
decrease of work hardening rate is related to bhatlecrease of dislocation storage
efficiency and to the thermal activation of dynamécovery. Subsequently, the
material softens considerably with an increasingwiing temperature leading to a
very weak substructure formation owing to largenaiyic recovery at 250°C.
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The Nes work hardening model has been selected and adaptérixx aluminium
alloys by modifying the yield stress expression amahsidering the different
contributions of shearable and non-shearable ptaetds on the dislocation mean
slip length. The model has been fitted for two ydland two tempers at RT to
250°C. Overall, the model reproduces well the eftdcstrain rate and temperature
although some quantitative differences remain. istance, the predicted yield
strength slightly deviates from the experiment ltssior a few particular situations
as e.g. for 6016 under T4 condition tested at 256061 in T6 state tested at RT
and at 150°C at 0.0%strain rate. The calculated work hardening rase &ts well
the experimental results at RT but the corresporelest 250°C needs to be
improved. At slow strain rate (0.00%)ssome evidence of dynamic precipitation has
been recorded (Chapter 4, section 4.3.1) at 256fMdth the alloys. As dynamic
precipitation is ignored in the present form of thedel, there was no possibility to
address this issue. The validity of the model hatsbeen checked for other alloys
and temperatures over 250°C. The prediction caipabii the model is still limited
by the dependence of two parameters on solute mortedeed, to have a model
applicable for any AA6xxx and any temper, the dejgece of gand C with solute
content needs to be known. The assumption maddenptesent investigation
regarding the use of identical parameter valuesdb@ih alloys of the same temper
also needs further attention. Therefore a sub-miodelving g, and C as a function
of solute content can be added for improving theeru version of the model. With
these proposed modifications the model could beneldd to predict stress-strain
response under peak age and over age conditions.
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CHAPTER 6

PLASTIC ANISOTROPY IN AA6XXX
SHEETS

Plastic anisotropy observed during tensile, platrairs compression and deep
drawing tests at room temperature and°25% discussed. The possible causes for
such anisotropy were investigated by studying tygeddence of the r-value on the
tensile direction, texture, and yield locus. Theysh of the r-value profile and the
position of cup ears are independent of the fornemgperature. The texture also did
not show much change when deformed at’€5id comparison to RT. The average
r-value and ear amplitude, however, depend on testyre. The activation of extra
slip systems with temperature increase was sugpest¢he possible reason for this
observation. Experimentally measured r-values artlites have also been used for
validating thecrystal plasticitybasedVisco-Plastic Self-ConsisteffY PSGQ model
and subsequently the model has been used to pthdigtield locus between room
temperature and 250.
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6.1 Introduction

Plastic anisotropy has an important effect on istdigtribution during deformation.
Normal plastic anisotropy controls the thinning dadnability of most sheet metals
[1] and should therefore be taken into accountrdento obtain the final geometry
of the products within specified tolerance. The egrance of ears is also a well
known consequence of plannar anisotropy during deing (DD) of metallic
sheet, which is of technological relevance. The ettjpment of ears creates
additional scrap and induces inhomogeneous pregeatong the walls of the cups.
They can be related to the r-value measured dueingjle tests and considered as a
basic tool to characterize anisotropy. It is wehlolwn that crystallographic
orientation or texture in polycrystals is one oé tharameters that govern plastic
anisotropy and formability of aluminium alloys; axture derived yield locus
combined with FEM is therefore necessary to sudelgexplain and predict the
influence of plastic anisotropy during drawing.

Deep drawing is an important industrial processstoeet forming and also a good
test to evaluate strain distribution resulting frpfastic anisotropy. The appearance
of the undulating pattern at the periphery of teemtdrawn cup with a number of
distinct high points called ears and an equal nurobéow points known as troughs
are termed as earing. Ears appear during deepstijadiie to different radial
elongations generated by the sheet texture and lesy to several undesirable
effects like thickness variations, or change oéttahce in order to maintain volume
conservation. In case of rolled Al sheets the iddtalation to minimize earing and
increase the deep-drawing formability would be pinesence of random or {111}
fibre crystallographic texture. This seems too mfgtic primarily because during
sheet processing the texture does not remain random includes {111}
components. A more practical solution may be tharob of texture components. In
order to achieve good formability, the recrystaltian structure needs to be present
in addition to a suitable crystallographic textur€he typical texture after
recrystallization of Al sheets is usually dominabgdthe Cube {100} <001> or Goss
{110} <001> components. These two components premobnounced earing at 0°
(RD) and/or 90° (TD) directions [2,3]. The ear shab Goss is found to be shifted
15° away towards the transverse direction. Allrdedons between cube and Goss,
i.e. <100> parallel to the rolling directions, ibhi45° earing. In an attempt to
identify the texture responsible for the miniminatiof in-plane anisotropy, it was
revealed that the Cube texture may be benefici@inndombined with rolling texture
components. Such combination of Cube and rollingute components can be
obtained during annealing depending on the allaypmmsition, hot or cold rolling
conditions, annealing heat-treatment etc [4,5,6}lliRy texture components, Cu
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{112} <111>, S {123} <634 >, and Bs {110} <]12>) promote earing at 30°, 45°,
60° respectively with respect to the rolling difent[7,8]. A mixed texture with
annealing and rolling components can therefore l@a@d more balanced earing
profile with eight, six or two fold symmetry. Othiwvestigators have also supported
these facts [9].

Another simple parameter to characterize anisotrigpthe r-value derived from
uniaxial tensile experiments. The r-value or Lan#tfoeoefficient is defined as the
ratio of true plastic strain along width to thabrad thickness. For anisotropic
materials, it depends on the tensile direction wébpect to the rolling direction.
The limit drawing ratio (LDR), which estimates tHeep-drawability, is influenced
greatly by the r-value. A higher average r-valissalways encouraged in order to
increase the LDR and hence the drawability. But #werage r-values from
conventionally rolled and annealed aluminium alle/$¢ess than 1, typically in the
range of 0.55 to 0.85 [10,11]. These values arehntmwer compared to commercial
steel sheets and explain the relatively low forditgbof Al sheets. R-value may
depend on the applied tensile strain for AA6xx0wd [12] and should therefore be
expressed for a given specimen elongation. Thensttependency of r value is
strongly related to the texture evolution [13] até grain size and has been a
research topic of interest [14] since it may pradwhanges in anisotropy. The
relation between r-value and work hardening andr ttiependence on the tensile
direction has also been investigated by many rekees. Engler and An [15] in
their work with AA5005 found that increasing theportion of deformation texture
components makes r-value profiles more asymmetrig-value along RD decreases
and along TD increases compared to the r-valuel@rof pure annealing textures.
Extending the comparison to tensile test resultsoat no difference of work
hardening has been observed for low strain (se&iBnof chapter 5). Only at 45
work-hardening is slightly higher than for the atheo directions at the larger
strain. The curves for RD and TD almost superimpmsesach other. In another
investigation by Li [16] on a material exhibitingsamilar r-value profile, the flow
curves show maximum strain hardening for extrudedction (ED) compared to
TD and the 45° direction, with minimum strain hariohg at 45°. Nader [17] found
that the flow curves obtained from the tensile expent with AA3003 along 45°
and TD superimpose each other and that the flogsstis higher along RD, while
the r-value increases from TD to RD through 45%¥hlso noticed that the r-value
increases almost proportionally with the tempemti8o the correlation between
strain ratio and strain hardening is not simple apstematic for different alloys.

L average r-valuel{ )=( o +20,5+15)/4
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Formation of different dislocation structures imfhced by the presence of a
different number of active slip systems is supposedbe responsible for the
different results.

Temperature is also found to have a significaneatffon anisotropy [18]. The
changing anisotropic behaviour with temperature lmamrexplained by the activation
of additional slip systems. Like other fcc metdisn@nium slips principally on the
octahedral {111} planes in the <110> directiong, &lip on other planes (but always
along <110> direction) has been frequently repgrtpdrticularly at higher
temperatures. At temperature below>X@5 (0.7xT,, [19] or 0.&T,, [20] by some
investigations) classical {111}<110> systems hawe lowest critical resolved shear
stress (CRSS) making octahedral glide the onlyilis&sAt higher temperatures the
CRSS of the non octahedral systems decreases tesvalose to {111}<110>
making them activated. Perocheau [19] reported #tahigher temperature>(
400°C) slip on {110} could be slightly easier than oh1{l} while on {100} slip is
always difficult. In contrast Bacroix [21] statedd0} as the most probable one at
high temperature because of the fact that {100hel& the most densely packed
plane after {111}. Al deformed in tension or comgs®n at low strain rates showed
slip on {110} planes between 225°C and 365°C [2&] an {100} planes at 400°C
[23]. Maurice and Driver [24] first reported theidsnce of non octahedral slip
under large strain rate (16") by means of channel die compression on Al crygstal
at 400°C. The possibility of slip on {112} has albeen discussed and it was
concluded that slip on this plane substantiallyuoes the octahedral slip. This work
has been extended [25] up to a strain rate of li0ster Driver [26] in his work with
PSC tests at a strain rate of 1@gith Al-1%Mn crystals showed that non-octahedral
slip begins on {100} plane after 350°C. An impottanoof for the activation of the
non-octahedral slip system {110}<110> at increatdperature is the stabilization
of the cube orientation (>300°C), which is unstabteroom temperature [27].
Interestingly glide on {100} planes has been repadr{28] even at 170°C for
AAB056, when deformed at 2% in compression. Didiocs are able to cross slip
on to {001} planes and glide. This corroborates tasults of Carrade and Martin
[29], finding unstable glide along {100} during efe tests from 180°C and primary
{100} glide from 400°C for aluminium single crysgalAt 180°C glide on {001}
seems difficult because of strong friction on scrdglocation, which disappears
with temperature.

In current forming simulations with FEM, plastic isstropy effects can be
introduced by the use of an appropriate yield fiamctSince plastic anisotropy is
related to the crystallographic texture and sliptesn activationgrystal plasticity
models are preferred to compute the effect of jlastisotropy on the yield locus.
The first noticeable work related to plastic anispy was performed by Taylor [30].
He assumed each and every grain to experiencathe shape change as the whole
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polycrystal. All five possible combinations of tfiel1}<110> slip systems has been
considered in his model in order to calculate tim@ant of slip. Bishop and Hill [31]
revised Taylor's work with the statement that oalyimited number of states can
activate all five {111}<110> slip systems simultasly in a fcc crystal. The YL
for randomly orientated fcc crystals using this ragh lies between those of the
Tresca and von Mises criteria. Applying this applo#losford and Backofen [32]
calculated the plastic behaviour of textured matershowing the effect of textural
components on yielding. Various assumptions haws beade for the selection of
activated slip systems related to the texture dgreknt and each yield somewhat
different results [33]. Banabic [34], Barlat andz@eu [35], Barlat [36], Lopes [37]
then refined the model accommodating the effectsiofar stresses along the
symmetry axes. But all efforts to tract the yieddus have been restricted to room
temperature and very few have been done at higlpesature because of the
difficulty of performing tests at hot or warm temgwire. With increasing use of
warm or hot forming processes it becomes necessatgscribe more precisely and
accurately the plastic deformation behaviour andsequently the shape of yield
locus at high temperature. Tetsuo [38] investigéitedeffect of temperature on yield
locus and found that the size of the yield locusstcally reduces with increasing
temperature due to the decrease of yield strenitle. Logan-Hosford or Barlat
model have been found to be a better choice comparéiill's or Von Mises’ to
predict the yield locus at higher temperature.

Plastic anisotropic behaviour of 6xxx is not wetlokvn. Some research has been
done for RT applications but studies at high terapee are really scarce. Therefore,
the main objective of this chapter is to understdmedanisotropic behaviour of heat
treatable 6xxx aluminium alloys from RT to 28D both from experiment and
modelling results. This chapter also aims to gereaatemperature dependent yield
locus to be used as an input for FEM modellingthHa first part of the chapter,
tensile and deep drawing tests were used to stoeyplastic anisotropy and its
temperature dependence. Efforts have been madwestigate any textural change
after deformation with temperature that might affemisotropy. The possible
activation of extra slip systems with temperatues been determined from the
EBSD measurements and subsequently, using this lkdge;, theVisco-Plastic
Self-Consisten{VPSQ model has been validated based on r-value antdiréex
results and used for the prediction of the yielduk in the temperature range
between RT to 25C.
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6.2 Experimental Conditions

Tensile, PSC and deep-drawing tests have beenrpedbat temperatures between
RT and 250C. The general description and procedure of thehamcal tests have
been elaborately described in chapter 3. Respectradues have been measured on
tensile specimens after deformation. From the tesaflthe deep-drawing tests, the
earing anisotropy has been looked at in detailingagsrofiles from 3 different series
of experiments have been calculated and comparttdexperimental results. The
textures of the deformed samples were comparedsahdequently band contrast
maps generated from the EBSD measurements werdagehtify the slip systems
activated at room temperature and 250

6.3 Experimental Results

6.3.1 Tensile tests

Figure 6.1 Schematic of tensile tests with different in-paangles:.

Tensile experiments were done by varying the imglangle (figure 6.1) between
RD and the tensile direction at temperatures beiviRE and 258C for both alloys.
Specimens of both S and B with 1 mm and 3 mm tl@skas respectively showed
similar stress-strain behaviour and only resultsnfrthe tensile experiments for S
material are presented.



Chapter 6
Stress strain response

3005

150+
100+
—{—+— RT-RD —=— 250-RD

—O—RT-45 —e— 250-45
—4— RT-TD —A—250-TD

N N
o w,
.

True Stress (MPa)

a1
@

O T T T T T T T T T
0.00 0.03 0.06 0.09 0.12
True Strain

(@)

True Stress (MPa)

137

300+
250+
200+

150, //‘l/'

100+
| —=—250-RD —+—RT-RD

50/ ——250-30 —O—RT-45
| —4—250-TD —4—RT-TD

O T T T T T T T T T
0.00 0.03 0.06 0.09 0.12
True Strain

(b)

Figure 6.2 True stress-true strain curves at RT and 250%0ah §' for different
tensile directions for (a) 6016-T4 and (b) 6061-T6.

In the present investigation, as depicted in fighies there is almost no difference in
flow curves along three different directions atmotemperature for both alloys. At
250°C the curve along 45° departs at larger strain @sly slightly from the other
two directions for 6016. Observations were idemtici¢h a strain rate of 0.01's
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Figure 6.3 Experimental r-value as a function of the angdeaeen the tensile and

RD for (a) 6016 and (b) 6061 directions.

The dimensions of the tensile specimens deformetbuf0% strain with a strain
rate of 0.01 $ were measured and used to calculate the totdl tfina strains and
consequently the r-values. All the curves for batloys (figure 6.3) show the
maximum r-values along RD and TD and the minimucuad 30 for 6016 and 4%
for 6061. The r-values along TD are always highantthe ones along RD for 6016.
At 250°C, the r-values increase compared to the RT vdhreall measured angles.
This increase is more pronounced for T6 materiddlewever, the direction
dependence of r-values, i.e. the planar anisotnergains the same.
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6.3.2 Deep-Drawing tests
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Figure 6.4: Earing profile for T4 materials of different sesiat (a) RT and (b) at

Room temperature deep drawing was done for bothenmai in T4 temper
condition. Figure 6.4a, shows the appearance afdaws at RD and TD directions
and troughs at 45and equivalent directions. The number, positioth amplitude of
ears were found to be independent of alloy comipwsiSimilar results are obtained
for different series showing the reproducibilitytbe test. At 25WC, (figure 6.4b)
the results from series A, (refer section 3.4.2ddferent DD series) for both the
alloys, exhibit two ears at TD and troughs closeRid positions. At 18%C the

materials produced similar earing profiles like tmees observed at 2%0.
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Figure 6.5 Effect of test parameters on earing profiles ol at 250°C from
series A (a) varying temper condition for 6016 ghhch velocity for 6016-T4 (c)
holding time for 6016-T4 (d) and drawing ratio &061-T4

During series A the effect of some process paramete anisotropy at 250°C was
investigated (figure 6.5). Difference in temperpph velocity and holding time does
not produce any change in the number and positfoeacs. For 6061, there is a
tendency to maintain also ears at RD and this twydé more pronounced with

higher drawing ratio.
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The ear profile at 250°C from the two others seaes different than the one
observed in series A (figure 6.4b). In series B daring profile is similar to the
room temperature one, while in series C, the eafileris more irregular with two
ears approximately around 30° and 260°. The theeieswere done using the same
test parameters and configuration and only thestagre unmounted and remounted
between two series. These unexpected large diffesenf earing profile between
series at 250°C shows that plastic anisotropy atmwgemperature is extremely
sensitive to small variations in tests conditidhgssible differences originating from
the unmounting and remounting of the tools prodsceall variations in the
alignment of the tools or in the temperature gnaidien the die and blank holder.
However, no direct measurement is available to tiflethe exact cause of the
observed differences.

Effect of blank orientation

In order to study the possible influence of todgminent, distortion, or departure
from cylindrical symmetry on appearance of earsgyies B of deep-drawing tests
has been done by aligning either the RD, 8ad TD direction of the blank with a
reference direction on the tool, i.e. rotating Ittenk with respect to the tool.
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Figure 6.6. Force-displacement curves at different directifom6016-T4 drawn at
(@) RT and (b) 25

In figure 6.6, force displacement curves from seAeand B at RT and 28Q are
compared. Figure 6.6a shows that there is absyplateleffect of blank direction at
RT. A larger scattering is observed at 25@figure 6.6b) with the maximum force
varying between 62 kN and 67 kN for different blagikections. The difference
between two tests with different blank directiossof the same order than the
difference between two tests with same blank divacturthermore a soft tendency
of decreasing the maximum force with increasingatise between the centre of the
bottom of the cup (BC) and the centre of the oaterumference of the cup (MC)
(cf. page 48) has been noticed for the tests ddn@5&C so the observed
differences are unlikely to be due to blank dimttiand therefore to the tool
geometry.
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Figure 6.7: Ear profile for different positions of the blafriom series B for 6016-T4
at (a) RT and (b) 25C

For series B four nearly identical earing ear pesfare observed at RT whatever the
direction of the blank (figure 6.7a). At 250°C theproducibility of the earing
profile was lower than at RT but, unlike seriesal,tests show approximately a 4
ear profile with ears at RD and TD and troughs 5%ft and equivalent positions
(figure 6.7b). Since the ear profile is independehthe blank direction at both
temperatures it can be concluded that for seriflseBearing profile is controlled by
the material anisotropy and not by the tool geoynetherefore, increasing the
drawing temperature from RT to 250°C does not chahg type of anisotropy but
reduces the height of the ears showing that thenmhbehaves more isotropically.
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Effect of friction
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Figure 6.8 Effect of amount of lubricant or friction for 66414 (a) on force-
displacement at 25C from series C and (b) on ear profile at Z5@rom series C
and (c) on ear profile.

Effect of friction at 250°C has been studied byyuag the amount of lubrication
with respect to the regular amount employed dutivegother series. It can be clearly
noticed that, for the amount of lubricant usedgtion does not have an effect on
force displacement (figure 6.8a) or earing proffigure 6.8b). The effect of friction
has been investigated further by comparing teste @ RT and 250°C with regular
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amount of lubricant and a test done at RT with dre8heets between the blank and
the tools in addition to the lubricant (figure 6.8dt can be noticed that the
amplitude of the ear decreases when friction ire@sai.e. from RT with Teflon
sheets, to RT with lubricant and to 250°C with lahnt.

Thickness distribution
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Figure 6.9 Anisotropy in thickness distribution from serigdor (a) 6016-T4 and
(b) 6061-T4

Figure 6.9shows that for all RT deep drawing tests the théskndecreases only
slightly after the first curvature. Also, no thidss difference along RD and TD has
been noticed. At 25C the thickness of the cups decreases at the pbifitst
curvature before to increase along the cup walé fhiickness values along RD and
TD are almost the same for alloy 6061 comparedightsdifference of thickness
along TD and RD for alloy 6016.

6.3.3  Texture evolution during deformation

Textures after tensile, plane strain compressiah geep drawing tests have been
compared with the textures of the initial undefodnmaaterials to search for any
evidence of change of deformation mechanisms wiforthation temperature.
Texture measurements were also used for model atedid All textures after
deformation were measured by EBSD and the data \weseessed using the
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Channel5 acquisition system of HKL. ODFs were dal@d in the way described in
2.1.5. The volume fraction (%) of selected orieintag has been calculated with the
MTM-FHM software system developed by P. Van Houiging a spread of 11°
around each selected orientation. All ODF calcataiwere performed assuming
the orthotropic sample symmetry [39] and by consega the full texture can be

represented in the Euler subspace {Qﬁ1,¢,¢2} <90°. The total number of grains

involved during the texture measurements by EBSTalladeformed specimens was
between 150 and 200. The application of orthotragample symmetry actually
quadruples the number of grains used for the ODdulzdions.

Texture after tensile deformation

. LRD
Compression (Y)
1\ ™
7 ,ﬂ'
2> Extension (X)

— 7

Compression (Z)

@)

Figure 6.1Q (a) Schematic view of the section of the tensfiecimen considered
for EBSD measurement and (b) OIM image of the terssimples 6016-T4
deformed at 25

EBSD measurements have been performed right anitidle of the gauge length
and mid thickness on the (X,Y) plane indicated igufe 6.10a. All EBSD
measurements were performed on specimens witlettsde direction parallel to the
rolling direction. Textures have been calculatedthia (RD, TD, ND) reference
frame as shown in figure 6.10a.
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Figure 6.11 ODF for 6016-T4-S (a) as received (b) after 108fodmation at RT
and (c) after 10% deformation at 280

Table 6.1: Volume fraction of the texture components in 60¥before and after
tensile deformation.

Sample Cube Goss Br S Cu P R I-G |D
16-T4-S 5.7 45 15 5 18 3 45 05 23
16-T4-RT 3.7 54 14 34 21 32 35 04 26
16-T4-250 4.8 58 23 49 26 3 48 02 B4

Figure 6.11 and table 6depict the texture before and after 10% tensilemedtion
at a strain rate of 0.I'doth at RT and at 250°C for 6016-T4 material, elnoas a
representative example. The as-received cold ralbdgtion treated and
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recrystallized material consists of a typical retajlization texture composed of
Cube, R, P and Goss. The textural changes for RT288°C specimens due to 10%
tensile deformation are small and the textures memaalitatively the same. It has
been noticed that the trends of texture changeddr alloys are also very similar. It
is evident from the ODFs that there is a tendewcyttie Cube component volume
fraction to decrease and the Goss volume fractionintrease after tensile
deformation compared to as-received material; thessGcomponent has the
maximum volume fraction after deformation compatedCube in the as-received
material. Also ODFs are similar in terms of presen€ Goss and P component on
the a-fibre. The slightly higher volume fraction of B&sCu, S and D after tensile
elongation at 250°C compared to RT does not nedlsdaring significant
difference. The microstructure after 10% defornmmatghown in Figure 6.10b is
clearly not much different from the initial undefioed microstructure. The grains
are slightly elongated along the rolling directide the as-received material. These
observations allow to drawing the conclusions @ tensile deformation does not
produce noticeable change in materials microstracnd texture.

Texture after plane strain compression ND
)\—>RD
D
— Z Extension (X)
i

v
Compressio (Z)

Figure 6.12 Schematic view of the half cross-section of tE&CRBpecimen
considered for EBSD measurement after deformation

EBSD measurements were done at the centre of P&ihsgns on the TD plane as
shown in figure 6.12. Textures have been calculbtfdre and after PSC using, the
extension direction as X-axis and compression tor@s Z-axis, which also means
textures are calculated in the conventional (RD, WD) reference frame as shown
in figure 6.12.
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Table 6.2 Volume fraction of the texture components fromCR&periments

Sample Cube Goss Br S Cu P R I-G D

16-T4-B 9.7 1.7 04 17 19 15 16 11 23
16-PSC-RT 2.9 35 40 59 21 44 65 14 P25
16-PSC-250 3.0 63 31 60 21 26 6.6 18 |3.2

61-T4-B 7.3 14 06 19 18 19 13 10 25
61-PSC-RT 2.2 32 34 87 29 33 79 38 39
61-PSC-250 3 27 382 70 31 27 73 07 |20

The as-received materials show (figure 6.13a abie B.2) the presence of a strong
cube component. With 35% deformation the volumetioa of Cube is found to be
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reduced significantly, while the volume fractionfs@oss, Brass, R and S increase.
No significant difference can be noticed betweea thxtures generated after
deformation at RT and 280, which is a significant result considering thmited
number of grains involved in measurement. For iallasions, then-fibre is present
from Goss to Cube with a maximum intensity for Gess component. Goss and P
are the two main components on thébre in the deformation texture, although the
a-fibre is absent in as-received texture. It cao &ls noticed that np-fibre is found
after PSC.

Texture after deep drawing

Norma (Y) .
N\

/E :, Radial (X) End of flange

Tangential(2)

(@) ! (b)

Figure 6.14:(a) Schematic position of EBSD scans at the fldbye typical
example

EBSD measurements were done on the cross sectitie afeep-drawing cup in the
flange region as shown in figure 6.14a and b, 3amray from the end of the flange
(i.e. edge of the cup). During deep drawing thist g the flange underwent
approximately 30% of tangential compressive defdiona ODFs have been
calculated in the (Radial, Normal, Tangential) &;Y,Z) reference frame to be
consistent with PSC tests, i.e. to have the extensiirection as X-axis and
compression direction as Z-axis.
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Figure 6.15 ODF of deep-drawing specimens for (a) as recei@d4-S (b) as
received 61-T4-S (c) 6016-T4 at RT and (d) 6016T250C (e) 6061-T4 at RT (f)
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Table 6.3 Volume fraction of the texture components fromepglelrawing
experiments

Sample Cube Goss Br S Cu P R I-G D
16-T4-S 5.7 45 05 29 30 18 24 13 B34
16-DD-RT 1.4 90 25 52 38 51 35 20 57
16-DD-250 2.3 48 27 31 22 52 33 11 33
16-TD-250 5.3 1.0 27 54 20 31 57 08 40
61-T4-S 6.7 23 05 17 15 20 16 07 20
61-DD-RT 3.2 19 23 20 08 36 19 24 13
61-DD-250 2.4 36 21 28 16 57 20 20 29

Figure 6.15 presents the textures measured on saropt along RD, for which the
reference frame (X,Y,Z) corresponds to (RD, ND, TBpr comparison, the as-
received textures in figure 6.15a and b have atsmbrecalculated in the (RD, ND,
TD) reference frame. Comparing the ODFs (figuréspdnd the volume fraction of
the texture components (table 6.3) it can be caleduhat both alloys show Goss
and P dominated textures after room temperaturevaarch temperature drawing,
while the dominance of cube has reduced drasticailke for tensile and PSC tests,
the accuracy of texture measurement by EBSD on dbemwn cups is lower

compared to as-received materials because of thietl number of measured
grains. For instance, the extremely large intensftthe Goss component for 6016
material drawn at RT is due to the presence ofcagof Goss orientated grains
under the area examined. Therefore, qualitativdlgre is no major texture

difference between cups of 6016 drawn at room aadnatemperature. Apart from
then-fibre exhibiting a maximum at the Goss componetiier components close to
the B-fibre (Br, S and Cu or D) are also observed. Deéegwing of 6061 at warm

temperature produces similar textures than in 68l but is dissimilar at room

temperature with respect to the presence of a marimat P, a smaller Goss
intensity and the absence®fibre orientations.
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Figure 6.16 Odf for the (a) as received 16-T4-S (b) deep drammple 16-T4
along TD at 250C

Figure 6.16depicts the ODF measured on a cup cut along TD.réfeeence frame
(X,Y,Z) corresponds then to (TD, ND, RD). The tertwf the as-received material
is also recalculated in this reference frame. it ba noticed that the intensity of H
and to less extend cube components decreases, gvhaites with P orientation and
with orientations close to th@ fibre (Br, approximately S and D) appear. A small
amount of Goss grains are also formed. Althoughititéal texture in the blank
along the TD direction is different than the onengl the RD direction when
calculated in a reference frame linked to the deédion directions, the texture after
deformation are more similar.

6.3.4 Temperature and active slip systems

An attempt has been made in the present invesiigati identify the activated slip
systems by using the bands visible as black pailalkes on EBSD band contrast
maps (figure 6.17) of deformed specimens. The fpli@cof the calculation is to
verify which crystallographic plane, among a lispossible slip planes, contains the
direction of the observed bands. After importing tBBSD data in the TSL
software a vectorab is drawn on top of the band. The local crystatpdrc
orientation measured at the origin of the vedbris then used by the TSL software
to calculate the coordinates ab with respect to the crystal reference frame. This
vector is then compared to a list of slip planenmals <hkl>. If the angle between

ab and <hkl> is 90°+5° then {hkl} is considered asining the direction (ab).
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a-b: vector drawn on the deformation
band

c-d: slip plane trace

hkl: normal to the slip plane

Figure 6.17 Band contrast map used for the identificatioslgf systems.

The measured bands measurements have been obf@aire8C and deep drawing
tests both at RT and 2%0D. In order to calculate the accuracy of the mesasent,
the procedure has been repeated for five vectarsirg at different points on a
single band and this has been repeated on othestzmwell. The average interval
of confidence obtained was 5° for a confidence ll@fe95%. This includes the
effect of accuracy on local crystallographic or&imtn measurement and the
accuracy of manually plotting the band direction.

Table 6.4 Probability of activation of slip systems

AA  Def T(°C) {111} {112} {110} {100}
6016 PSC RT
6016 PSC 250
6061 PSC 250
6016 DD 250

I Frequently a solutiorf | Sometimes a solutioh Not a solutipn

Several grains and bands per grain have been adafgs each condition. Results
are summarized in Table 6.4, which indicates hagudently the slip planes contain
the observed bands. From table 6.4 it can be nbticet at RT bands are mostly
parallel to {111}. As {111}<110> should be the padinant slip system at room
temperature, this result suggests that the obsdrards are indeed correlated to the
active slip systems. Assuming the validity of thigrelation holds at 250°C it can
be concluded that {112}<110> is activated at 250MDwever, the slip systems
{111}, {110}, and {100}<110> cannot be excluded. &3e findings also corroborate
the literature reports mentioned in the introduttid this chapter. The slip systems
found will be used as input for thdSCmodel which is discussed in section 6.5.
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6.4 Discussion on Anisotropy from Experiments

The effect of plastic anisotropy on mechanical véha has been first investigated
from tensile experiments. Typically the true stressue strain curves and r-values
have been used for this purpose. During deep dopteists, the earing profiles have
been considered as a measure of anisotropy. Defiormi@xtures have also been
compared for different conditions to reveal anygiole change of anisotropy. The
influence of several parameters on anisotropy wadied: alloy, temper condition,
punch velocity, holding time, friction, etc. Amonthese parameters, the
predominant effect was temperature and frictiond@tion, followed by the effect of
precipitates.

Texture, r-value and ears

For the investigated conditions the shape of revghwofile did not change with
temperature and in most cases the values lie typibelow 1. The r-value is
maximum along RD and TD and minimum along 45°.a$ lalso been observed that
ears were formed at RD and TD while troughs werseoled at 45 This is
commensurate with the observation made by EngldrAm[15]. Since the stress
state in the outer flange is pure circumferent@hpression, it is expected that ears
will occur at locations that are orthogonal to tlection of maximum r-value in the
tensile test, i.e. at RD and TD. The maximum r-galalong RD and TD are due to
the cube texture of the as-received materials. appearance of asymmetric r-value
profiles for 6016 with higher maximum along TD améhimum at 30° compared to
the symmetric r-value profile for 6061 with minimuah45° can be attributed to the
presence of a higher fraction of Goss orientatinnalloy 6016. Indeed, this
component is found to produce the highest in-plamisotropy of r-values among
the texture components appearing in aluminium shd&6]. The pure Goss
component gives rise to a strong increase of resln the range of 55° to 90°. The
presence of Cube and Goss domination and the absdrap-fibre in as-received
textures also explain the four fold symmetry anel éippearance of ears at RD and
TD after deep drawing according to the previouseokstions reported in section
6.1. However, unlike r-value profiles, the textdifference between 6016 and 6061
has no effect on the measured earing profiles atARhough the type of r-values
and earing profiles did not change with temperattialues are found to increase
with increasing temperature (figure 6.3), while #raplitude of the ears decreases
(figure 6.7). As noticed in section 6.3.4, the defation mechanism is sensitive to
temperature. At RT {111}<110> is the predominarip system while at 250°C
three extra slip systems seem to be active. Theilegelation between slip system
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activation and r-value and ears will be investidaiie section 6.5. The observed
effect of temperature on the amplitude of the eaxdd not be distinguished from
the effect of friction, since friction also incresswith temperature. The effect of
friction between the blank and the tool seems carafdd and very much dependent
on texture. It changes not only the ear heightatea their location and shape. It has
been reported [40] that with increasing frictior thar height of Goss, S or Brass
dominated textures decreases along RD and diagiineations and increases along
TD. The asymmetry of the ear profile is then enkand-or Cube textures the ear
height reduces symmetrically along RD and TD dueth® symmetry of this
orientation with respect to RD and TD. The obserdedrease of the amplitude of
the ears with increasing friction can then be exgld by the Cube texture of the as-
received material. The larger decrease of ear &nglialong RD compared to TD
observed at RT when increasing friction (Figurech@&an be related to the presence
of the Goss component in 6016-T4 material.

Texture after deformation

Textures after tensile, PSC and deep drawing s8I and 250°C were measured
and compared. Savoie and co-workers [13] showetddhang the early stage of
drawing the tensile component of the stress tedsatinates in the flange and the
texture at this stage are expected to be simildheotensile one while at the later
stage of drawing the outer part of the flange isjetted to a stress state close to
uniaxial circumferential compression and this tet@isiominate the earing pattern.
Since the force in the flange during deep drawsigampressive in nature, texture
after PSC and deep drawing were calculated usmgdme reference frame with the
Z-axis being the compressive axis. Observing thé=©r different deformation
modes and temperatures it can be concluded thatréeshanges during deformation
but in none of the cases the difference betweenetktares after deformation at RT
and 250C was significant. During both PSC and deep drawihg deformed
texture changed with respect to the as receivedreyprincipally by the decrease of
Cube and increase of Goss volume fraction. P, &)ydSBrass components were also
found to increase. The textures are also commdmdyacterized by the presence of
then fibre. Texture evolution during tensile, PSC arid & RT is well documented
while the same for warm temperature is not. Theebse of Cube and the increase
of S orientations with deformation is in strong egmnent with the observation of
Driver [26]. The reason for this behaviour is tipditing of Cube grains by strong
TD rotations and with further deformation leadigfour symmetrically equivalent
S {123}<412> orientations. The reduction of the €ubrientation has also been
reported during warm PSC test with AA1050 [41]. iarthe results of the tensile
experiments it has been noticed that tensile deftiom up to 10% produces
qualitatively similar texture both at room temperat and at 250°C. The same
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observation has been reported [42] with AA1145témsile deformation up to 30%.
The independence of deformation texture on temperatontrasts with the effect of
temperature on r-value, earing amplitude and slgiesn activation. This apparent
difference will be investigated further with a nuimal model in section 6.5.

Precipitates, ears and r-values

A change of anisotropy with temperature can be cata with a change in
precipitate shape and morphology. In an investigaby Jobson and Roberts [43]
on Al-4% Cu alloy to study the change in earingdfipgafter solution treatment and
ageing for different time spans, it has been rembithat the height of the ears
changes with the nature of precipitates but therreadf 4 fold symmetry remains
unchanged under any circumstances. In presenfeprecipitates, the height of the
ears diminishes to a very low level and increasgainain the presence of
precipitates. More interestingly, no significankttee changes have been noticed
among different conditions implying that the vanat of earing behaviour can be
attributed to the presence of different precipgaaad & precipitates tend to make
the material behaving in a more isotropic mannémast the same effect has been
reported by Hosford and Zeisloft [44] for Al-Cu@js where the reduction in plastic
anisotropy due to the presence @f precipitates depends on both shape and habit
plane of the precipitates. In section 6.3.2 theatfof precipitates on anisotropy
during deep drawing has been investigated by vgriémper, holding time before
deformation, and punch velocity. From figure 6t5¢an be clearly noticed that at
250°C not only the number of ears but also theightedid not change with different
precipitates for the investigated alloys. Therefothe present experimental
observation at 250°C does not comply with the ditigre in terms of height of the
ears.

Concerning the effect of precipitates on r-values different directions,
investigations showed (figure 6.3) that r-valuesn che influenced by the
microstructure of the alloy. With Al-4% Cu alloy3#the introduction of” phase
reduces the normal anisotropy ligein Al-Mg-Si alloys, although™ platelets in Al-
15%Ag did not reduce the anisotropy compared tatisol treated condition,
bearing the fact that the overall strengthening’hbig similar to6". Hence, the habit
plane of the precipitates is also important apaminfthe nature of the precipitates.
Referring to figure 6.3 it can be readily noticédttfor both alloys at RT the r-value
remained unchanged for different precipitate pajpata (T4 and T6). At 250°C,
although the r-value profile remained the same, TtBestate yields higher r-values
for both alloys compared to the T4 condition, tliedence being larger for 6016.
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The difference in r-values at 250°C is purely duelifferences in size, amount and
stoichiometry of precipitates as well as a différsolute content between the two
materials.

6.5 Modelling Effect of Temperature on Plastic Defrmation

Driven by the objective to study the effect of tesrgture on plastic deformation
resulting from temperature dependent slip systetivigg the use of aCrystal
Plasticity (CP)approach is essential. It enables the interpoetadf deformation
characteristics using all possible combinationsC&SS. In thecrystal plasticity
approach, the properties of grains are considedeatical with respect to the
crystallographic reference system. In polycrystellaggregates heterogeneity arises
owing to the crystallographic orientation of diff@t grains. The assumption of
identical deformation in every grain irrespectiveits orientation throughout the
polycrystal by Taylor [46], results in an upper hduo the stress. Thigll constrain
(FC) model is famous because of the possibility of ipldtslip and reasonable
texture predictions. Simultaneously the model agsuthat the deformation in each
grain is equal to the macroscopic deformation. I%o0FC model only accounts for
strain compatibility, whilst it violates stress dirium between the grains during
plastic deformation. Theelaxed constraifRC) [47] approach considers grain shape
effects on grain interaction and has been foundfaatory for rolling and torsion at
large strain. It allows generation of local strasoompatibilities among neighboring
grains to gain a better stress homogeneity on aghenological basis. From
mechanical view point neither of the two shows auviacing theoretical solution to
polycrystal deformation in view of the fact thatests equilibrium and full strain
compatibility was not maintained. Alternatively,etlisco-plastic self-consistent
crystal plasticitymodel does not suffer from these drawbacks aselased stress
component(s) for each grain individually does navénto be specified beforehand.
Hence, for this reason théPSCmodel was applied in the current investigation.

6.5.1 Description of Visco-plastic Self-Consisteodel (VPSC)

The fully anisotropicsisco-plastic self-consiste(WPSQ model used for the present
work was developed by Lebensohn and Tomé (1993) §48ed on the work of
Molinari (1987) [49]. Version 6 of th#PSCcode (2003) has been used. MSC
model was initially developed for low symmetry miébs but has been extended for
higher symmetry materials. The model considers emdlividual grain as a
viscoplastic ellipsoidal inclusion embedded in amlbgeneous, incompressible
effective medium (HEM) representing the surroundigigins. The interaction
between the inclusions and HEM is considered ttobal but each individual grain
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deforms in a way making the average deformatioraktuthe imposed one, which
is known as the self-consistent (SC) approach. Shength of such interaction is
reflected in the respective accommodation of ptagéformation by the grains and
the surroundings. The anisotropy of the grainstAedmatrix both will contribute to
such interaction. The stress and strain rate digicn within the inclusion and the
matrix are homogeneous while the resulting stressl &train fields are
heterogeneoud/PSCaccounts for plastic deformation by the mecharoéslip and
twinning. It also includes the effect of hardeniagd texture. Neglecting elastic
effects at large plastic strains, the material bha is assumed to be governed by a
visco-plastic equation. The local and the overal$ponse are independent of
hydrostatic pressure component and the deformdtikes place without volume
change. Therefore the model is described in tharemsional deviatoric stress and
strain rate spaces.

6.5.2 Inputs and simulation conditions

The main input for the model was the initial expental texture, which was
discretized in 2000 orientations. Calculations wieased on the assumption that no
work-hardening was present. The visco-plastic bielawvas modeled by using a
rate sensitive constitutive law with a rate sewiitiparameter equal to 1/20. The
accommodation tensor of the self consistent mosleaiculated by assuming the
strength of the interaction between individual gsaiand the matrix to be
intermediate between the secant and tangent appatioins (gx = 10). It is
assumed that temperature controls the CRSS andhbusumber of activated slip
systems.

6.5.3 Model fitting and validation

Experimental results of section 6.3 showed th#ttpalgh temperature does not seem
to influence the plastic anisotropy character, thember of active slip system

families might be temperature dependent. A comparisf the experimental and

calculated r-values has been used to fit the CRBf model has then been
validated by comparing the experimental and predictextures after 35%

deformation by PSC at RT and 280
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Figure 6.18 Comparison of experimental and calculated r-vafoe (a) 6016-T4
and (b) 6061-T4 alloys (c) slip activity for 6018-at 250C and (d) slip activity for
6061-T4 at 25¢C

Plastic deformation of aluminium alloys at RT isokvn to take place by slip on the
octahedral slip system, {111}<110>. R-value caltiolas with theVPSC model
assuming only {111}<110> slip system predicts wbk r-values measured at RT
for 6016-T4 (figure 6.18a). For the 6061 alloy, tthdel predicts properly the
symmetry of the r-value profile but underestimates RT r-value at 45and over
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estimates it at RD and TD. Despite these differgnttee model can be considered as
reliable. The best fit of the experimental r-vala#s80°C is obtained by adding an
additional slip system family, {112}<110>, with aRSS ratio of the {111}<110>
and {112}<110> slip system families of 1:1.2. Fofamilies of slip systems
{111},{110},{100} and {112}<110> with CRSS ratios .9:1:1.1:1 were found to
produce a good fit of experimental r-values at Z5@5r both alloys. With these
conditions, the model predicts the highest slipvéagt for {111}<110> and the
lowest for {110}<110> (figure 6.18c and d). Thepshctivity is nearly the same for
both alloys.

Texture

Using the same CRSS values obtained after fitthey rtvalue profiles, textures
corresponding to 35% PSC deformation were caladldte both alloys and
compared to the experimental counterparts at RT2&MLC.

1000 120 150 200 270
100 120 150 200 270

350 440 58 760 960
350 440 580 760 960

PHI2= 65

(a) (b)

Figure 6.19 ODF calculated with th¢ PSCmodel after 35% PSC for 6016-T4-B
with (a) only {111}<110> slip and with (b) 4 slifystem families

Figure 6.1%hows that the textures predicted by the model @it or four families
of slip systems are qualitatively similar to thettees observed from experiments at
RT and 250°C (figure 6.13). Like experimental olaé&pbn there is no significant
difference between deformation textures at differdaformation temperatures.
Here, then-fibre spreads from Goss to Cube. Goss and P aren#in components
on the o-fibre, whereas the-fibre is absent which corresponds well with the
experimentally observed textures.
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Figure 6.20 Comparison of texture for 6061-T4 specimen &8C of 35%
deformation at RT (a) from experiment (b) fradfRSCand at 250C (c) from
experiment (d) fronvPSC

Figure 6.20 represents the comparison of experingamt model for 6061-T4
material for both RT and 28Q. The predictions are close in terms of relative
intensities of Cube and Goss components, the presef then-fibre and the
absence of th@-fibre. The presence of the Inverse Goss (I-G) camept has not
been predicted for this alloy.

6.6 A modelling Approach to Calculate the Yield Lous

After proper fitting of the CRSS ratios of diffeteslip planes th&/PSCmodel was
used to determine the stress factors, namely éndine strain, bi-axial and shear
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factors which are the yield stress for each deftionamode normalized by the
uniaxial tension yield stress.

These factors along with r-values and equi-biagtedin ratios were then used for
the calculation of the yield locus according to tiegter equation. At RT the
experimental yield locus was compared with the $ted one, while at 250°C the
yield locus was only predicted.

6.6.1 Determination of the Yield Locus

o, —3 .
Bi-axia - (Gbis Oni)
=
Pkane strain ) (O ps, Oaps) -
-,
Uni-axial e, L (G 0)

(GG

S Oty = 0 [
s 1/ U

(b)

Figure 6.21 Schematic of Yield locus (a) four test points $hpwing the input
parameters

To explain the plastic behaviour of isotropic mits; the Von Mises or Tresca
yield functions are considered sufficient. Howevier, sheet metal forming some
additional parameters are needed to describe tlastipl anisotropy. These
parameters are obtained from a set of selected ana@ tests and can be used to
construct a yield surface. A yield surface is defims a hyper surface that describes
the elastic region in 6 dimensional stress spacssuing all out of plane
components of the stress vector to be zero atithe of sheet metal forming, the
yield criteria can be defined in plane stress spabe yield locus for the present
investigation has been calculated with the Vegteldyequation. In constructing the
yield surface, the Vegter yield criterion [50] i®nsidered as one of the most
accurate yield functions for aluminium alloys. Theodel predicts much better
results in terms of plastic behaviour compared tteers based on uni-axial yield
stress and r-values. The Vegter yield locus cafimrauses as input the yield stress
of four different states of stress along particllzading directions namely, pure
shear, plane strain tension, uniaxial tension agui-kiaxial (figure 6.21a). This
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gives four reference points along the yield loqushie region wherel >oc2. The
corresponding reference points in the region wit¥e> 01 can be obtained either
by assuming symmetry of the yield locus in respedhe first diagonal or from the
yield stresses of the same four stress states raftating the loading direction by
90°. The reference points in the compression regfotihe yield locus are usually
obtained by assuming that the yield stress in cesgion is equal to the one in
tension. A Bezier curve is used to describe thentpoin between the reference
points. Considering the normals to the yield loassthe direction of the plastic
strain rate (Drucker’s postulate), the set of Begigve is constructed in such a way
that the yield locus is continuous. The gradientha&t uni-axial stress point is a
function of r-value. The gradient at the planeistpoint is infinite and hence fixed.
As it is difficult to measure the gradient at a gienshear point, the gradient is fixed.
The gradient at the equi-biaxial point is directilated to strain during the test,
p=¢,1£. The intersection of the two tangents at the ezfee points defines the

hinge pointa, (Figure 6.21b). Hence, the yield locus between teference stress

points ¢, ando; is defined by

0,

loc

=0, +24(0,-0,)+ 1’ (0, +0, - 20,) (6.1)
with ¢0[0,1].

Finally, a yield function is constructed by defigian equivalent stress,, that is
implied for any plane stress state by the relation

(o

O

5=%ag" 6.2)

Where o, is the current flow stress. A functiop needs to belefined as follows,

ﬂa’ geq) = Ueq(a) 4 f(g ec) (63)

The function gfulfils the condition thatgp=00n the yield locus andg <0 in the
elastic regime. The direction of the plastic streate can be calculated from the
derivative of ¢ to the stress. Since gis continuously differentiable, the plastic
strain rate direction is continuous.

The planar anisotropy can be modeled by allowingedkerence stress points and
corresponding normals to depend @n i.e. the angle between the first principal
stress and the rolling direction. The referencesstpoints and normals are defined
by an interpolation, based on Fourier series.

The four reference stresses, r-value and straio aatthe equi-biaxial point for the
calculation of a yield locus curve can be obtaieétier from experimental pure
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shear, plane strain tension, uniaxial tension ad-kiaxial tests or froncrystal
plasticity simulations of these deformation modes. The imfaa are usually given
as stress factors in respect to the uniaxial tengield strength.

6.6.2 Validation of yield locus at room temperature

A very accurate calculation of the yield locus a Based on experiments has
already been documented by Vegter [50] and BaBaL [The yield locus at RT of
the investigated materials were constructed byrdeténg the stress ratios from
uniaxial, plane strain, simple shear and normal gr@ssion experiments and by
joining the points with the Vegter equation. R-vdwand equi-biaxial strain ratios
were measured directly on the specimens. The meaidasts were done with the
loading direction parallel to RD, at 45° to RD arallel to TD. The vyield locus for
8= 0, 45 and 90° could then be directly obtainedhgisesults from perpendicular
tests. In this section, théPSC model is also used to simulate the same set of
deformation tests considering only the {111}<110ip systems, which are assumed
to be the only one active at RT. Stress ratioglues and equi-biaxial strain ratios
were derived and used to calculate the yield loG¢here is a possibility to choose
two options for the hardening law implicitly insitlee code. One is the Voce law or
alternatively the one predicted by threechanical-threshold-strength (MT8)odel.
The main advantage of the model is the possitiitglso predict the YL at elevated
temperature using the activated slip system at tdwaperature. This model has
already been successfully used by Engler [52] bxeax alloy with much lower
experimental effort compared to Vegter and BaBat For the present investigation
no work hardening has been used to calculate tbssstactors.
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Figure 6.22 Normalized experimental yield locus at two diéfet tempers for (a)
6016 and (b) 6061; Comparison with model for (c)&T 4

The vyield locus derived from experiment for 6016d a8061 using the Vegter
equation is presented in figure 6.2&ad b for the case corresponding de-0 °
(labeled “RD”). The figures show that there areyosinall shape changes in yield
surface due to changes of temper condition. Fo6 &B& curves slightly differ at the
bi-axial and pure shear points while for 6061 aatlypure shear points a difference
is observed. From figure 6.22 it can be seen tiatield locus derived frodPSC
calculations is in close agreement with the expental one and it validates the
numerical method used.
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6.6.3 Temperature dependence of yield locus

Change in size, position and shape of yield locuth iemperature may be
associated with a change of plastic deformatiorpamse. Position and shape
remaining constant, the change in size can be reatelith isotropic hardening or
softening. The change of yield locus shape refldmschange of plastic anisotropy.
Owing to the difficulty in carrying out experimends$ elevated temperatures very
limited data are available about high temperatuigldyloci. In the present
investigation, th&/PSCmodel has been used to predict the yield locuténsame
way than at RT; uniaxial, plane strain, simple shaad normal compression
deformations are simulated to derive the strestorfscr-value and equi-biaxial
strain ratio after 10% deformation. These outpu& daie used to construct the yield
locus according to the Vegter method. The genarstription of the/PSCmodel is
given in section 6.5.1. The temperature dependearcthe CRSS ratios were
obtained by fitting the r-value, as discussed ictisa 6.5.3. The model uses only
one octahedral slip system {111}<110> at RT and°C30At 180°C an additional
slip system family {112}<110> is introduced. The 8R ratio of the {111}<110>
and {112}<110> slip system families is 1:1.2. Fdamilies of slip systems {111},
{110},{100} and {112}<110> are used at 250°C withe CRSS ratios 0.9:1:1.1:1.

2004 1.5-
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100- ]
0.5
0- 6% 0.0-
~/5— RT-Expt -0.5 RT-Expt
-100+ A o -130-VPSC 1 --G - 130-VPSC
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Figure 6.23 Effect of temperature on yield locus for 6016dldng RD (a) actual
(b) normalized

Figure 6.23a shows that the yield locus reducesze with increasing temperature,
which is a direct consequence of the temperatupertience of the yield strength.
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At RT and 130°C the yield locus overlaps since bo#id strength and CRSS are
the same in this temperature range. Figure 6.28lvshhe yield locus normalized

with respect to equivalent uniaxial stress to idgrthe shape change. It can be
noticed that, with increasing temperature, thedylecus becomes more elongated
along the equi-biaxial direction.

6.6.4 Discussion

The activation of different slip systems was praubso explain the temperature
dependence of plastic deformation and anisotroggeEmental r-values at different
angles to RD were well fitted by théPSC model in the temperature range RT-
250°C. The model was subsequently successfullgatdd by the prediction of PSC
textures at 35% deformation at RT and 250°C andyilel locus at RT. Using the
determined temperature dependence of the slipregstthe model can generate the
yield loci at the temperatures needed for the FBetimg of warm forming.

An effort has been made in section 6.3.4 to detegraixperimentally from the band
contrast maps of the deformed samples the actipesgstems and compare them
with the predicted slip system activity by tfi&®SCmodel depending on the CRSS
ratios. In the model the highest activity at 260has been noticed on the
{111}<110> system followed by {112}, {110} and {1Q0 The activity level,
however, of {110} and {100} are very low and cloge each other. From
experiment, it appeared difficult to conclude sachtraight forward ranking about
the relative activity of the slip planes but thdidty of {111} has been reduced
while changing from RT to 25C. This supports the conclusion of Maurice [##8t
the introduction of slip on {112} reduces the aittivof {111} considerably.
According to Perocheau [18je difficulty of slip on{100} is highest which also is
commensurate with present observation.

The normalized vyield locus curves (figure 6.23bjedd that, when temperature is
increased, the vyield locus expands along the eiquidd point compared to the
remaining uniaxial tension, shear or compressiomtpo Expansion of the yield
surface at the biaxial point (equivalent to thetdot of the cup in terms of stress
state) with temperature means that the materiabrbes relatively stronger at the
bottom compared to the other parts of the cup.ddigh the change of the yield
locus with temperature looks small, it is to be tkep mind that even a small
apparent change may have a significant impact astiplanisotropy.
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6.7

Conclusions

The most interesting conclusions which can be drivam this chapter are outlined

below:

1.

No change in the type of anisotropy with tempemathas been noticed
from the mechanical test results. The true stitess,strain curves or the r-
value profile generated from the tensile experimesupports the above
statement. An absence of change in earing prdfileeims of number of
ears and relative position, in the deep drawingedrpents also supports
the same conclusion.

Although the deformed texture changed comparethadritial texture for
all modes of deformation, no significant effect die deformation
temperature on texture evolution could be observed.

The earing profiles from three different seriesleép drawing tests at room
temperature were found to be the same while theyddferent at 250°C.

Series A and C revealed two fold symmetry whileéeseB showed four

fold symmetry with lesser amplitude. It has beemotaded that these
differences are caused by undetected differencakertool geometry or

alignment. It revealed that plastic anisotropy armw temperature is very
sensitive to test conditions.

The observation of the band orientation on the bemwtrast maps after
deformation suggested the activation of extra slgtem families with
increasing temperature.

The VPSCmodel successfully predicts the deformed textditer #SC at
35% deformation for room and warm temperatures laoith alloys using
the CRSS ratios of different slip planes determiaftdr fitting the r-value
profiles. A good match is obtained between the grpmtal and calculated
yield locus at RT and the model is then used taliptehe yield locus at
250°C.
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Chapter 7

APPLICATIONS AND CONCLUSIONS

This chapter presents the results of a simulatgingua finite element model. The
finite element code DiekA developed at the Uniugref Twente (The Netherlands)
was linked to theNes and VPSC models for the description of the material
behaviour. The punch force-punch displacement cuarad thickness distribution
from deep drawing tests with different conditionsrev simulated and compared
with the experimental results.
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7.1 Introduction

The term “simulation” (derived from the Latin wortimulare” meaning “to
pretend”) in its technical sense means to repro@upbysical or technical process
using mathematical and physical models. Simulatomsually cheaper and less
hazardous compared to practical experiments. Strookmight produce identical
output as experiments when all the steps of therxents are successfully and
logically replicated. Therefore, simulation is cmlesed as a powerful tool when
combined with a sufficient level of modern compiga&l power, which is often
required to simulate complex technical processesith Whe increase of
computational power during the last ten years nigabemethods are playing now a
prominent role. In present day research, finitenelet modelling (FEM) is widely
used as a framework for product design and proopsisization. Describing a
technical problem in physical terms and subsequdothmulating it mathematically,
is the first step for modeling. Numerical complgxiike poor convergence during
iterations should be avoided. The boundary andalnitonditions have to be
predefined properly. During fabrication as a fitebl for industrial product or
process design, FEM can solve potential problendshemce save time and money.
Also, to understand the complex deformation medatsarduring any forming
processes numerical analysis is considered asi@attool. A detailed overview can
be found in Belytschk¢l], Zienkiewicz and Taylof2], Simo and Hughe§f3],
Crisfield[4].

Being a very popular forming process deep drawiB@)( is simulated very
frequently with FEM. For production of complex skapand curvatures, the DD
process is frequently of critical importance in dawdy press forming in the
automotive industry. An incorrect tool design megd to several undesirable effects
leading to failure by wrinkling, necking or streiiet. However, proper tool design
and control of variables during DD is a dauntingkt@and needs several trials to
reach to perfection. Consequently, the design eftdlol consumes a lot of time and
money. FEM can replace the hazards of practicall ard error by a virtual process.
An accurate description of the material responsel, geometry and other process
variables are essential inputs for the successfllaccurate running of the model.
This is also the case for the simulation of warmmiog processes. Warm forming
has been considered as a promising process forouwmprent of formability
compared to room temperature forming. Due to thepiex effect of temperature
on material response, accurate material models nhecextremely necessary. A
temperature and rate dependent hardening and tetaperdependent anisotropic
yield function need to be implemented for thermash@mical simulation during
warm forming. The vyield function denotes the iritia of plastic flow under an
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arbitrary loading mode while the hardening rulectibgs the evolution of the yield
surface.

Existing research on simulation of warm formingyodeals with the influence of
temperature on flow streg%$,6,7]. The description of material's anisotropy the
use of the Vegter yield surfad8] was assumed independent on changes in
temperature. To be more realistic, the changeafiysurface with temperature also
needs to be incorporated in the model. Thereftie gtobal objective of the project
was to develop a FEM linked to physically based emdhat should predict the
work hardening and yield locus for several alumimialloy systems in a wide range
of temperature. The material models have been dpedl at Delft University of
Technology, while their coupling with FE code haseb done at the University of
Twente. The physically basétes model (described in chapter 5) includes the effect
of work hardening and the crystal plasticif?SC model (described in chapter 6)
gives the coefficients of the yield locus as a fimt of temperature. The coupling
of material models and application to 5xxx and 6xatdminium alloys has been
presented in details in the Ph.D. thesis of Kuru@)r For instance, the true stress-
true strain response of 5754-O obtained from thwsile experiments was also
simulated by FEM and the accuracy and necessitiFE¥ were verified. Two
physically based hardening models namely the BengsaindNes models were also
compared. Both models can fit well the results ohotonic tensile tests. However,
the Nes model gives better prediction of the DD procesmntthe Bergstrom model
when they were coupled with the FE c¢dlp The aim of the present chapter is to
present an application of the FEM linked to Nes and theVPSC models presented
in chapters 5 and 6. Deep drawing of cylindricgisof 6xxx was chosen as a case
study. The punch force-punch displacement and tieis& distribution are compared
with the experimental one.
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7.2 Description of the model

Global parameters
- grain size distribution
- alloy composition

Work-hardening ~ M ===== Process parameters
i Dislocation density
- Nes Model - tool geometry

tem==e »  Subgrain size .
Subboundary misorientation - displacements

- temperature
FEM
Particle volume fraction At each integration point:
Particle radius _ elastic strain
Solute content . .
- plastic strain
- stress
Crystallographic Texture Strain increment Model parameters
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|
— -l
L——» Stress increment ]
|
, Tensile tests [
Yield surface ] Punch Force vs Punch Displacement
- Crystal Plasticity (RS Thickness Distribution
Cup Geometry

Vegter parameter  —

Figure 7.1 Different models used in the thesis and the vhay tare related with
each other

In the context of the present research,Niks work hardening model and thédSC
crystal plasticity model have been linked to thek2i FEM to simulate warm deep
drawing (figure 7.1). The implicit finite elementode DiekA [10] has been
developed at the University of Twente LaboratoryApplied Mechanics. The code
has been specially made for the simulation of fagrprocesses like deep drawing,
rolling, extrusion, bending, injection molding aothers. The main characteristics of
these simulations are strong nonlinearities du@iszo) plastic material behaviour,
tool-workpiece contact, large strains and thermaimeaical coupling. The code has
many advantages to work with. It solves a set efrrtto-mechanically coupled
equations. It also works on the arbitrary Lagrangiulerian method. With this
method, the displacement of the element mesh camlif@nnected from the
material displacement. It is possible to calcufateblems with large displacements
and the temperature can be used as a degree dbined~or three dimensional
calculations bulk elements, membrane elements,e pklements and contact
elements have been developed. The tool descrigd@onbe done with geometric
contours and the contact description is done wlith help of special interface
elements. The FE code uses stress strain curvesaged from thdNes subroutine
together with stress factors and r-values at diffeangles to the rolling direction
from the VPSC subroutine. ThéNes model has been fitted and validated using the
tensile test data at room and warm temperaturegpfeh5). The stress factors and r-
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values are used to describe the anisotropic behawb the sheet by using the
Vegter yield function [8] (chapter 6). The parametef the Vegter yield function
were calculated for a limited set of temperatures,at 25, 150, 180, and 250°C and
quadratic interpolating functions were used to deiee the parameters at other
temperatures.

7.3 Simulation of Deep Drawing

The details of the deep drawing tests have beetriled in chapter 3. Cylindrical
shaped cups were drawn at various temperatureshpeglocity and holding time
for different tempers of both 6016 and 6061 alumimialloys. The experimental
results showing the influence of these parameterstiee punch force-punch
displacement response, the thickness distributiod earing profile have been
presented in Chapter 4, Chapter 5 and Chapter 6.

7.3.1 Input

Following the orthotropic symmetry assumption fdre tmaterial behaviour, a
quarter of the blank was modelled and boundary itiond were applied on the
displacement degrees of freedom to represent themsyry. The blanks were
modelled with 998 discrete Kirchhoff triangular Brdements with 3 translational,
3 rotational and 1 temperature degree of freedomnpde and a typical element
edge size of 5mm. The tools were modelled as ragidtours with a prescribed
temperature. The model further contains 1996 corigments, resulting in a total
of 10,812 degrees of freedom. The global convergemiterion was set to 0.5%
relative unbalanced force. In the simulations pudidplacement increments of 0.1
mm were used.

In the presented simulations, room temperature dfaping was simulated by
giving a temperature of 25°C to the punch, the digl the blank holder. For warm
deep drawing, the die and the blank holder wererga temperature 250°C, while
the punch was kept at 25°C. As a consequenceethperature of the bottom of the
cup was low while the temperature at the flange waggher maintaining a

temperature gradient from the bottom to the flarigehe simulations, the friction

between the sheet and the rigid tools (die and k)eis described with the
Coulomb’s friction model. The friction between tamhd work-piece is one of the
least known parameters in the simulations. Van Beagaard [11] measured the
value experimentally for the used combination otarials and lubricant. He found
a value of 0.06 at room temperature and at temp@smt@bove 150°C, the friction
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coefficient varied between 0.12 and 0.18 dependingthe experiments. In the
model, the value of the friction coefficient wa®®.below 90°C and 0.12 above
110°C. In the transition domain the values weredity interpolated. Owing to the
high heat conduction of aluminium and the low shimitkness, it is logical to
assume that temperature is constant across the thligeess. It is also assumed
that the tools remain at the prescribed temperatsineell as the part of the blank in
contact with the tools. Therefore results are rey\dependent to the heat transfer
coefficient @) between the tool and the blank and a constantevaf a = 140
W/m-K was used.

7.3.2 Results

The experimental punch force-punch displacemenporese and the thickness
profile from cup centre to cup edge are used tmlatd the DD simulations.

Temperature

The comparison between the FEM predictions and rexpatal results is made at
room temperature and at 250°C.
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Figure 7.2 Comparison of FEM simulation and experiment g&®#A). Punch force
vs displacement curves for T4 alloys at two temfpees for (a) 6016 and (b) 6061;
Thickness distribution for T4 alloys for (¢) 6016da(d) 6061.

Comparing the different punch force-displacementvesi (figure 7.2a and figure
7.2b), it can be seen that the model performs atddoth the temperatures. At 25°C,
the simulated maximum punch force shows a very gagckement with the
experiment, while the punch force is underestimatedarger drawing depths for
both alloys under T4 conditions. The calculatedtidemrresponding to maximum



182 Applications and conclusions

punch force at 250°C is slightly shifted compareditie experimental values for
both alloys.

Experimental measurements in figure 7.2c and figugd show that the bottom
(part of the curve from 0 to 45 mm) is thinner afi@om temperature drawing than
after warm drawing. The reason is that during warawing, the flange is warmer
and therefore softer than the bottom and carrikively more deformation than in
case of room temperature drawing. The FEM modelvever, predicts the same
bottom thickness for both drawing temperatures siiilations also show that the
trends along the wall (curve from 45 to 120 mm) 8adge (curve above 120 mm)
with changing temperature are well predicted. Adigant drop in thickness at the
middle of the cup wall at 250°C compared to thermademperature thickness, has
been noticed by the experiment and subsequentlpostgal by the model. The
minimum wall thickness is, however, underestimalbgdthe FEM results, which
represents an important issue to be considereduftiner model improvement.
Indeed, due to thinning, the cup wall becomes tbakest of the areas and needs
careful attention during warm forming to avoid pegare failure in this area. The
flange thickness becomes thicker than the initlade$ thickness indicating the
predominance of the circumferential force. The deepwing experiments and
modelling at 180°C were also found to be in goodeagent. The punch force —
punch displacement and thickness profile remaibeitween the curves obtained at
room temperature and 250°C for both alloys.
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Figure 7.3 FEM simulation of punch force vs punch displacetwirves for T4
and T6 tempers for 6016 at 250°C

In Figure 7.3, the simulated and experimental puiacbe—displacement curves for
6016 are plotted for different tempering conditiois can be noticed that the
numerical model underestimates the maximum puncbefdor T6 and slightly
overestimates the same for T4. This observati@oisehow surprising since, from
fitting of the Nes model, it has been observed that Nes model overestimates the
flow stress for T6 condition at high temperaturigp(fe 5.18) and, therefore, an
overestimation of the punch force in T6 conditi@ther than an underestimation
would have been expected during deep drawing stionlaAlso, the difference
between simulated punch forces of T4 and T6 blasklow compared to their
difference in flow stress. It shows that the relatbetween flow stress and punch
force is complex and further investigation is reqdito reach a good prediction of
the temper effect during deep drawing.

7.4 Conclusions

The effect of temperature, temper and compositionmaterial properties were the
three most intensively studied parameters in tlesqnt investigation. Experimental
results were used to validate thes andVPSC models and subsequently the models
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have been coupled with the finite element code Ritk obtain predictions about
the forming process.

Experimentally, the most noticeable change of ntproperties was produced by
temperature. Both yield strength and work hardeniveye reduced due to an
increase of temperature up to 250°C. The maximuntipdiorce and rate of increase
of force with displacement also decreased with &mapire during deep drawing.
Although no change was noticed in the number of eawing to the change in
temperature the amplitude of ears was found tcetdaaed at 250°C. The thickness
distribution from the bottom of the cup to the fignwas also different at different
temperatures. At 250°C a significant dip in thickmevas observed at the lower part
of the cup wall.

The effect of temperature has been explicitly idelt in theNes code and has been
captured nicely by the model. Other models, e.g@gBirém, are handicapped by the
fact that they need to be fitted for each tempeeatérom room temperature to
250°C, the work hardening response of the matecatsbe successfully predicted.
An effort has been made to simulate deep drawitey abupling theNes andVPSC
models with the FE code DiekA. The predictions setrae in terms of punch force
vs punch displacement and thickness distributieesuRs of FEM simulations still
need to be analysed with respect to the influedderaperature on earing profile
and plastic anisotropy.

The prediction of the stress strain response fiieréint alloys by only taking into
account the change of the precipitate radius addme fraction, and the solute
content is readily done with thdes model while a different fitting schedule has to
be followed for other simpler models. Changing sodute content and precipitate
distribution also gives a straightforward indicatiabout the change in materials
properties due to temper state. Changing the tersfse from T4 to T6 was
associated with an increase in yield strength arde@ease in work hardening
although the effect on work hardening was muchrictetl at room temperature.
FEM simulations of deep drawing properly captuteel difference between the two
investigated alloys while the prediction of temp#ect still needs to be improved.

The specific case study presented in this chaptestrates that combining
physically based material models with FEM can beduso simulate forming
processes successfully. The simulation resultsajijpshow a good agreement with
experiment and demonstrate the potential interesthedo modelling approach. This
type of models is very flexible and can be easierded and hence applied to other
systems.
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