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Summary

Driven by a desire for weight reduction, the use of aluminteet is increasingly taken into
consideration in the industry. Apart from the aerospacastiy, where aluminumi s the first
choice material for most parts, the interest from the autiradondustry is growing. This
concerng.g.inner and outer body panels, and hydroformed aluminum flibe formability
of aluminum, however, isin general less tleag.steel. Therefore in many industrial forming
processes for aluminum the mechanical loading is combirn#dathermal componene.
deformation at elevated temperatures or annealing betdefmmation steps.

A particularexample from the aerospace industry is theatieg of aluminum partsin a
number of stages with intermediate annealing treatmeimis h€ating and cooling cycles are
time consuming and should therefore be minimized. In thegss of warm forming, parts
of the blank are heated and other parts are cooled to inctkagermability. However, the
temperature distribution introduces an extra degree effoen in the production process for
which experience is lacking. A good simulation tool will ezt the trial-and-error process
that would be necessary to optimize the process conditions.

Inthe research on warm forming, three different aluminuieyal: Al-Mg alloy (AA5754)
and Al-Mg-Si alloys (AA 6016 and AA 6061) used in the autow®iindustry are con-
sidered. In the stretch forming with intermediate heatttremnts, aerospace Al-Cu alloy
(AA 2024) is considered. In non-heat treatable Al-Mg alldyardening is mainly due to
the presence of solute atoms in solid solution and in heatabde Al-Mg—Si and Al-Cu
alloys, strengthening is determined by precipitates fatiohgring ageing treatment.

In this thesis a numerical model is developed to simulatéitéenally assisted forming
of aluminum sheet. An important part of the numerical modethe modeling of the
material behavior. For room temperature forming, the niatbehavior of aluminum sheet
is completely determined by work hardening and almost iedélent of the strain rate.
Above 125°C, the strain rate sensitivity increases. Hence, apart freneffect of solutes
and precipitates, material models will also need to comsiei@perature and strain rate
effects on work hardening. Material models based on thenlyidg physical processes are
expected to have a larger range of usability in this respect.

In this research, two such physically based hardening nsodleé Bergstrém and the
Nes models are compared. These models incorporate therinuef the temperature
and strain rate effects on the flow stress and on the hardeaiaghased on storage and
dynamic recovery of dislocations. The Nes model directketainto account the chemical
composition such as the solute concentrations, grain gi@eme fraction and size of the
precipitates. Thus, the Nes model is quite capable to destire changing material behavior
during the ageing of heat treatable alloys. The Nes modeliatdudes the DSA effect in
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the non-heat treatable alloys. Both the Bergstrom and treeredels can be fitted well
to the results of monotonic tensile tests. The Nes modekddatter prediction than the
Bergstrdom model. Large differences appear, howeverafstate jumps are applied. After
a strain rate jump, the Bergstrdm model grossly overesémtte strain increment that is
needed to reach the corresponding constant strain rate.cWith the Nes model, an initial
jump in the flow stress is observed, followed by an asympttive approaching the new
constant strain rate curve, which is a better represemtafithe experiments.

The biaxial stress—strain response and the anisotropeaftiminum sheet is described
by accurate planar anisotropic yield functions: the Vegted Barlat YId2000 models.
The biaxial stress—strain response of the material is éxgatally determined by uniaxial
stress, plane strain, simple shear and equi-biaxial stests and used as an input to the
yield functions.

The implemented models for warm forming are first verifiedhainiaxial tensile test
simulations. Atroom temperature the predicted local@asitrain corresponds to the exper-
imental ultimate strain. At elevated temperatures, the iedel predicts the localization
strain very well, much better than the Bergstrom model. Taustrial relevance of the
models is further confirmed with warm deep drawing of cylindland square cups. The
favorable comparison found between the numerical and @xpetal results shows that a
promising future exists for the use of the implemented metesimulate industrial stamp-
ing operations.

The effect of anisotropy in deep drawing is generally vieweded on the number of
ears, their location with respect to the RD and their amgétuln this work, the effect of
temperature on anisotropy is studied both experimentaliyraumerically by measuring the
number, position and amplitude of the ears. In the simutatiohe effect of temperature
on anisotropy is studied by identifying the Vegter yield étion data from crystal plasticity
analysis by assuming the activation of more slip systemggaiehtemperatures.

In the stretch forming of aircraft skin parts with intermat#i heat treatments, the work
hardening during stretching is described with a phenontagichl power law model and the
physically based Nes model. The stress removal during hegiintent is modeled based
on the observed physics such as the particle coarsenindharstitic recovery. The results
are compared with the phenomenological approach by asguthi initial mechanical
properties are restored during heat treatment. It can beleded that the physics based
material modeling gives better results.



Samenvatting

Producten uit plaatmateriaal worden met het oog op gewetiistie steeds vaker uit alu-
minum materialen vervaardigd. Naast de vliegtuigbouw,ned@minum de eerste keus is
voor veel onderdelen, is er een groeiende interesse vamaititbmobiel industrie. Hierbij
gaat het vooral om in- en uitwendige plaatonderdelen endyelrgrmde buizen. Alhoewel
aluminum vele voordelen heeft ten opzichte van staal, ivhak moeilijker vervormbaar.
Hierdoor treden er sneller materiaaldefecten op. Om defextis te voorkomen, wordt de
mechanische belasting die opgelegd wordt tijdens het mtaghroces vaak gecombineerd
met een thermische component. Dit wil zeggen dat omvormiiagtgvindt onder een ver-
hoogde temperatuur (warmvormen) of er worden warmtebedlamgen toegepast tijdens
het omvormingsproces.

Een specifiek voorbeeld vanuit de vliegtuigbouw is het stoeken van aluminum plaat-
onderdelen. Het strekvormen wordt uitgevoerd in meerdegpen, waarbij het materiaal
tussen de stappen door gerelaxeerd wordt. Het verwarmdhk@slen van het product, wat
onderdeel uitmaakt van het relaxatieproces, is een tiglrdyproces. Het aantal benodigde
stappen moet daarom worden geminimaliseerd om het produgbedkoop mogelijk te
produceren. Tijdens het warmvormen worden bepaalde delemg matrijzen verwarmd
en worden andere delen afgekoeld. Dit gebeurt om de venaanhieid van het materiaal
te verhogen. De temperatuurverdeling over de matrijs duoeert een extra vrijheidsgraad
in het productieproces waarvoor extra kennis vereist issdesimulatietechnieken zullen
daarom ddrial and error fases van het procesontwerp verkorten en zo het productiepr
optimaliseren.

Voor het onderzoek naar warmvormen wordt er gekeken naartgpen aluminum le-
geringen:; Al-Mg legering (AA 5754-0) en twee Al-Mg-Si legmyen (AA 6016 en AA
6061). Deze legeringen worden vooral toegepast in de adimlredustrie. Voor het strek-
vormproces met achtereenvolgende warmtebehandelingett gekeken naar de legering
Al-Cu (AA 2024). Deze legering wordt veel toegepast in degluiigbouw. In de Al-Mg
legeringen, die niet geschikt zijn voor warmtebehande&imgvordt versteviging van het
materiaal veroorzaakt door de aanwezigheid van opgeltstess. Voor de Al-Mg-Si en
Al-Cu legeringen, die geschikt zijn voor warmtebehandgdim, wordt versteviging van het
materiaal veroorzaakt door precipitaten die tijdens hedwederingsproces worden gevormd.
In dit proefschrift wordt een numeriek model beschrevegadiruikt kan worden voor het
simuleren van aluminum omvormprocessen met een thermisgchponent. Een belangrijk
onderdeel van dit numerieke model is de modellering van ladééraalgedrag. Tijdens het
omvormen van aluminum bij kamertemperatuur wordt de veigieg van het materiaal
beschreven door de geintroduceerde hoeveelheid rek in detiaml en is deze verstevi-
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ging nagenoeg onafhankelijk van de snelheid waarmee déigeb Boven de 128C neemt
reksnelheidsafhankelijkheid toe. Daarom zullen naashdeéd van opgeloste atomen en
precipitaten op de hoeveelheid versteviging ook temparaten reksnelheidseffecten mee-
genomen moeten worden. Materiaalmodellen die gebasgrrojzdeze fysische aspecten
zullen waarschijnlijk een breed toepassingsgebied hetb@ndergelijke productieproces-
sen.

In dit onderzoek worden twee fysisch gebaseerde modellgelaken: het Bergstrom
model en het Nes model. De invloed van temperatuurs- en efksidseffecten op de
vloeispanning en de verstevigingssnelheid worden in dezetfen meegenomen door de
opslag en het dynamisch herstel van dislocaties in rekeribgengen. Het Nes model is
gebaseerd op de chemische compositie van het materiatd,d®maoncentratie opgeloste
atomen, korrelgrootte, volumefracties en de grootte vaprdeipitaten. Het Nes model zal
daarom geschikt zijn om het materiaalgedrag te beschrijjoams het verouderingsproces
van aluminum. Daarnaast beschrijft het Nes model het dys@mierouderingsgedrag dat
voorkomt in legeringen die niet geschikt zijn voor warmteaedelingen. Beide modellen
kunnen de resultaten van een monotone trekproef accursattijgen, hoewel de benade-
ring van het Nes model nauwkeuriger blijkt. Grote versehmltussen de modellen ontstaan
echter wanneer sprongen in de reksnelheid worden geirdesid. Na een sprong in de
reksnelheid geeft het Bergstrom model een grove oversobatin de incrementele rek die
nodig is om de bijbehorende constante reksnelheidscuregehrijven. Het Nes model
beschrijft een initiéle sprong in de vloeispanning gevalgdr een asymptotische curve die
de nieuwe constante reksnelheidscurve benaderd. Dit geefbetere representatie van de
experimentele resultaten.

De biaxiale trek—rek respons en het anisotrope materidedgevan aluminum wordt
beschreven door accurate planaire vloeicriteria: hetéfegn het Barlat YId2000 model.
De biaxiale trek—rek respons van het materiaal is experiegdepaald door middel van
uni-axiale, vlakvervormings, afschuiving en equi-bidgiapanningstesten. De resultaten
van de experimenten worden gebruikt als input voor de yigtdria.

Voor warmvormen zijn de geimplementeerde modellen geeerifi aan de hand van
uni-axiale trekproef simulaties. De rek waar insnoeringdteoorspeld tijdens kamertem-
peratuur komt overeen met experimenteel bepaalde waavidenverhoogde temperaturen
voorspelt het Nes model de rek waar insnoering ontstaat date het Bergstrém model.
De industriéle relevantie van de modellen is verder begdsian de hand van het warm
dieptrekken van cilindrische en vierkante bakjes. Uit dgeijking van experimentele met
numerieke resultaten blijkt dat deze zeer goed overeenkof@econcludeerd kan worden
dat de geimplementeerde modellen een veelbelovende tetkeivben voor het simuleren
van industriéle omvormprocessen.

Het effect van het anisotrope materiaalgedrag tijdenstdikprocessen wordt bepaald
door het aantal gevormde oren, de locatie van deze oren t@nht@ van de rolrichting
en de mate waarin de oren voorkomen. De temperatuursaflijghkél van het aniso-
trope materiaalgedrag is zowel numeriek als experimentesiudeerd aan de hand van
deze parameters. De Vegter parameters die gebruikt zijnhetbestuderen van de tem-
peratuursafhankelijkheid zijn bepaald door kristalptatgit analyses. Bij deze analyses
is aangenomen dat het aantal geactiveerde glijsystemendo®@ bij een stijging van de
temperatuur.
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In het strekvormproces met achtereenvolgende warmtebletingen van vliegtuig-
plaatonderdelen, wordt materiaalversteviging tijderisstrekken beschreven door een fe-
nomenologisch model gebaseerd op machtsfuncties en histhygebaseerde Nes model.
Relaxatie van het materiaal tijdens warmtebehandelingedigemodelleerd aan de hand
van geobserveerde fysica zoals korrelgroei en statisctdierResultaten zijn vergeleken
met de fenomenologische benadering, aangenomen dat azéggenschappen zich na een
warmtebehandeling volledig herstellen tot de begincaeslitGeconcludeerd kan worden
dat het fysisch gebaseerde model betere resultaten oplever
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(Jun  uniaxial

Abbreviations

b.c.c. body centred cubic
DSA dynamic strain ageing
f.c.c. face centred cubic
GP Guinier Preston zone
ND normal direction

RD rolling direction

SSSS supersaturated solid solution

TD

transverse direction



1. Introduction

1.1 Sustainability and the use of Aluminum in Transport Sect or

“Light-weighting is a key measure to improve the sustailighdf transportation”. The
transportation sector is responsible for nearly 20% of nmeatle greenhouse gas emissions
(Helmset al, 2005). In 2000, around 7.6 billion tons of G@quivalent were emitted
through the use of transport vehicles. It is often believed the next generation vehicles
must run on alternative and clean fuelg.hydrogenvia fuel cells to avoid further increase
of harmful emissions. This approach appears to be more diitiGothat may be feasible
and practical in the long-term. A short-term approach wdddhe realization of low mass
vehicles. The prime objective of lightweight constructiesign concepts is to minimize
the dead weight of a construction without disrupting itsdtion, safety or useful life. The
reduction in the mass of vehicles can significantly impraxad &fficiency, reducing energy
consumption and greenhouse gas emissions. It is estinfated 10% reduction in vehicle
weightimproves the fuel effciency by 5.5% (Millet al,, 2000). Exhaust emissions will be
proportionally lower. As a general indicator, 1 kg of autdime aluminum substituted for a
heavier material in a vehicle typically avoids 20 kg of greease gas emissions during its
operating life (According to International Aluminum Intstie).

Examples of sheet metal materials showing the relevantvigight construction po-
tential and appropriate for use in vehicle constructionsueninum, magnesium and high-
strength steels and in addition titanium alloys.

It must be accepted, however, that these materials are afieociated with limited
formability, with the result that the production of larg@naplex sheet metal components
using forming technology is either impossible or is only ibke in combination with
increased costs, compared to mild steel. It should also tegltioat processing high strength
materials such as high strength steel requires correspglydiigh processing forces and
pressures. This has direct consequences for the desigre gfldnt and equipment and
the forming tools. Besides, high elastic deformation Isxampromise the dimensional
stability of the components after forming (Neugebagteal, 2006). Magnesium sheet is
also a good candidate to achieve weight reduction, but thradbility is considered less
than aluminum and titanium alloys are too expensive for mpglications.

Aluminum is an ideal material for transport applicationschuse of its high strength to
weight ratio, corrosion resistance, weldability and veopd thermal and electrical conduc-
tivity. It also plays an important role in reducing G@missions in transportation helping
to improve the sustainability of the transport industryudlinum not only offers significant
advantages during the use stage of an automobile, but ircplart also in the end-of-life
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Figure 1.1: Average use of aluminum over years.

stage. The infinite recyclability of aluminum, togetherhwits high scrap value and the
low energy needs during recycling make aluminum lightweigiutions in automotive
applications highly desirable (Mildenberger and Khare€d@Martchek, 2006).

Aluminum has historically been employed in automobilesnarily in the form of
castingse.g.for engine blocks, transmission housings and wheel rimsretent years
automotive manufacturers are making good use of the widetyasf aluminum products
such as the extruded aluminum tubes in space frame stre@ndsaluminum sheet forinner
and outer panels. Weight reductions of 50 % for the ‘body int&/lhave been achieved by
the substitution of steel by aluminum (Carle and Blount,&;9iller et al,, 2000).

Figure 1.1 illustrates the usage of aluminum for Europeahfmerican vehicles over
years (Torot al, 2008). As shown in Figure 1.1, the amount of aluminum usetbB0
is substantially low. Despite the obvious advantages ohigh strength to weight ratio
and corrosion resistance of aluminum alloys, they have tindisishable downside in that
their formability is considerably lower than traditionaksl alloys at room temperature
conditions. It is usually caused by the high alloy perceesatpat are required for high
strength (Novotny and Geiger, 2003). To enlarge the apidic®f aluminum sheet in many
industrial forming processes, the mechanical loading islioed with thermal component
e.g.deformation at elevated temperature or intermediate dimgebetween deformation
steps. The numerical simulation of such processes is thjedudf this thesis.

1.2 Formability of Aluminum Sheet

Most commonly used sheet metal forming processes are bgpriep drawing, and stretch-
ing. To fabricate a doubly curved product from a sheet maltettie deep drawing or the
stretching process is widely used. The deep drawing pram@sseach production cycles
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of less than 10s, and is thus a suitable process for massgifoduln deep drawing and
stretching, the stresses normal to the sheet are geneegjlgmall compared to the in-plane
stresses and are therefore neglected. Hence, a biaxisd stiate is considered.

The formability of aluminum sheet is, under room tempemiwnditions, lower than
for a typical deep drawing steel grade. For example, the dditity of aluminum alloys
is only about two-thirds of a mild steel, their Young’s modsiis about one-third of steel,
which in turn causes higher vulnerability of wrinkling angrimgback (Boltet al., 2001),
and their elongation is about half of steel’s (Li and Gho$:)3). The inferior formability
of aluminum alloys makes it more difficult and expensive te them in mass production of
structural and body parts, which means that the maximurinatiée strain in one process
step is less than that for mild steel along the same straim (Man den Boogaard, 2002).
To improve the formability of an aluminum sheet in many ingiasforming processes, the
mechanical loading is combined with thermal component. Aigaar example is warm
forming, i.e. utilization of the increased formability of aluminum ated¢ed temperatures
up to the recrystallization temperature. In this processtspof the tools are heated and
other parts are cooled which make it possible to maniputatal flow behavior, in order to
increase the formability (Shehaghal, 1978; Boltet al,, 2001; Neugebaueat al,, 2006).
Another example from aerospace industry is stretch forrofrejuminum parts in a number
of stages with intermediate annealing steps and a finalisolheat treatment, quenching
and ageing.

1.2.1 Forming at Elevated Temperature

In the automotive industry, two most widely used aluminuloya are Al-Mg alloy and Al—
Mg-Si alloys. Al-Mg (5xxx series) alloys exhibit relatiyejood formability in annealed
condition, however, they suffer from the problem of dynastiain ageing effects resulting
in stretcher lines, which affect the surface quality. Incembtive applications, therefore,
these alloys are mostly used in fabricating inner panelsoAlhey are not heat treatable
and can only be hardened by mechanical working. On the otredt,lF6xxx alloys are heat
treatable and free of Lidering. This is because of the fattititontains low Mg compared
to 5xxx series. Typically, 6xxx alloys are used for fabringtouter panels because of
absence of stretcher lines.

The mechanical properties of aluminum alloys can be inflediy varying temperature,
i.e. use the temperature strategically as a process parameteg @forming operation.
Finchet al. (1946) started the investigation with both rectangular eincular cups from
annealed and hardened aluminum sheet alloys as early as IB#&r results showed
significant improvement in the drawability at a relativelypderate temperature of about
150°C even for the precipitation hardened alloys (like 2024-1d &@075-T6). Shehata
et al. (1978) studied the combined effect of temperature andrstede on punch velocity.
They concluded that the cup height increased with incregasirming temperature and/or
decreasing punch speed for an Al-Mg alloy. Extending theesarperiment to 5182-0,
Ayres and Wenner (1979) have drawn the same conclusions tyoperature and forming
speed. After some publications in the 1970s and 1980s bya8aehal. (1978); Wilson
(1988), the research accelerated in the last decade (Nakaashida, 1999; Bolet al,
2000, 2001; Mooret al, 2001). Extensive review on warm forming of aluminum alloys
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was given by Torogt al. (2008). It was demonstrated that the formability improvesab
uniform temperature increase, but the best results arénauthy the selective and localized
heating strategies on the forming dies, causing an inhomemes temperature distribution
on the blank. In deep drawing experiments with AA 5754-0, lthmting drawing ratio
could be increased from 2.1 to 2.6 by heating the flange up @ Q%nd by cooling the
punch to room temperature (Van den Boogaaral., 2001). This leads to an increase
in maximum attainable cup height by 70%. An extra benefit offvéorming is that the
stretcher lines that develop when Al-Mg alloys are deformteom temperature do not
appear at elevated temperatures.

1.2.2 Stretch Forming with Intermediate Heat Treatments

Stretch forming is a method that combines controlled temaitd bending of sheet material
around dies to produce accurately contoured parts. It snesitely used in the aerospace
industry to form large sheet panels of mild curvatuesy. the leading edge of a wing
(Chancerelle, 2002). A commonly used material for aircekiins is the heat-treatable
aluminum alloy AA 2024. Possible failure modes during fangiof this material are
necking , wrinkling, Luders lines or orange peel. In orderaimid these failures and
still achieve large deformations it is often necessary t® espensive intermediate heat
treatments, especially for complex shapes (Wisselink ardden Boogaard, 2005). An
important topic in industry is the production of good padsrinimal costs. Therefore the
main factors in the cost price,g.the amount of material and the number of heat treatments
needed during forming, have to be minimized for an optimatpss.

1.3 Objective of this Thesis

Controlling the temperature distribution in sheet metatpean improve the formability of
aluminum. However, the temperature distribution bringairextra degree of freedomin the
production process for which experience is lacking. A gdatlgation tool will reduce the
trial-and-error process that would be necessary to opémhia process conditions. Similarly,
in the stretch forming of aircraft skin parts with intermat heat treatments, the heating
and cooling cycles are time consuming and should thereferminimized. The current
practice is that a maximum amount of strain increment peomedtion step is allowed.
This does not take the changing material behavior into attc@s can be done within a
finite element analysis, assuming that a proper materialagable. A reduction of the
number of deformation stages would be very beneficial. ThHeatilve of the thesis is to
show how these thermally assisted forming processes ofialumsheet can be simulated.
The resulting simulation models should be able to predettanufacturability of a product
for the two forming processes under consideration: warrmfog and cold forming with
intermediate annealing.

A simulation of these processes necessitates the use of & setvanced thermo-
mechanical material models. The models should describreliton between strain, strain
rate, temperature and stress by considering the effectlofesoand precipitates on strain
hardening at room temperature, the interaction of statiovery and precipitation and the
effect of concurrent precipitation on work hardening dgnmarm forming together with the
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effect of dynamic recovery. These physical mechanismsheilinodeled up to a level that
is required for macroscopic process simulations. Mateniadlels based on the underlying
physical processes are expected to have a large range afaplity in this respect as they
describe the material behavior over a large range of stratrain rates and temperatures.

In broad outline, warm forming tensile and deep drawing expents, and modeling of
material behavior and its application to warm forming prExes discussed in the first part
of this thesis. The material models and their applicatiosttetch forming processes is the
subject of the remaining part.

1.4 Outline

The general outline of the thesis is as follows. In Chaptdre2experimental observations
on AI-Mg-Si alloys are described, including uniaxial tém$ésts at different temperatures
and strain rates, and biaxial tests at room temperatureh&umnore, the procedure and the
results of warm cylindrical cup deep drawing experiments @iesented, which includes
the effect of various parameters on warm forming processagd) as the effect of punch
velocity, holding time, temper and temperature on the pdonte—displacement response.
The plastic anisotropy of the material which can be direfiected by the earing behavior
of the drawn cups has also been studied.

Several material models for warm forming of aluminum sheetiiscussed in Chapter 3.
Firstly, the constitutive framework of plasticity is inttaced. To describe the multiaxial
and anisotropic behavior of the aluminum sheet material @advanced yield functions are
considered. To model the temperature and strain rate depéndrk hardening, phyiscally
based hardening models by Bergstrém (1983) and Nes (1988)sad. Finally, the predic-
tive power of different work hardening models are comparét e uniaxial tensile tests
on 5754-0 alloy used as a representative example of alumalioys.

Chapter 4 concerns the application of warm forming. Firstinéaxial tensile test is
simulated, including the non-uniform part of the clampimgaa It is investigated whether
simulations for strains beyond the uniform strain yieldliste predictions. In the second
application, simulation of warm cylindrical cup deep dragiare considered. The results
are extensively compared with experimentally obtainedcpuiorce—displacement curves
and thickness distributions of different aluminum allopg\(5754-0O, AA 6016, AA 6061
with different tempering conditions T4 and T6). Finallyetmaterial models are further
verified by simulating the warm deep drawing of square cupit @ periences a more
complex deformation path than the cylindrical cup deep drgw

Chapter 5 is about stretch forming of aircraft skin partshwittermediate annealing
steps. Finally, Chapter 6 summarizes the conclusions frisrésearch and directions for
future work are given.






2. Warm Forming Experiments

Mechanical experiments are used to establish the matedakpties that are required for
engineering applications of the material. The aim of thigathr is first to investigate the
mechanical behavior of aluminum sheet at temperatures @»@C, since under these
conditions the temperature and strain rate dependencyoayiderably. Based on the
experimental observations, appropriate material modadstheir parameter identification
should be deduced. In order to validate these material motyglical warm cylindrical cup
deep drawing experiments are used.

In this work, three different aluminum alloys were used tbdate the physically based
material models, that will be elaborated in Chapter 3. The-heat treatable Al-Mg alloy
5754-0 and two heat treatable AI-Mg-Si alloys AA 6016 and A6 are considered. It
is noted that the experimental results of 5754-O alloy weken from the pioneering work
of Van den Boogaard (2002) and further description of thepeements is not given in this
thesis.

Firstly, basic work hardening mechanisms in aluminum allaye introduced. In Sec-
tion 2.2, some characteristics of the materials AA 6016 aAd6A61 are presented. The
procedure of uniaxial tensile tests and their results aserilged in Section 2.3, which in-
cludes the temperature and strain rate effects on work hardalong with the effect of
precipitates on mechanical response. The room tempeitaxil tests used to describe
the shape of the yield locus are presented in Section 2.4m\8fgdindrical cup deep drawing
experiments are described in Section 2.5. The experimdatg drawing results are used
to validate the material models in Chapter 4.

2.1 Work Hardening in Aluminum Alloys

Work hardening is an important phenomenon that takes pladaglplastic deformation
behavior of polycrystalline materials (Hull, 1965; Coweyn 1990). Important issues in
plastic deformation like plastic flow localization and frae are strongly influenced by
work hardening properties. A better understanding andagttarization of work hardening
is required to deduce a suitable work hardening model tcesst a good match with ex-
perimental stress—strain relations. The main ingrediesisonsible for work hardening are
dislocations. Dislocations interact with each other byagating stress fields in the material.
The interaction between the stress fields of dislocationdropede dislocation motion by
repulsive or attractive interactions. Additionally, if twdislocations cross, dislocation line
entanglement occurs, causing the formation of a jog whighosps dislocation motion.
These entanglements and jogs act as pinning points, whighsepdislocation motion.
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The work hardening is also influenced by the grain boundanibsre the grain bound-
aries act as pinning points impeding further dislocatioopagation. The number of dis-
locations within a grain also have an effect on how easiljod&ions can traverse grain
boundaries and travel from grain to grain. Thus, by changiain size one can influence
dislocation movement and yield strength.

The work hardening imon-heat treatable alloysuch as in Al-Mg alloys, is further
increased by the presence of solute atoms in solid solutiorsolid solution hardening,
solute atoms such as Mg, Mn and Cu are added to base matemaihaim, resulting in
either substitutional or interstitial point defects in ttrystal. The solute atoms cause lat-
tice distortions that impede dislocation motion, incraeggie yield stress of the material.
Solute atoms have stress fields around them which can intsithcthose of dislocations.
The presence of solute atoms impart compressive or tetisleses to the lattice, depending
on solute size, which interfere with nearby dislocatiorajsing the solute atoms to act as
potential barriers to dislocation propagation and/or iplittation. Increasing the concen-
tration of the solute atoms will increase the yield strerafth material; however, there is a
limit to the amount of solute that can be added, and one sHoaldat the phase diagram
for the material and the alloy to make sure that a second phass created. Solutes also
introduce other effects such as dynamic strain ageingtieguh serrated flow stress in
Al-Mg alloys.

The work hardening irheat treatable alloysuch as in Al-Mg-Si alloys, is further
influenced by the formation of extremely small uniformlygissed second phase particles
within the original phase matrix in a process known as “Rriaiion (or Age) Hardening”.
The precipitate particles act as obstacles to dislocatimverment and thereby strengthen the
heat treatable alloys. Precipitation hardening invohasing the temperature of the alloy
into the single phase region so that all of the precipitaiesodve. The alloy is then rapidly
guenched to form a supersaturated solid solution (SSSSjoatnap excess vacancies and
dislocation loops which can later act as nucleation sitepffecipitation. The precipitates
can form slowly at room temperature (natural ageing) andengoiickly at slightly elevated
temperatures, typically 10@ to 200°C (artificial ageing).

In AI-Mg-Si alloy system, precipitation occurs through gwence of different phases.
According to Dutta and Allen (1991) and Edwaktsal. (1998), the precipitation sequence
in Al-Mg-Si alloys is:

clusters of Si atoms— GP-| zones— GP-Il zonegf” — B’ —> Mg, Si

Owing to the higher solubility of Mg in Al, Si comes out of thelstion and form
clusters when stored at room temperature. Further stonirfgeating cause diffusion of
Mg and formation of Mg—Si natural ageing cluster (NA). Thetfiphase to precipitate on
the small clusters is called GP (Guinier-Preston) zonesmgtion of GP zones occurs by
guench-in vacancies. According to Edwaredsl. (1998), GP zones exist in two different
phases, namely GP-I and GP-Il or alternativgty Fully coherent spherical GP-I ranges
1-3nmin size. Partially coherent GP-Il appears as needladi x 4 x 50 nm? in size.
The next phase in the transformation sequeng#.islt has a lower Mg/Si ratio thag.
Aluminum alloys containing magnesium and silicon as theamslutes get strengthened
by precipitation of metastable precursofF’) of the equilibriumpBMg,Si. An excess Si
(Mg:Si< 1) like in 6016 is reported to enhance the age hardening respby increasing
the density of8” metastable precipitates (Edwartsal., 1998). It also reduces the Mg:Si
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ratio in early GP zones and co-clusters. For a Cu containliogsalike AA 6061, Cu is
found to increase the kinetics of precipitation duringfaitl ageing. It also reduces the
deterioration of age hardening response arising from ahageing of Al-Mg-Si alloys.
The determination of the ageing sequence for such alloyapticated by the presence of
more than one co-existing phase for the same heat treattaget@andbergest al., 1997;
Andersenet al,, 1998). According to Anderseet al. (1998), Cu addition increases the
level of super saturation of Mg and Si by forming clustersidginatural ageing. The extra
precipitation of” has been identified apart from GP-I zones for the same ageimdjtions
with Cu rich alloys which is absent for Cu lean alloys. Lauglet al. (1998) reported that
the Cu level has a large effect on the age hardening kinetitisel underaged region and
a smaller but noticeable effect on the value of the peak lemsin The microstructure of
the alloy with a higher Cu content is much finer than that witlhaer Cu content. The
degree of hardening obtained depends on the size, numberekaiie strength of the
precipitates. These factors are determined by the compogf the alloy and by the
tempering temperature and tempering time.

Based on the above discussion, two alloys are selected gefgly in the present
investigation, namely: AA 6016 and AA 6061. Alloy 6016 is aeScess alloy (Mg/Si=0.4
in wt.%), while alloy 6061 is almost balanced (Mg/Si=1.5 in%). It is aimed to generate
a unified work hardening model irrespective of alloy corati, temperature and strain rate.
The effect of change in precipitate states should be a paneofvork hardening model.

2.2 Material Characteristics

Inthis section the materials AA 6016 and AA 6061 used in theeeixnents are characterized.
The mechanical behavior of an alloy is mainly determined$ghiemical composition, grain
size, texture and microstructure.

2.2.1 Composition, Microstructure, Texture

The chemical composition of the alloys was given by the mactufer and is presented
in Table 2.1. The materials were cold rolled, solution teelahind naturally aged (T4).
The final thickness of AA 6016 was 1.01 mm and AA 6061 was 1.2 oy 6016 is

a Si excess alloy (Mg/Si=0.4 in wt.%) while alloy 6061 is akhbalanced (Mg/Si=1.5).
Another noticeable difference between the two alloys isiilgaer Cu content of alloy 6061.
Naturally aged (T4) has been made to peak aged conditiorb§f&plying a heat treatment
at 150°C for four hours followed by 170C for four hours in salt bath and quenched in water.

In Figure 2.1(a), the OIM (Orientation Imaging Microscopygasured from EBSD for
AA 6016-T4 alloy is presented. It is clear that the as-reeéimnaterial is fully recrystal-
lized owing to uniform crystallographic orientation insig@ach grain. All the as-received
materials show similar recrystallized microstructuregscAthe comparison of OIM from
AA 6016-T4 and AA 6016-T6 materials in Figure 2.1, confirmattheat treatment did not
bring any change in grain shape and size meaning that granseoing was prevented by
precipitates on grain boundaries. In both tempering coomitthe grains are flat ellipsoids.
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Table 2.1: Chemical composition (wt%) of the investigatholya.

Alloy %Si  %Fe %Cu %Mn %Mg %Cr %Other %Al

AAG016 103 025 0.06 015 042 0.02 <015 rem.
AAGO61 062 035 020 0.08 095 0.15<0.15 rem.

() AA 6016-T4 (b) AA 6016-T6

Figure 2.1: OIM measured from EBSD of as-received materials

The observations on AA 6061 material are very much similathe results obtained on
AA 6016 material.

Texture of the as-received materials was determined atittiece, sub-surface (15% of
the thickness) and at mid-plane of the sheet using X-rayatiffon technique. It is noticed
that texture components do not vary a lot through the thiskmrection. This remains true
for all other investigated alloys. The materials have c@xéure and an average grain size
(equivalent circular diameter) of L#n to 25um.

2.3 Uniaxial Tensile Tests

Uniaxial tensile tests are the most common among all mechhtests because of their
easy control over the test parameters. The uniaxial testtseare typically important in
estimating various parameters that influence formabilihsas work hardening, anisotropy
etc. In this section, the procedure and results of uniagiaite tests are presented. In the
present research, tensile tests were carried out on thetherechanical simulator Gleeble
3800. The dimensions of the tensile test specimen are gesbanFigure 2.2.

An extensometer was attached at the middle of the samplehengdrbcess is gauge
controlled so the measurement of the deformation was cgstriwithin the two arms of
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Figure 2.2: Geometry of the tensile test specimen (dimessio mm).

the extensometer. The distance between the two arms of teesometer was 10 mm,
each maintaining 5mm distance from the center of the spetinheitially, the samples
were preloaded with a stress of 0.5 MPa. Then the specimemsheated by means of the
Joule effect and the clamps were cooled down with a ciraufatiater system, consequently
a temperature difference forms during heating. The maxinemperature difference of
4°C was observed in the gauge length, which is reasonable i®kihd of test. After
deformation the specimens were cooled by compressed aiualodded. For the tests
performed at room temperature, the same sequence has ba#aine without heating
and cooling by compressed air. From the load—deformatiomecso generated the true
stress—true strain response of the materials was caldulate

Uniaxial tensile tests were performed at temperatures 6£23.50°C and 250C at
strain rates of 0.01an@l1 s™. Few tests were performed at an extremely slow strain rate
of 0.001 st and the effect of holding time was also investigated at°Z56r T4 material
with different holding times of 2, 30and 60s in order to olvegpresence of any dynamic
precipitation. The tensile tests on naturally aged maté€fid) were done approximately
one year after their production to have a guarantee of camplgtural ageing. For every
combination of temperature and strain rate, 2 to 4 tests penf@rmed, in some cases with
more than one year interval. The reproducibility of the segts confirmed through the
average scatter of true stress being less thamMPa for the same value of true strain.

For every combination of temperature and strain rate atifit tempering conditions,
one representative stress—strain curve for AA 6016 allay/fanAA 6061 alloy is shown in
Figure 2.3. Figure 2.3, also illustrates the effect of tenfpeboth the alloys at two strain
rates. T6 material is stronger compared to T4 for both alktyany strain rate, although
the rate of work hardening is higher for T4 state at all terapees. The difference in
rate of hardening is very small at room temperature whiles°Z there is practically no
work-hardening effect in T6 state, appearing like a plateefore it starts necking.

It can also be observed from Figure 2.3 that the strain rateitéty increases with
increasing temperature. At 2B, almost no effect of strain rate is shown on the work
hardening behavior. At higher temperatures, due to the miymeecovery of dislocations,
the flow stress increases with increasing strain rate. Tisi®asing flow stress with increase
of strain rate is more clearly visible for T6 condition at 2&Q However, in Figure 2.3(a)
and Figure 2.3(c), at 25 the lowest strain rate @001s~! yields the highest flow stress.
It is mainly due to more time for dynamic precipitation at #iewest strain rate.
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Figure 2.5: Stress—strain curves for different types ofling at room temperature.

The R values measured at 10% elongation for different temgearonditions and at
differenttemperatures are shown in Figure 2.4. In the cé8615, R-value is lowest at 30
and for AA 6061, it is at 458 irrespective of temperature and temper condition. For both
alloys there is negligible difference in R values betweerahd T6 at room temperature
while amuch improved R value profile can be noticed for TGestampared to T4 at 25C.
This difference is more pronounced for AA 6016.

2.4 Biaxial Tests

The tests presented in Section 2.3 considered the hardéningiaxial stress state, at
several temperatures and strain rates for different temgeronditions and for different
alloys. Usually in sheet forming processes, the stress g#&tiaxial and an infinite number
of stress states can be defined by means of an infinite numbtaof paths to reach such a
stress state. However, the material behavior in multisstralks states can be experimentally
guantified by a limited number of stress or strain states.

In addition to the uniaxial tests, normal compression fgdtme strain tests and simple
shear tests were performed. The normal compression tegtiigadent to an equi-biaxial
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Figure 2.6: Dimensions of the tools for cylindrical cup deawing.

tensile test, assuming that the plastic deformation ispeddent of the hydrostatic stress
(Vegteret al,, 2003). A stack of sheet specimens was prepared with nordimansions
of 10x10 x10mm?. The stack is loaded in the normal direction, and lubricateith
oiled PTFE film. The tests were carried out in a MTS hydrawditing machine and the
displacement along both in-plane directions is measurid)@scross extensometer.

The plane strain tension and simple shear tests were peztbusing th&wente biaxial
tester described by Pijlman (2001) and Van Riel (2009). In thigliog frame a sheet area
of 45 x3mn? can be deformed in plane strain tension, simple shear or ampnation
simultaneously and with a possible thickness between 0.7amir2.5 mm. Because, the
height of the deformation area is small compared to the tigsk the simple shear loading
can be applied without material buckling. Also due to thehH@ngth-to-width ratio of the
deformation region a plane strain condition at the cen&rgian of the deformation area is
imposed. However, the edges of the deformation area areafrdghe deformation state
will tend to the uniaxial stress state and this edge effeetia¢o be taken into account. The
strains for the plane strain and simple shear experimerts@ermined by recording the
displacements of 16 dots on the deformation region of theispn and subsequent image
processing. With these two equipments, no elevated teryersts can be executed.

Plane strain tension tests were performed with the loadirertion perpendicular to
the rolling direction and at 4%to the rolling direction. Simple shear tests were performed
with the shear direction at45°, 90° and 45 to the rolling direction. For each direction two
samples were tested. The stress—strain curves are présefigure 2.5 together with one
uniaxial curve for comparison for two different alloys attdifferent tempering conditions.
For the uniaxial, plane strain and equi-biaxial tests, the stress and strain in the loading
direction are presented. For the simple shear test, the skreas and the shear angle
are used. These biaxial tests are used to describe the shépe anisotropic yield loci
described in Chapter 3.
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Figure 2.7: Schematic deep drawing operation.

2.5 Cylindrical Cup Deep Drawing

Deep drawing is one of the most widely used processes forifgisheet metal parts in
the automotive industry. It is also a popular process insssaent of formability of sheet
metals. In this section, experiments of warm cylindricgb deep drawing are presented.
The objective of these deep drawing tests are to obtain thefdisplacement curves during
the deep drawing process. After the experiments, the cupseeoved and the thickness
distribution from the center to the outer diameter in thdimgl and transverse direction
was measured. Also the earingrofile was measured in order to assess the effect of sheet
anisotropy in forming operations. Experimental drawingt f@ata is used to validate the
modeling approach presented in Chapter 4.

The drawing tests were performed for both AA 6016 and AA 606dya of T4 and T6
tempers. Experiments were performed with a tool set of wiietdimensions are given in
Figure 2.6. All the experiments were performed on blanks2# m diameter that were
taken from the same batch of which the uniaxial and biaxiststevere performed. In the
experiments, the effective punch stroke was 65mm and pueldtities of 13 mm/min to
80 mm/min were used. The die and the blank holder were givemadrature of 25C,
180°C and 250C, while the punch was kept at 26. Room temperature drawing tests
were done with the blank holding force equal to 90 kN and waempddrawing tests were
done with 54 kN blank holding force.

2.5.1 Experimental Procedure

Experiments were performed with a tool set schematicalgsented in Figure 2.7. The
blanks were placed on top of cold punch which was slightleesed vertically from the
blank holder as shown in Figure 2.7(a). The blanks were ¢albed with a water-based paste
that contained Mog The paste was applied on both sides of the blank before ipédicgd
on top of the punch. For drawing at warm temperature, the détthe blank holder were

1plastic anisotropy during deep drawing may entail the faimmeof uneven rims of the drawn product, usually
referred to as earing. One important consequence of thdiésides the irregular shape of the drawn specimen—an
inhomogeneous distribution of the mechanical propertiesat the wall thickness due to volume conservation.
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(a) Digital image (b) Binary image

Figure 2.8: Earing profile measurement.

heated with internal heating rods and the punch was coolidwveiter through internal water
circulating channels. Thermocouples were used to measaremperatures of punch and
the die. During the heating process, water of the lubricaaperates leaving the lubricant
on the blank, which still gave sufficient lubrication at 280 The blank was heated up
and reached the desired temperature soon after it cameantaat with the die and blank
holder. This is referred to dsoldingshown in Figure 2.7(b). Drawing was performed by
moving down the blank holder and the die, and the punch remdaimmobile as shown
in Figure 2.7(c). During drawing operation, the force egdrby the punch was recorded
against the punch displacement. It was stopped when theedefgpth was reached. The
cups were water quenched after the drawing. For drawingosthtemperature the sequence
of operation remained exactly the same except the heatithg@oling steps.

After removing the cup from the tools, thickness distribatifrom the center to the
outer diameter in the rolling and transverse direction waasared by using a micrometer.
Measurement accuracy was found to-b@.012 mm.

The effect of sheet anisotropy during deep drawing opeanatias characterized by
measuring the footprint. To measure the footprint digitedyres of the cups were binarized
as shown in Figure 2.8. The distance between the pixels afuter circumference and the
central axis of the cup were plotted as a function to the afigha the rolling direction. It
can be observed from the Figure 2.8 that the center of thefnaihd the center of the outer
circumference of the cup may be different and thus it is neagsto identify both centers
and then trace the footprint. The center of bottom is refeas bottom center (BC) and
the center of the pixels situated on the perimeter of the sSrmass center (MC). Digital
image processing tool “QWin” was used to binarize, clean filidg holes of the colour
picture to get BC and the pixels at the outer circumferenceother program, “GetPix”,
was used to get MC and the distance of the pixels at the outaraference from either
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Figure 2.9: Effect of tempering on cup deep drawing at25FAA 6016 alloy).

BC or MC as a function to the angle from the rolling directioesulting in the footprint

curves. The deviation of BC from MC was due to the misalignneéilank center to the
center of the punch during deep drawing operation. In ppile¢iMC is sensitive to plastic
flow anisotropy effect while BC shows the effect of deviatimom the bottom center of the
sheet. It was observed that the deviation between MC and BGwege severe (minimum
of 1.3 mm and maximum 6.2 mm) in warm deep drawing experimevtige this deviation

was very small in room temperature deep drawing experiments

2.5.2 Deep Drawing Results

In this section, the experimental cylindrical cup deep dnawesults of AA 6016 and

AA 6061 sheets are presented. From the results of the deepndréests, various effects
become visible such as the effect of precipitates, temperand strain rates on work
hardening and anisotropy.

Effect of Temper In Figure 2.9, the effect of tempering on punch force—disphaent,
thickness distribution along the length from center to thadle and the footprint measure-
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Figure 2.10: Effect of temperature on punch force—disptae plots.
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Figure 2.11: Effect of temperature on earing profiles.

ments of deep drawn cups at 28D are presented. The punch force—displacement plot
shows that the response of T4 and “O” (fully annealed) at #grining of deformation
are equal before T4 gets stronger and deviates after some fdie earing profiles show
almost no effect of precipitates (different tempering dtinds). The anisotropy remained
constant for all levels of temper conditions and did not §iémy change in the number and
position of ears. The basic nature of the thickness didiohiy(see Figure 2.9(c)) remained
equal, like the earing profile. More thinning at the bottontteé deep drawn cup made
of “O” is compared to T4 and T6 is observed, but this is withie iccuracy limit of the
experiment.

Effect of Temperature The effect of temperature on punch force—displacementes,rv
thickness distribution along the length from center to tlaadle and the earing profiles
of deep drawn cups at 2&, 180°C and 250C for both AA 6016-T4 and AA 6061-T4
alloys are shown in Figures 2.10, 2.11 and 2.12. From Figu®,2t is clearly seen that
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Figure 2.12: Effect of temperature on thickness distritnublots.

increasing temperature from 26 to 250°C significantly decreases the drawing force. Also
it can be observed that, AA 6061 is stronger than AA 6016 &dliogll temperatures, which
corresponds to the observation of the other mechanical. tést25°C, both alloys show
similar earing profiles (see Figure 2.11E. they exhibit maxima along RD and TD and
minima along 45 direction. At higher temperatures AA 6016 shows a minimuamglthe
RD while AA 6061 shows minimum along30° directions exhibiting a local maximum
at RD. From the thickness distribution along RD presentdéligure 2.12, it can be seen
that for both alloys thickness change in the wall and flangdefcup is found to be more
pronounced at 25CC compared to room temperature.

Effect of Holding Time The effect of holding time was investigated for both alloys b
holding the sheets at 25Q for different time span before drawing. The punch veloaitg
blank holding pressure remained constant. The holding ta®evaried from 10s to 600s.
From Figure 2.13, it is clearly seen that the effect of pritatps is very limited as there
is not so much difference among the punch force—displaceoueves of different holding
times. Although, for longer holding time the punch forcesgplacement curve is steeper,
interestingly the maximum punch force for all the holdingé¢is has been found to be the
same.

Effect of Punch Velocity The effect of punch velocity is investigated for AA 6016 at
250°C. The punch velocity was varied from 13 mm/min to 78 mm/mirittMlbwer punch
velocity there will be more time for dynamic precipitaticgelding to stronger response of
the material and this fact corresponds with the resultsinbti(see Figure 2.14). However,
the effect of precipitation is small compared to other paetars,e.g.temperature. Punch
velocity seems to have no effect on earing behavior as theeaf the curves for all three
velocities are the same. The difference in magnitude of drae profile for the punch
velocity of 13mm is due to a slightly lower drawing depth (68wWnthan the other two
velocities (63 mm). As observed with the thickness distidouplot no influence of punch
velocity on the thickness data is apparent.
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Figure 2.14: Effect of punch velocity on cup deep drawing%0°Z (AA 6016-T4 alloy).



2.6 Change of Anisotropy in Deep Drawing at Elevated Tentpeza 21

140 16

120 o T 15

100
1.4
80
13
60

punch force (kN)
thickness (mm)

12

40

20 11

0 1

0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140 160
punch displacement (mm) length from center (mm)
(a) punch force—displacement plot (b) thickness distribution

90

87.5

8 f,
gs |\
80

775 M

75

length from center (mm)

725 20

2.2 -------

0
0 30 60 90 120 150 180 210 240 270 300 330 360
angle/RD (in degrees)

(c) earing profile

Figure 2.15: Effect of drawing ratio on cup deep drawing @25 (AA 6061-T4 alloy).

Effect of Drawing Ratio The effect of drawing ratio has been investigated only for
AA 6061-T4 at 250C by performing the experiments at two different drawingasi2.0
and 2.2 respectively. As expected, increasing the drawveitig increases the drawing force
as shown in Figure 2.15. The earing profiles show exactlydhgesposition of maxima and
minima on footprint graphs. For higher drawing ratio thedbmaximum along RD has
been found to be much more pronounced. From the thicknesgdison plots, it is very
clearly seen that there is almost no effect of drawing ratio.

2.6 Change of Anisotropy in Deep Drawing at Elevated Temper-
atures

When cylindrical cup deep drawing is performed on circulanis it causes an uneven cup
rim (i.e.a number of high points calleehrsand an equal number of low points known as
troughg as a result of of directional properties or anisotropy @& thank. The effect of
anisotropy in deep drawing is generally viewed based on timeher of ears, their location
with respect to rolling direction and their amplitude. Irethrevious section, it was clearly
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Figure 2.16: Effect of tool orientation on cup deep drawiAg 6016-T4 alloy).

seen at room temperature the earing profile exhibits foug isaRD and TD and troughs at
45° with similar amplitude in their respective directions. Waas at elevated temperatures,
the earing profile exhibits two ears at TD and troughs clos®Rqoositions. It was noticed
that earing appearance is similar for both alloy compos#iof interest for the present
investigation. It was also noticed that the difference inger, punch velocity and holding
time did not bring any change in the number and position of.eBlowever, for AA 6061
alloy, there was a tendency to maintain room temperaturgotmoipy (four ears) and this
tendency was more pronounced with higher drawing ratio.

In order to understand the possible reasons for change iofgganofiles from four ears
to two ears with the increase of temperature, further afglyas carried out in terms of
the effect of orientation of the blank with respect to theerefice axis of the tool. A few
tests were also conducted to study the effect of frictiomieen the tools and the blank at
elevated temperature.

In addition to the series of deep drawing tests presentectatich 2.5 (herein after
called series A), two extra series of deep drawing tests éharseries B and series C) were
performed in order to be more conclusive about the earingnisoéropy behavior based on
the punch force—displacement and earing profile measunsmdine series B and series
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Figure 2.17: Effect of friction at 250C (AA 6016-T4 alloy).

C deep drawing tests on AA 6016-T4 alloy were performed bypkagas much similar
process parameters as possible in series A. Series B ard §&tests were performed 4
years later than the series A tests. A very important note fethat the press tool was
rebuilt before performing each series of tests, the orientation of press tool was really
different (unknown) between each series of tests. It is ptsnted out that, unless stated
otherwise, all the deep drawing results of Al-Mg-Si alloyagented in this thesis are from
series A.

Effect of Tool Orientation Inthis section, the effect oftool orientationis studieglgcing
the rolling direction of the blank in three different diremnsi.e. 0°, 90° and an arbitrary
direction 35’ to a reference axis of the tool. In Figure 2.16, the punchdedisplacement
curves and earing profiles from different series of testssat2and 250C are compared.
Tests at room temperature show that there is absolutelyfeoteff blank direction on the
punch force—displacement as they are quite reproducible slightly higher maximum
force for series B and C is attributed to the longer natur&iireg period. A big scatter is
observed for the punch force—displacement curves at@5fresented in Figure 2.16(b).
A tendency of decreasing maximum punch force with increpdistance between BC and
MC during the earing profile measurements done at’Z5@as noticed.

The earing profile of the cups deep drawn at room temperaturibié four ears with
ears at RD and TD and troughsA#5° from the RD. It shows absolutely no effect of tool
orientation on earing behavior (see Figure 2.16(c)). At250series B tests show not so
well defined earing profiles and approximately shows fous @éwng RD and TD. But, on
the other hand, the height of the ears are reduced conslgenaking the material to be
more isotropic at elevated temperature.

Effect of Friction Effect of friction was studied by varying the amount of Iutaiion. In
these tests of series C, the first two tests were performdutivét normal application of the
water-based lubricant on both sides of the blank. For the test, the entire tools were
cleaned in orderto avoid the lubricant leftovers on thesdam previous tests and a regular
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Figure 2.18: Comparing different series of tests at Z5FAA 6016-T4 alloy).

amount of lubricant was applied on the blank. For the lagtdrsess amount of lubricant
was applied on both sides of the blank. The punch force-atigphent curves and earing
profiles from these tests are compared in Figure 2.17.

From the punch force—displacement curves presented imé&R&li7 (a), tests with normal
application of lubricant are well reproducible. When theltoare cleaned before doing a
test, notonly is the maximum punch force larger, butitis@gerestimated at larger drawing
depths in particular. In the test with extra lubricant, thmeh force is larger than the test
with normal application of the lubricant: this was not exiget From the earing profile
plotitis clearly seen that the results are well reprodweiid lubrication conditions do not
have an effect on the earing profile, but the height of the agrslependent on lubrication
conditions. It is also noticed that the earing profile foisg(C is different from series B.

In Figure 2.18, the deep drawing test results from diffeisaries of experiments at
250°C are compared. From the punch force—displacement plomthémum punch force
for series B and C s slightly higher due to the longer natagaing period. When comparing
the earing profiles from different series of experimentsytare completely different from
each other, even though the height of the ears are small fiess® and C. It is reminded
here that the press tool was rebuilt for each series of teststaan be concluded that the
earing behavior at elevated temperature is highly sekeditithe press tool setup.

2.7 Discussion

In this chapter some characteristics of Al-Mg—Si alloysevietroduced that are relevant
for the warm forming process. The work hardening rate in ipitation hardened alloy
is generally controlled by the solute levels left in the nhatatrix that control the dynamic
recovery and the interaction of dislocations with precifgs. The decrease of work hard-
ening rate due to change in temper state from T4 to T6 is assacivith the formation
of shearable and coarser precipitates in T6 state. Thistsaaugreater hindrance for dis-
locations to pass or cut through the precipitates under a sesulting in a decrease of
the storage of so-called geometrically necessary distmtaat the vicinity of grain bound-
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aries or subgrain boundaries. Optimum sized shearabl@jteges or any other dislocation
storage sites leads to a higher initial yield strength. Taeléning rate also reduces with
increasing temperature. The test with extremely slow de&dion rate gave evidence of
dynamic precipitation followed by dynamic recovery.

Precipitates do not seem to have any influence on anisotrdjne R value profile
remains similar under different tempering conditions. Dhiention of the press tools and
friction between tool and blank do not have any influence eretliring profile only at room
temperature. The earing behavior at elevated temperaturighly sensitive to the press
tool setup.

With a proper material model, it should be possible to regmésll the above obser-
vations. The mechanical response of different alloys ohied in this chapter provides a
good basis for finding the parameters of the material modedeudifferent temperatures
and strain rates presented in the next chapter.






3. Material Models for Warm Forming

Numerical analysis is a critical tool for understandingcbenplex deformation mechanisms
that occur during sheet forming processes. Accuracy of mizadeanalysis depends largely
on the use of a constitutive model that describes the conlygleavior of the material. In this
chapter, a number of material models for warm forming of ahwm alloys are presented
and their predictive capabilities are verified. Materialdats for plastic deformation that
are used in process simulations commonly use the concepeldfsurface, the flow rule
and the hardening rule. The same approach is used here.

In Section 3.1, a short repetition of classical constieifiamework of plasticity theory
is presented. Special attention is paid to anisotropictigld®havior in a plane stress
condition. In Section 3.2, two different yield functionsatescribed that are suitable for
use in numerical simulation of aluminum sheet forming. letie 3.3 the work hardening
and the influence of the temperature and strain rate aredenesi. The yield functions and
hardening models will be used in the warm forming simuladiamthe next chapters. In
Section 3.7, the predictive power of different hardeninglele is compared with uniaxial
tensile tests on 5754-0 alloy used as a representative dgarhpluminum alloys. The
chapter ends with a short summary.

3.1 Constitutive Framework—Plasticity

In this work, material models are considered for applicatio finite element analyses
of thermo-mechanical sheet forming processes such as tatapeenhanced forming or
stretch forming with intermediate heat treatments. Thusatenal model or constitutive
model should describe thermo-mechanical deformatiorrmg®f the macroscopic stresses
and strains. Several classes of constitutive models arekwelvn in the continuum me-
chanics framework: elasticity, plasticity, creep, vistpetc. This section deals with the
basic concepts, that are used in elasto-plasticity, nantklyyield surface, the flow rule
and the hardening rule. These phenomena are most relevird tbeformation of sheet
metals. The yield surface determingkenplastic flow occurs, the flow rule determines
the direction of the plastic flow, the hardening rule determines d¢velutionof the yield
surface. A more comprehensive overview of the formulaticars be found in (Belytschko
et al, 2006; Zienkiewicz and Taylor, 2005; Simo and Hughes, 2@&field, 1997).

The yield surface can change size, position and shape, éug.pdastic deformation or
a temperature change. A change of size, while the centeegfihd surface and the shape
remain constant, can be modeled with isotropic hardenirgpfiening. This is the most
commonly used hardening model.
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3.1.1 The Yield Surface

A yield surface is defined as the hyper surface which encltseslastic region in the 6-
dimensional stress space. Usually in the analysis of she&lforming all out of plane
components of the stress vector are assumed to be equabtarzéithe yield criterion is
defined in the plane stress space. For sheet forming simn$tthes—o, -plane is the

commonly used cross section to present a yield locus, wharaly denote two orthogonal
axes in the sheet plane. A typical example is shown in Figure 3

Oy
¢ >0
¢ <0
E &P
fo") "
Ox
-._.../

Figure 3.1: Typical yield locus for thex—o, -plane.

The yield surface bounds the elastic reg{m‘F}. For numerical computations, a yield
function¢ = ¢(o,...) can be defined. The yield function depends on the stressrtenso
and additional variable®.g.determined by the deformation history. The equatos 0
represents the yield surface.df < 0 the material behaves elastically. Stress states where
¢ > 0 are not feasible in an elasto-plastic theory. If the strés® $s on the yield surface,
plastic deformation can occur. Following Drucker’s poatal the plastic strain raé is
perpendicular to the yield surface,

&P =1— (3.1)
do
where is a consistency parameter. As a consequence of Druckestsilpte, the yield
surface must be convex. Equation (3.1) referred tassociated flow ruleestablishes
the relation between the stress and the plastic strainnmenés (or rates). In associated
plasticity the yield surfacé (o) is used as a plastic dissipation potential.

3.1.2 Anisotropy: Lankford Strain Ratio

The properties of aluminum and its alloys, as with most nsegak never completely uniform
in all directions—some degree of anisotropy is always pres@he exact nature of this
anisotropy depends upon both alloy composition and prdusssry (€.g.casting, rolling,
extrusion, annealing, etc). Anisotropic properties caveha major effect on subsequent
process stages, especially sheet metal forming processkess deep drawing and stretch
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forming, and on in-service performance. Rolling the sheeises orthotropic symmetry
with three main directions: the rolling direction (RD), ttransverse direction (TD) and the
normal direction (ND). If a uniaxial tensile test specimeifi e cut from such a piece of
rolled sheet material, with the tensile directiorat an anglé to the rolling direction, the
strain ratioRy is defined as Lankford strain ratio, which is the ratio betw#ee strain in
width directione, and the thickness strain.

&
Rg = =2 (3.2)
&z
where:e, = In(w/wp) ande; = In(z/to), the true strain in the width and thickness direc-
tions respectively. Since the thickness strain is diffibolineasure, the volume constraint
is invoked and the strain ratio can be calculated as
&
Ry=—2 (3.3)
—(ex +&y)
If the sheet iglanar isotropig it has the same properties in all directions within the plan
of the sheet. Therefore, in this cagejs independent of. If R is dependent oA, then
the sheet iplanar anisotropic Materials with a highk value have a low thickness strain
compared to the strain in width direction. They have thusgh mésistance against sheet
thickness fluctuations, and are therefore said to have a fypoothbility.

3.2 Yield Functions for Sheet Forming Simulations

Many vyield criteria have been developed over the years. $airdpic metallic materials,
the well-known Von Mises or Tresca yield functions are ofteirfficient to describe the
plastic behavior of metals. However, in sheet metal forntirggsheet materials are usually
anisotropic with respect to their plastic properties. lderto take into account this plastic
anisotropy, the yield function can be considered by intoddg additional parameters to
describe the plastic anisotropic behavior. These parametay be adjusted to a set of
selected experimental data obtained by subjecting spesimithe considered material to
mechanical tests. The most prominent yield function oftyyie has been proposed by Hill
(1948). Hill's classical yield function, also known as thdl H18, is the most frequently
used yield function to account for plastic anisotropy, madue to its simple handling in
numerical calculations. Lankford coefficients are suffitte define the Hill '48 parameters
and only three uniaxial tensile tests are needed to medserkeankford coefficientsy,
R4s5 and Rgg. However, this yield function is only able to describe thar@ stress yield
locus as a more or less stretched ellipse. This yield locapeslis very often inconsistent
with experimental yield loci or those obtained from polystigl calculations, especially for
aluminum alloys. This is the origin of the so-called anomalbehavior of aluminum sheet
(Woodthorpe and Pearce, 1970). With the above-statedmeastill 48 yield function is
not used in this work.

3.2.1 Vegter Yield Function

The Vegter yield function (Vegter and van den Boogaard, 2@06ne of the most accurate
yield functions for aluminum alloy sheets defined in plarrest conditions . The Vegter
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(op)

equi-biaxial
plane strain

uniaxial
I o1

~ _pure shear

Figure 3.2: Basic stress points required to construct thggeveyield locus.

“

Oi

Figure 3.3: A second order Bezier curve.

yield locus is constructed in principal stress space and tlse Bezier interpolation to

connect the measured yield stresses in equi-biaxial, @&ae tension, uniaxial tensile

and pure shear tests as shown in Figure 3.2. This leads tessgioints in the region where
01 > 0,. Forthe situationswherg < o, can be determined if the sample is rotated b$.90
The compressive part of the yield locus is usually not messfrom the experiments, but is
defined by the assumption that initial yield stress in corsgian is equal to that in tension.

Continuous differentiability of the yield locus has beenified by not only measuring the
yield stress at yielding, but also the direction of the sisaio determine the local tangent
of the yield surface, since Drucker’s postulate statesttteaplastic flow is perpendicular to
the yield surface. With the stress points and their tangavasiable, second order Bezier
curves can be constructed between the stress points as sih&igure 3.3. A stress state
in the two-dimensional stress space is represented witlctane

5:{2} (3.4)



3.2 Yield Functions for Sheet Forming Simulations 31

For every part of the yield locus between the two referenesststatess; ands;, a second
order Bezier function is determined and the hinge poipis defined with the tangents
drawn at the two reference stress states. The yield locugcleetthe two reference stress
states is defined by:

Olocus = 07 + 24 (5h - 5i) + Mz (51' + 5}' - 25h) w € [0,1] (3.5)

Now the definition of stress state in the classical rate iedepnt plasticity setting is given
by:

- Oeq - - - - - -

G = a—efq [Gi + 21 (6s — i) + u? (6 + 07 —264)]  wel0,1] (3.6)

whereos is the current flow stress amdy is the equivalent stress. The quantity,/ ot gives
the magnitude of the stress. A yield functigrihat is defined as

$(0,2) = Oeq(0) — 01(e8) (3.7)

fulfills the condition thatp = 0 on the yield locus angh < 0 in the elastic regime. The
direction of the plastic strain rate can be calculated frbmderivative ofp to the stresg-.
Sinceg is continuously differentiable, the plastic strain rateedtion is continuous.

Planar anisotropic behavior can be modeled by defining fdteace stress points and
corresponding normals depending on the amgl@he reference stress points and normals
are defined by an interpolation, based on Fourier series.

Gr(6) = ) _ Skj c082j6) (3.8)
Jj=0
(a_¢) 0) = Xn: Gri C092j6) (3.9)
30 /1 =0 - / '

To use the Vegter model for common rolled material, that tgvBur ears in deep drawing
of cylindrical cup experiments in 3 directions°(045° and 90 directions with respect to
the rolling direction) are required to determine the 14 miatgparameters.

3.2.2 Barlat YId2000 Yield Function

The YId2000 anisotropic yield function presented by Beelal. (2003) is another accurate
yield function for aluminum alloy sheets. The Barlat aniepic yield functions are derived
based on the approach of linear transformations of a stees®t.

The anisotropic yield function for plane stress plastia@an be expressed in general
form (Hosford, 1972; Barlagt al., 2003):

¢ =9¢" +¢" =20t (3.10)

whereg’ = |§] — S4|% andg” = |28} + S7|% + 287 + §4|* with a = 6 anda = 8 for
b.c.c. and f.c.c. materials respectively. and¢” are two isotropic plane stress functions.
Equivalently, the anisotropic functighis associated with the effective stress

1/ ~ ~ ~ - - - 1/a
0eq= {5 (151 = Sa1* + 1285 + S{1* + 1287 + §31°) (3.11)
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5{’2 andS{’,2 are the principal values of the linear transformations andfress deviata
are given by
§=G.s=G -T-a=L"0 (3.12a)
§=6"-s=G"T-oa=L"0 (3.12D)
In the above equation§’ andG” are linear transformation tensors on stress devigtor

The tensord” andL” representing linear transformations of the Cauchy sireae given
by: are

L:H 2/3 0 0
Ly, -1/3 0 0 a1
L, |= 0 -1/3 0 o (3.13)
L, 0 2/3 0 o7
Lie 0 0 0

LY, -2 2 8 =20 o3

LY, 1 4 -4 40 s

Ly, |==| 4 -4 -4 1 0 os (3.14)

9
LY, -2 8 2 =20 a6
LY 0 0 0 0 9 as
The independent coefficiendg (for k : 1,...,8) are all that is needed to describe the

anisotropy of the material. For the isotropic case they cedual.

Atleast eightindependenttest results are required tdiigehe eight anisotropy coeffi-
cients. Usually, six of eight input data are the uniaxial feivesses anft values measured
in three different directions from rollingyo, 045, 090, Ro, R45 and Rgg. The other two are
the equi-biaxial flow stress, and the equi-biaxial strain rati&®, measured from the bulge
test/disk compression tesky, defines the slope of the yield surface at the equi-biaxiastr
state Ry = éyy/éx). With eight test results, eight nonlinear equations camliained
using the yield function for the flow stresses and the asteatitiow rule for theR values
and solved for the anisotropic constants.

3.3 Flow Stress and Hardening

The flow stresw; is a measure for the resistance to plastic deformation oftenah It is
usually defined as the true yield stress in a uniaxial tensge In most metal alloys, the
flow stress increases upon plastic deformation. This is knaswork hardeningr strain
hardening The warm forming uniaxial experiments presented in Sec?3 showed that
the work hardening in aluminum alloys also depends on th@ésaiure and strain rate.

3.3.1 Phenomenological Vs. Physically Based Models

For numerical analysis, a description of this work hardgigmequired. A class of traditional
models describe the flow stress in terms of mathematicalttemsessuch as power laws, as a
function of strain with many empirical constants by fittimgexperimental test data. These
phenomenologicahodels are also named engineering models as they are more@om
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engineering applications. Usually, empirical models Htle or no physics in them and the
constants usually cannot be related to any physical prasggsenomenon. In spite of this
inherent disadvantage, these models are extensivelyuf&dM codes to model plasticity as
they require low computational resources and provide éxatlits for a given deformation
condition, but these models do not have any predictive ptwgond the experimental data
range. A well-known phenomenological model based on Nadaldning law with strain
rate and temperature effects (Van den Boogaard and Huéig; Abedrabbet al., 2007)

is described in Section 3.4.

For warm forming of aluminum, the strain rate and tempemhave a significant influ-
ence on the flow stress. Regardless of their remarkably gttodfie measured stress—strain
curves within a certain range of strains, strain rates amp#&ratures, empirical relations
have no predictive power beyond that range of deformatioitions. Hence, their usage is
limited only to the range of deformation conditions at whilbhy were curve-fitted, and the
accuracy outside that range is often not satisfactory. Nsothat are based on the physics
of plastic deformation may have a wider applicabilitg, model the microstructure evolu-
tion indirectly, so that the effects of the micro level preses are somehow accounted for,
perhaps in an average way, on the macro level. These type @éisiare calleghhysically
based modelsSuch type of approach, using the notion of dislocation itgris the subject
of the study in this thesis.

In Section 3.5 and Section 3.6, the two mainstream dislocatensity based models
(Bergstrom (1969, 1983); Nes (1998)) are discussed. Thbgad similar basic assumptions
and ideas about dislocation density evolution processeishMasically consist oftorage
andrecovery But the particular forms of the equations are often diffierén the subsequent
chapter it will be shown also that such phenomena as stréénarad temperature effects
can be accounted for by these kinds of dislocation models.atleuracy of one or another
model should be validated by further experimental obsérmat

3.4 Phenomenological Extended Nadai Model

The phenomenological model is based on the Nadai hardeaimghd power law strain
rate dependency:

o = C(g + &))" (%)m (3.15)

The temperature dependence is included by leffing andm be functions of the tempera-
tureT (in Kelvin). The following functions for the parameters wersed in order to fit the
tensile tests.

C(T)=Co+a [1 —exp(azT_Tm” (3.16a)

m

n(T) =no + by [1 —EXp(sz_Tm)} (3.16b)

m

(3.16¢)

m(T) = my exp(c r- 273)

m
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whereT is the absolute temperatur&, is used to make that part of the formulas dimen-
sionless and can be chosen arbitrarily.

3.5 Bergstrém Model

The physically based model given here was first describedBeygetrom, 1969). The
deformation resistance of metals is divided into threegpart

ot = 0o(T) + ow(p, T) +c*(¢,T) (3.17)

with og the strain rate independent stresg,the contribution of the strain hardening and
o* a dynamic stress that depends on the strain rate and temgerat

The influence of the dynamic stres$ is decreasing with increasing temperature and is
independent of the strain. Van den Boogaard (2002) obsémedperiments with 5754-0O
alloy that the influence of the strain rate on the initial glistress is almost absent between
300K and 450K and increases rapidly at higher temperatuféss cannot be modeled
with the common notion of the dynamic stress and theref@eymamic stress is neglected
(Van den Boogaard and Huétink, 2006).

For the contribution of strain hardening a simple one parameter model is used where
the evolution of the dislocation densipyis responsible for the hardening. The relation
between the dislocation density and the strain hardenigiy&n by the Taylor equation:

ow =aG(T)b./p (3.18)

with « a scaling paramete@ the elastic shear modulus ahdhe Burgers vector (Van den
Boogaard, 2002).

The essential part of (3.18) is the evolution of the dislmeatiensity. The creation and
storage of dislocations is taken to be proportional to theamfeee path, while dynamic
recovery is taken to be proportional to the dislocation dgiiself. This leads to the basic
equation for the Bergstrém model (Bergstrom, 1969).

% = cl% —Cap (3.19)
where the recovery parameter depends on temperature and strain rate. In the original
Bergstrdom model, the mean free pdttwas considered to be constant.

The formation of dislocation walls and the principle of ditaide led Vetter and van den
Beukel (1977), to a storage factor that is proportional ®thuare root of the dislocation
density. The dynamic recovery term is considered to be daendhilation and remobiliza-
tion ofimmobile dislocations. The remobilization is a thelly activated process, based on
vacancy climb (Bergstrém, 1983). The evolution of dislamatiensity is now reformulated

as

d
d_p = U(p)— QG T)p (3.20)
£

with U the immobilization rate of dislocations afthe remobilization rate of dislocations:

U =U/p (3.21)
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Q=Q04C exp( ~ ”;QTV)E'—"’ (3.22)

with Uy the intrinsic immobilization rate§2o the low temperature, high strain rate limit
value of the remobilization probabilitg; andm constantsQ, the activation energy an&l
the gas constant.

Equation (3.20) can be integrated analytically for constarand2 (Van Liempt, 1994;
Estrin, 1996). For an incremental algorithm, the dislamatiensityp; 1+, at timez;; can
be calculated from:

2
pit1 = [%(exp(%QAe) - 1) + WT,-] exp(—QAe) (3.23)

where Up and Q are assumed to be constant during the time increment. Thés @i
contribution to the flow stress of:

0ty =aGb/pjt1 (3.24)
which leads to:
U
ok, = aGb|:(§O - m)(1 - exp(—%QAs)) + m] (3.25)

The strain rate independent stregss assumed to relate to stresses in the atomic lattice.
Therefore the temperature dependence of the shear ma@(lUsis also used for the strain
rate independent stress (Rietman, 1999; Van den Booga20&) 2

Combining (3.17) with the information described above l&sn:

o = g(T)(oo n aGrefbﬁ) (3.26)

with g(T') the shear modulus divided by the reference valiyg The temperature depen-
dence can numerically be represented by the empiricaloatat

Ty

gT)y=1-Ct exp( — ?) (3.27)
with Ct andT; fitting parameters.

3.6 Nes Model

The work hardening model developed by Nes and co-workergader been referred to
as ALFLOW and Microstructural Metal Plasticity (MMP) modait will here simply be
referred to as the Nes model (Nes, 1998; Marthinsen and N&4,; Nes and Marthinsen,
2002). The Nes model gives a detailed description of theastaucture evolution by multi
parameters given in Section 3.6.2. The influence of micuastire on flow stress is described
in Section 3.6.1.
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The work hardening curve, as shown in Figure 3.4(a), can rgéipée divided into
four or five different stages. Stage I, easy glide, only osdnrsingle crystals. The other
stages occur in single crystals as well in polycrystal maker Stage Il is characterized by
a constant work hardening rate as shown in Figure 3.4(b)talgesl|| the work hardening
rate decreases while in stage IV the work hardening ratedasyheonstant again. At very
high temperatures also a stage V, a constant saturati@s siseobserved.

T /
/

TR i v v

Y

(a) Different stages in a stress—strain curve

dt/dy|
1 11111 n

T

(b) Different stages in work hardening rate Vs flow stressveur

Figure 3.4: Schematic representation of different stagegork hardening.

The Nestheory relies on composite description for the nsicueture evolution. Atsmall
strains during stage |l deformation a very strong hardeisrmgused by a rapid increase of
the density of stored dislocations. The main part of theodistions is then stored in the
complex three dimensional Frank network. Cell walls arerfed, in which the dislocation
density is slightly higher and is characterized by a cekséz cell walls of thicknessk,
and wall dislocation densityy,, and a density within cellg; as shown in Figure 3.5(a). At
large strains the difference is that the cell walls haveagskd into subboundaries as shown
in Figure 3.5(b) with a well defined misorientatian,i.e. stage Il behavior occurs as the
recovery in the Frank network becomes stronger and balaheestorage rate. The further
hardening in late stage Ill and stage IV is caused by the extlagerage spacing between
subgrain boundaries, which is a result of dislocations fogmew subgrain boundaries
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when stored. Stage lll is strongly influenced by the collapfeell walls into sharper
subgrain boundaries. Many of the dislocations becomediareld walls/boundaries and
increase the misorientations between subgrains. Extepsesentations are given in Nes
(1998); Marthinsen and Nes (2001); Nes and Marthinsen (RO02this section a brief
overview is presented.

(a) Small deformations (b) Large deformations

Figure 3.5: Schematic presentation of the dislocationstalicture

3.6.1 The Flow Stress

The flow stressz, at a known microstructure is commonly defined in terms ofarttal
componentz, and an athermal stress componeptso thatr = t© + 7. The thermal
component; is due to the rate and temperatulependentnteractions with short range
obstacles and the athermal component characterizes thandttemperatui@dependent
interactions due to long range barriers.

The thermal stress To calculate the thermal stresg it is assumed that the mobile dis-
location densitypn, is proportional to the total stored dislocation dengity.e. pm o mp.
Wherep is given as:
Kog
=pi+ — 3.28

p=pi+ ¥; ( )
In pure metals the thermal stress component reflects thérstmgye interactions associated
with cutting of “trees” and dragging of jogs. In alloys witlsignificant amount of atoms in
solid solution (like Al-Mg alloys), the thermal stress coonment is expected to be controlled
by thermal activation of solute atoms away from climbinggam screw dislocations. In
any of these cases the thermal stress is determined by threa@mquation:

Yy = pmbv (3.29)
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The average speed of the mobile dislocationsnay generally be expressed as:

v = [aBivp exp(—ﬂ) 2sinh(ﬁ) (3.30)

kT kT
wherek is the Boltzmann constanip is the Debye frequency; is an activation volume
andU' is an activation energy; is a constant andi is the temperature. If the solute content
is sufficiently large the average dislocation speed is adlett by the dragging of elements
in solid solution. Then the relaxation distanfe= bct! /ax, is the distance traveled by a
climbing jog in between thermal activation and subsequamtipg of a solute atom. In the
case of pure metals the activation energy is expected tojr@ximately that of self diffu-
sion,U; ~ Usq. For solid solution alloys/; should be replaced by summation of activation
energy for solute diffusioi/s and interaction energy between solute and dislocatiotis
The activation volume is given by the spacing of solute atafoag the dislocation core,
Vi = b%ls = b3wi/cgt. Wherels scales with the spacing of the solute atoms along the
dislocation coregy is a parameter which needs to be determined from experimimia
curves and the exponegtis expected to have a size in the range 0.5to 1.

The athermal stress The athermal component, is the stress contribution due to non-
deformable particlestf), clusters ¢¢;) and due to the stored dislocationg)(and are con-
sidered as long range contributions.

Ta=Tp+ Ta+ g (3.31)

TheOrowan bypass stresg, due to presence of non-shearable particles

_( AGb \ In(A/b)
Tp_(2n1.24) by

(3.32)

Here A is a constant and = 0.8 (,/zr/fr — 2) r is the spacing between non-shearable

particles in the slip plane with average radiusfilling a volume fraction,f;.

Theclustering stresseg, due to clusters formed by low diffusivity alloying comparie
e.g.Fe, Mn, Si.

According to Nes and Marthinsen (2002), for the descriptidrstress contribution
due tostored dislocationgzy), a one-parameter stress relation is assumed to be valid in
the small strain regime, namely the critical resolved stetarss is proportional to the
square root of the total dislocation density. It means thamulti-parameter description of
the microstructure is strictly not necessary at these sstiains, since the microstructure
guantities can be determined from the total dislocatiorsiteiby the so-callegbrinciple
of scaling The dislocation density in the cell interipy is related to the wall dislocation
densitypw aspw = ¢Zpi, similarly the cell wall spacing aé = ¢c//pi with the assumed
constant volume fractionf’, of cell walls. Hereg, andg. are the scaling parameters.

A “composite” of two phases is considered:

Oi in a volume fraction(1 — f) inside the subgrains

pw = g2pi inavolume fractionf of subgrains (3.33)

p:
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The microstructure is solely represented by one parameter:

p=0=f)pi+ fow (3.34)
A volume average of the stress contributions of a “compbtgiven by:
q=a1Gb\/p=(1— Noa1Gb./pi + fa1Gb./pu (3.35)

The principle of scaling is broken by the onset of dynamioxeey. The cell walls are then
transformed into sharp subgrain boundaries with misosiggons. The subgrain boundaries
now represent a very small volume and do not contribute Sagmitly from the “composite”
point of view (fa1Gb /pw — 0). As the spacing between the subboundaries becomes
small, a new mechanism becomes important, namely the dliesdo bow out of the
dislocations caused by the spacing between subboundarfds.term is proportional to

the inverse of the spacing between boundaries. If the effegrain boundaries is also
considered, then the stress component due to storage ofdikin is given by

1 1
Td = Olle\/E + Olsz I:g + Bi| (336)

The transition from stage Il to stage lll, for most commelr@iboys, is difficult to
distinguishi.e. end of stage Il and the start of stage Il are not at the samespdue to the
effect of variable subgrain/grain sizes. Therefore NesMadhinsen (2002) modeled the
transition of stage Il to stage Il in a stochastic mannes dissumed that stage Il ends when
the recovery becomes significant while stage Il starts wherdislocation density in the
cell interior becomes constant. In the work of Nes and Magén (2002); Nest al.(2004)
assume a statistical distribution of the subgrain sizesnfivhich they estimate the volume
fraction,fs, of the largest subgrains where the recovery is small andtige Il scaling
behavior still holds. More details are given in Ngsl.(2004). Then the unified relation for
stress contribution due to stored dislocations with dfasisdistribution of subgrain sizes
in different stages of work hardening are given by

4 = 01 Gb [rl( e )ﬁ+ Fg( e )%}+&2Gb [r2(0)§+i} (3.37)

8./pi 8./pi D
with
G2 = fst3" + (1 = fso)r (3.38)
where
a5’ = a1 f(go — Dge (3.39)
and
1= |52
fsc= EEE (3.40)

Here the function$’; andTI', are the statistical distributions of subgrains and arergas
follows
Jo x3f(x)dx

1o7 x3f (x)dx

(5x)"
n!

7
Iy (x) = =1—exp(-5x) Y (3.41)
n=0
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and
ST f(odx 5 B °, (5x)"
Iy (x) = It ods = 7 exp( 5x)’12=;) — (3.42)
with f (x) = = (bﬁﬁ)

In applications of the model the stress tensor at a macrascoptinuum scale is required
representing contributions from many grains of variousstajfographic orientation and
microstructure. The equivalent flow stress and strain cacebzulated as

or=Mt and &l =y/M (3.43)

Here M is the Taylor orientation factor translating the effectlodé resolved shear stress in
different slip systems into effective stress and strainngjtias. It depends on the crystal
structure and is affected by texture. However, in sheet fiognoperations the texture
changes are small and the texture can be captured by oneasfthaced phenomenological
anisotropic yield functions presented in previous sedjgmoviding a computational cost-
effective approach.
In the implementation of the Nes hardening model within aplioit finite element code

the hardening coefficieritis requiredj.e. the slope on the hardening curve.

dot dr dza d'ct)
h = =M =M= == 3.44
dzgq dy (dy Ty (349
d d .
Whered—fa anold—rt can be written as follows.
14 v
In Equation (3.31) for the athermal stress contributioe, lations forr, and g are
dra  dtyg
constant with respect to the microstructure evolution. réfare, — rviair™ and is given
14 4

by:
dra 07a Bp. 074 08 Jpj
= —— 3.45
dy i dy T dpi dy (3.49)
and the expression for the thermal stress given in Equa8d0}, is a function of three
microstructural evolution parametegs, § andg through Equation (3.28). Then,
dn.  On 8)/ 0Tt ap, %ﬁ% % (8_(/) 8(,0 88) apj (3.46)
dy 8)/ 8)/ 8,0. 8)/ a8 dpi dy ¢ \ dp;i 35 api ) dy '
apj
"oy

d
equations, (3.48)—(3. 50)ﬁl and 5 are obtained by differentiating the athermal stress

relation,z, with respect to state variablgsand§ given in Section B.1.
8rt al't

'35
with respect to state variables § andg respectively and are given in Section B.2.

8 0 . . .
In the above relations—, — and _(p are obtained from the microstructure evolution
dy

Slmllarly nda— are obtained by differentiating the thermal stress retatip
dg
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The reIanna—y is obtained from the fact that in incremental analysis theiedent
4
plastic strain rate is defined by the equivalent plastidrsirecrement:

Ay ay 1
)= — => — = — 3.47
At ady At ( )
whereAy is the equivalent plastic strain increment akdis the time step of the incremental
analysis, which are input parameters in a finite element lsitioun.

3.6.2 Microstructure Evolution

In order to provide a realistic description of the microsture evolution the problems of
athermal storage of dislocations and their annihilationdgmamic recovery need to be
solved. In the present multi-parameter microstructuracdetion this implies that the
evolution equations must be properly defined and solved. h@rbasis of the treatments
of Nes (1998); Marthinsen and Nes (2001); Nes and Marthii(g@f2), these evolution
equations can be written in compact form as follows

dpi 1 2 PiVp

9o _ _ P 3.48

dy  (1+ f(gg—1D)bLer ¥ (3.48)

2820, SL?

@ _ _27mSLT b (3.49)

dy ko@ Left 14

d

d—¢ =g (pi.d.¢) (3.50)
y

Equations (3.48) and (3.49) represent the combined effathermal storage of dislocations
(first term on the right-hand side in these equations) anad thy@amic recovery (second
term).

Athermal storage of the dislocationdn the storage termd... is the effective slip
length, the average radius the dislocation loops exparat®bting stored. Itis determined
by interactions between the mobile and the stored disloratin the dislocation forest. If
there are no other barriers than the dislocations stordwiftank network this length scales
with the spacing between the stored dislocations:

L,=— 51
°= (3.51)

HereC is a statistical parameter proportional to the chance foiskbchtion to become
stored in the Frank networkC remains constant for a given alloy but depends on the
solute content. However, in most commercial aluminum aljayther barriers will also
be present like grain boundaries and precipitate particlé®se barriers will also impede
mobile dislocations and affect the athermal storage ralte pfesence of grain boundaries
and particles reduces the slip length and are taken intaust ¢y the following relation

o] -] () w52
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with

Ly="2f P

K3 K2

Herek, andkz are constants accounting for geometrical shapes and theuniegmethods
applied and expected to be of the order of unit, and Lp represent the slip length
contributions due to precipitate particles and grain si2grespectively. In Equation (3.48),
the first term represents the athermal storage in the newtyed subgrain boundariesis
a cell/lsubboundary storage parameter, for more detailsisethinsen and Nes (2001); Nes
and Marthinsen (2002).

Dynamic recoveryThe last terms in Equations (3.48) and (3.49) represemecdively,
the dynamic recovery effects on the dislocation densitidmghe cellp;, and the subgrain
size,d8. In other words, the dynamic recovery is incorporated bylyariag the stability
of the cell interior dislocationg; in terms of therecoveryin the Frank networkand the
subboundary structure in termssibgrain growth

In Equation (3.48), the second term in principle defines &te controlling annihilation
frequency of the dislocations inside the subgrain. For @wm alloys, the annihilation
frequency can be written in the following form:

U*\ . . (V,Gb. /i
Vp = /PilpEpBpup exp(—k—T) 2smh(”27‘T/’T') (3.53)

wherel, ~ be$l 0™, U* = Us+ AUs, andV,  &,b3wcse”. Here,l, is an activation
lengthcscis the solute concentration at the dislocation ceris a constant{ 1) ande, is a
constant of value in the range franf to 1. Usis the activation energy for diffusion of solute
atoms andA Us is the interaction energy between the solute atoms and shacdtion. For
a detailed analysis of dynamic recovery of subgrain intetlislocations, see (Nes, 1994;
Nes and Marthinsen, 2002).

The last term in Equation (3.49) contains a velocity ternregponding to the growth
rate for a given subgrain size. The average subgrain sizdynamic situation will increase

at a rate s+ 45+
— A — — __* i —8
e y a - bvs = bvpBs exp( X )2smh( T ) (3.54)

where Bs is a constant, and the driving pressure is giveniby= 4yq/§, (ysp is the
subboundary energy)/s is an activation volumeVs o b3cs®£5, where&s is a stress
intensity factor which needs to be determined from expenitsidor details see (Marthinsen
and Nes, 2001; Nes and Marthinsen, 2002).

The misorientation aspectWhen dislocations are consumed by the sharpening of old
boundaries they are stored in a way that does not contribukethardening of the material.
To handle this aspect in the Nes model, the following emaligjuation based on physical
observations is used:

3
? = |:fl| bRy +(1— fII)KIIIi| |:1 - (i) :| (3.55)
y @ Lest 2\

Here £ must equal unity during Stage Il and vanish at larger strains

S = [MTS (3.56)

qc
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In warm deformation the increase of the misorientation egooore rapidly:

0.02 T < 300K
0.02(T/300)2 T > 300K

For more details, see (Marthinsen and Nes, 2001; Nes andsagn, 2002).

Ky = (3.57)

3.6.3 Dynamic Strain Ageing

Al-Mg alloys are known to exhibit negative strain rate sévity due to dynamic strain
ageing (DSA), causing instabilities that influence theinfability and lead to serrated flow
curves. This behavior is known as Portevin—Le Chateliexatffind it can lead to so-called
stretcher lines in a product which are unfavorable for Vesjmarts. The DSA effect is also
included as a sub-model into the framework of a microstmgcthased work hardening Nes
model. Extensive presentations of this sub-model are diyddolmedalet al. (2005a,b).

The material strengthening is due to the diffusion of Mg tmlatoms towards the
dislocation core. Mg easily diffuses and has a high solytitithe matrix. Whenever there
is sufficient time for diffusion to occur, the effective st#concentration near the dislocation
corescsc becomes higher than in the matrix, When the dislocations move there might
not be enough time for a complete diffusion process. Onlhéfytmove sufficiently fast
or diffusivity of Mg is very low, csc = ¢. The dislocation velocity is given by the Orowan
relationv = y/bpm and the diffusivity of Mg is expressed as:

AU

D = Bsdh?vpexp = (3.58)
kT

Here By is a constant, ants. is the activation energy for diffusion of Mg solute atoms in

aluminum. If there is sufficient time for diffusion, the Mgmeentration at the dislocation

core reaches a steady state value:

kT

AUsc is the interaction energy between the solute atoms and ghecdiion core. Here, it
is required to balance the effect of diffusion by the effddhe dislocation movements. A
simple approach developed by Holmedahl. (2005b) is to balance the dislocation speed
and a dimensional estimate for the velocity related to tifiislon: D/bv. If this ratio

is large the diffusion will dominate, if it is low the dislottans have time to escape the
diffusion. In the model, it is assumed that the effective Mgaentration at the dislocation
core,csc, can be expressed solely by this parameter, as follows.

Css = C exp( AUSC) (3.59)

bv

Herenscis aconstantin the range between zero and unity. EquaBos8)-(3.60) constitute
a model for the Mg solute concentration near the dislocatmne in Al-Mg alloys. The
flow stress is affected by, Mg solute concentration at the dislocation core, throungh t
thermal stress component after Equation (3.30). The ntiereire evolution is affected
through the dynamic recovery of dislocations in the Frartkwoek and the subgrain growth
(after Equations (3.48)—(3.49)).

csc=Co+ ¢+ (css—¢) { 1- exp[— (B)nsc}é (3.60)
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Table 3.1: Parameters for the extended Nadai model.

Tm 800 a1 1342 nog  0.3117
go  0.004118 az 3.669 mo 0.001236
o  0.002 by 0.2086 c 12.42

Co 4917 by 1.698

3.7 Validation of Work Hardening Models for Warm Forming

In this section, the suitability of work hardening modelsggnted in the previous section
is investigated by comparing the results for uniaxial tlengists on 5754-0 alloy as repre-
sentative example of aluminum alloys at various tempeeatwith constant strain rates and
also with the strain rate jumps.

Extended Nadai Model parameters of the extended Nadai model were fitted simultane
ously to uniaxial tensile tests, in the temperature rang256C and 250C and at strain
rates 0f0.002 s7* and0.02s™1. This resulted in the values for 9 fitted parameters and 2
fixed parametersi(, andéy) presented in Table 3.1.

Bergstrom Model Inthe case of Bergstrém model, some of the parameters caidmed
beforehand, such as the initial dislocation dengitythe magnitude of Burgers vector, the
scaling parametar and the shear modulus at room temperatilig were taken from the
literature. The remaining 8 parameters were determinedlbgst squares approximation
of eight uniaxial tensile test results as used to fit the edéerNadai model. It resulted in
the values presented in Table 3.2.

Nes Model The Nes model relies on a multi-parameter microstructusedigtion, from
which it follows that a lot of parameters are unavoidable their works of Nes and co-
workers, the parameters of the model have been tuned to figa taumber of experiments
covering a wide range of alloys, temperature and strairsréites, 1998; Marthinsen and
Nes, 2001). However, only a few of these parameters aredfitiirtes in the true meaning
of that word. In the works of Nes and co-workers consider ta@meters involved are of
four types.

Table 3.2: Parameters for the Bergstrém model.

oo 109.3MPa m  0.422 00 101! m~1

a 1.0 Up 6.093-108m™1 Gref 26354 MPa
b 2.857-1071%m Qo 23.63 Cr 3845

C  33422-10° Oy 1.0917 - 10°J/mol Ty  2975K
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Table 3.3: Parameters for the Nes model.

vp  1.0-1013s71 b 2.86-10710m K 1.3-10723J/K
e 12.3 C 34.85 f 0.1

a1 0.3 ar 35 Ko 3.0m!

Us 160000 J/mol U,y 160000J/mol AUs;  0.0J/mol

K2 2.0 K3 15 @e 0.3489

B; 57.0 wp 11440 ws 20.0

er 1.0 B, 023 £p 118.2

ws 1.0 ep 067 B 100.0

£s 40.0 es 065 00 1.0-101m™!
Sy 0.15 qrv 2.0 IV 0.052rad

Physical parametersuch as activation energies and volumes and pre-expoheatia
stants: the number of such physically necessary constalbsv from the complexities
of the model, defined by the dislocation dynamics involvedhilé/the activation energy
and volumes in principle were determined experimentatigéipendent of model tuning),
the pre-exponential constants are adjustable paramatdrarae determined as part of an
experimental tuning procedure.

Stereological constantsuch as the scaling parameggrand misorientation parameter, the
volume fraction of cell wallsf in stage Il andp were determined experimentally by
careful TEM examination of different Al alloys.

Empirical constantsuch as the flow stress parametefsand «,, the athermal storage
parameters; andks were determined independently of the tuning of the model.

Fitting parametersare the microstructure evolution paramesgr, the athermal storage pa-
rametelC and the stress intensity factors in dynamic recovgrandés were determined by
a least square approximation of eight uniaxial tensileressilts as used to fit the extended
Nadai and Bergstrom models.

In addition, the various equations contain the obvious netend physical constants such
as the shear modulus,, magnitude of the Burgers vectér,the Boltzmann constarit,and
the Debye frequencyp are taken from literature. Also the Nes model directly taies
account the chemical composition, grain size, volume ilvacand size of particles. The
chemical composition of the investigated AA 5754-0 alloyNky: 3.356 %, Si: 0.130 %,
Cu: 0.01 %, Mn: 0.32%, Ti: 0.009 % with remaining Al) with the average grain size of
20 — 25um. The selected and fitted parameters are presented in Table 3.

In Figure 3.6(a) and Figure 3.6(b), the simulated engimegesiress—strain curves are
plotted for the Nes model, together with experimental datavarious temperatures and
strain rates. In Figure 3.6(c) and Figure 3.6(d), the expenital stress—strain results are
compared with the Bergstrom hardening model and the phenological extended Nadai
model. It can be seen that all the models are more or less leapbtlescribing the trends
at various temperatures and strain rates. But the Nes méshalycimproves the results
compared to Bergstrdom and Nadai models. Note that the casgmais only valid for a
uniform strain, which means up to the maximum engineeriresst The necking regime is
investigated in Chapter 4.
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stress (MPa)
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0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
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(c) ¢ =0.002s71 (d)é=0.02s571

Figure 3.6: Engineering stress—strain curves—experignand the different models.

Although the modelsyield more or less similar stress—starves for constant strain rate
simulations, the predictions are completely differentjifimp in the strain rate is simulated.
In Figure 3.7, the stress—strain curves are plotted forrdedition at 175C and 250C and
for strain rates 00.002 s~ and0.02s7*. If strain rate changes fro®002st0 0.02s™*
orfrom0.02 s t00.002 s* are applied after a strain of 5%, the Nadai model immediately
follows the curve corresponding to a constant strain ratéth e Bergstrém model the
constant strain rate curve is only slowly approached afteitinuous straining. With the
Nes model, an initial jump in the flow stress is observedpfeéd by slowly approaching
the constant strain rate curve, which is a better repregentaf the experiments.

From the experimental stress—strain curves shown in Figu@@), with different strain
rates and at a temperature of @ the lowest strain rate yields the highest stresses and
the highest strain rate yields the lowest stresses. Thisreason is often presented as
a negative strain rate sensitivity of aluminum alloys anatisibuted to dynamic strain
ageing. In Figure 3.8(b), even though the difference is kritdk clearly observed that
the Nes model can represent the negative strain rate satysif Al-Mg alloys at low
temperatures, whereas this behavior cannot be descrilibdivei Bergstrom model (both
strain rate curves coincide) as shown in Figure 3.8(c).
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Figure 3.7: True stress—strain curves with and withouirsti@e jumps.

3.8 Large Deformation Analysis

The material models described in the previous sections asedon logarithmic (true)
stresses and strains. For simple, proportional logaritt{tniie) strain path, the set of three
principal axes of stretching is fixed with respect to the mat@and the logarithms of the
principal stretches remain in a fixed ratio. For a generatdgson of large deformations,
however, this description is no longer applicable (Yebal., 1999; Van den Boogaaed al,,
2000). The extension of rate constitutive equations to geterge deformations requires
the use obbjectiveformulations (Belytschket al, 2006) described in Appendix A.

In the objective formulations, large rotations are accedrfor by rotating the stress
tensor. For anisotropic material behavior, not only thesstes, but also the relation between
stress rate and strain rate must be updated. In this casafier to use a co-rotating reference
frame and apply the constitutive relations on a strain meathat is neutralized for rigid
body rotations.

Thus, planar anisotropic axes are updated using an algohittsed on the polar decom-
position of the deformation gradient tensor:

F=RU (3.61)
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Figure 3.8: Strain rate influence on stress—strain curvesaparison between models.

The material rotation tensd®y, is used to formulate the stress—strain behavior in a co-
rotating reference frame and the logarithm of the stretcisde InU is used as a strain
measure (the Hencky strain). The decomposition can benpegfibon the total deformation
gradient or on the incremental deformation gradient.

Total algorithm: In this case, the rotation tensor directly determines thatian of the

material. The deformation part, however, must be given imaremental way, in order to
follow the strain path.

Fi =R1U; Fo = RoUp (362&)
Rm1i =R Ae =1In U, — In Uo (362b)

Incremental algorithm:If the polar decomposition is performed on the incremental
deformation gradierft}, the material rotatioR, must be updated at every increment. The
incremental deformation gradient is the deformation gratiat the end of the increment
with respect to the configuration at the start of the incretm&he strain increment is now
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only determined by the change of the current configuration.

Fi=FyFo Fo=RyU; (3.63a)
Rmi = RyRmo Ae =1InUj; (3.63b)

Tests with both models on large shear deformations inditetethe incremental al-

gorithm gives results comparable to the use of the Jaumanivatee (Van den Boogaard
et al, 2000).

3.9 Numerical Implementation

In this section the implementation of material models in &dielement program is dis-
cussed. The three main tasks of a constitutive subroutinelésto-plasticity in an FEM
code are:

* Yield criterion calculation (elastic-to-plastic and gl&-to-elastic transition), pre-
sented in Section 3.2.

» Updating the stress state and internal variables for angte¢al strain increment
(Section 3.3).

» Calculation of a consistent constitutive matrix.

If the full implicit Newton—Raphson procedure is executed équilibrium iterations, the
consistent constitutive matrix is required in the compotaof the tangent stiffness matrix
to achieve asymptotic 2nd order rate of convergence. Horyélre consistency of the
constitutive matrix is not important in the explicit FE sefgé where no Newton-Raphson
iterations are used. There exist a number of algorithmsecatthiques to update the stresses
and plastic strains, such as forward Euler scheme, genedatrapezoidal or mid-point
algorithms, a backward Euler (return map) scheme. In thigkwloe implicit, backward
Euler algorithm was chosen.

3.9.1 Stress Update

The return map stress update algorithm is constructed insteps. First, the so-called
trial state is defined as the state of stress when the givahsiwain increment is taken as
elastic and zero plastic strain increment is assumed iglpstdictor step). Second step
is the plastic corrector step: the trial stress is projettack onto the yield stress in the
direction of the closest projection. According to the insilbackward Euler approach the
plastic strain increment is computed in thpdated configurationwhich depends on the
updated stresses to be determined. In the heart of the ratapping algorithm for the
isotropic hardening case is the calculation of the equivgdiastic strain increment (plastic
multiplier) using the condition that the stress remainstenytield surface:

¢ = 0eq(@ns1) = 0 (el 1) (3.64)
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wheren denotes the increment number. Now the stress incremenstschiculated by
assuming that the strain incremeX# is completely elastic:

Ao =E: Ae (3.65)
A trial stress is determined based on the stress increment:
d"=0,+ Ac (3.66)
If this results in a stress state outside the yield surface (0), then the stress state has to
be mapped back to the yield surface, indicating the nReteirn Mapping AlgorithmTo
construct a residual function for the RMA, Equation (3.65)@written:

Ao =E: (Ae — AeP) (3.67)

The direction of plastic strain incrementP depends on the local derivative of the yield
surfacej.e.the normality principle (3.1) in incremental form can be tten as:

d¢

AeP = AL — (3.68)
do n+1
Now Equation (3.65) can be elaborated as:
-1 dg
Ae = E 7 :Ac+ AL — (3.69)
90 |41

To solve the above set of equations, they are casted in tood 2eesidual functions:

ro = Ae—E—lea—Axa—
do

(3.70)

n+1
re = —(0eq—o0%) (3.71)

The two residual functions are combinedrte= {r,, r¢}T. For ease of use in solving the
state variabled\a, AA, the residual equations are written in matrix-vector forra, the
vector with the state variables is written as:

vl = {ﬁ‘;é (3.72)

The equations are nonlinear and require an iterative pureso findv™*. A Taylor series
expansion is used, which is evaluated as:

r(Avit) ~r(av) + aaTr dv' =0 (3.73)

v (_.)_1  (av) (3.74)
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The derivatives of the residual functions are used to cansthe Jacobian of this set of
equations.

2
E7'+ AL 82¢> %
J= 90541 dont1 (3.75)
9T a9
80n+1 A
with
d¢ d¢p dot asgq
- - e
oA dot 0ehq A (3.76)
d¢ 00¢eq
= 3.77
00 41 00 141 ( )
and 5
9% _ 4 (3.78)
d0%

Figure 3.9 shows schematically the loop that describes MA R he presented RMA
often fails to achieve local convergence, particularly $omin rate dependent hardening
models. For instance, if the plastic strain increment ingtiess update is too small then
the thermal part of the physically based models are goingtdsh and if the plastic strain
increment is too large then the thermal stress contribuionaximum. In this condition,
the Newton—Raphson procedure becomes unstabeaaypingbetween two solutions.
Often line search can improve the convergence of the comnawtdh—Raphson iterations
by scaling of the iterative increments. The same proceduealopted here to solve the
problem of oscillating between two solutions. Figure 3.40v8s schematically the adopted
procedure.

The algorithm presented here is not dependent on the ch@ddriynction and isotropic
hardening model. To implementa particular yield functiothiis return mapping algorithm,
the first and second derivative with respect to the stresseapeired. For the isotropic
hardening model, only a function evolution and the derixeatvith respect to the equivalent
plastic strain is required.

3.9.2 Stiffness Matrix

On the global level of finite element formulation, the stéfs matrix at the material points is
required. The local stiffnesses are then assembled toggtdbal stiffness of the structure.
The stiffness matrix can easily be calculated by applyingeaupbation method to the
residual matrix-vector relation.e.

¢ ¢
-1
T = :
9¢ % sl o

do A
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=

Input: Ae
2. Initialize: i = 0, AL = Agbq=0

3. Compute trial state, flow stress and yield function:
0" =0, +EAe, of = 01(8g, &, .. .)

9" = ¢(0eq(0™). 01)

4. Check yield condition:
| F(¢" < 0) THEN
elastic step: set = o

EXIT
ELSE
plastic step:
DO|ry| >tolrg
5. Compute residual vectdr,} and JacobiafJ]
r=r(rg,re)
d¢p ot 0ebq 09 9%¢

J=JlAA, —/—, —, —, —., —

( "dot’ 0edq A " do’ 862)

6. Solve forAA, Ao

7. Update solution
A=Xdo+ AL o =09+ Ac
Increment iteration counter,= i + 1

END DO
END | F

Figure 3.9: Iteration scheme for the return mapping alganit

From these equatiordd is isolated:

B é 1 8¢T
S\ = (ak) gy So (3.80)
which is substituted back to obtain a relation between ttesstand strain increment:
¢ 09\ dg 9
—1 _
do + Mg 500 (ax) 090 00 T %
¢ (0p\ ' 3¢ g "
g~! A)L— —| = 1) = 4 3.81
[ A2 (ax) do oo |00 ¢ (3.81)

K 186 = ge (3.82)
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1. Input: Ae
2. Initialize:i = 0, nlin_srch, AL = Aegq =0

3. Compute trial state, flow stress and yield function:
0" =0, + DAe, 01 = 01(ebgy é, . ..)

9" = ¢(0eq(0™). 1)

4. Check yield condition:
| F(¢" < 0) THEN
elastic step: set = o
EXIT
ELSE
plastic step:
DO|r(;)| >tolrg

5. Compute residual vectdr,} and JacobiafJ]
r=r(rg,rg)
d¢p ot debq 09 9%¢
J=JlAA, —/—, —, —, —., —
( "dor’ 0edq A " do’ 862)
6. Solve forAA, Ao

7. Update solution
A=Xdo+ AL o =09+ Ac

8. Compute;
DO<|r(£| > |r(;)| and. j < nlin_srch)
AL = A)L/2andAc = Ao /2
A=Alo+ AL o =09+ Ao
j=j+1
END DO
Increment iteration counter,= i + 1
END DO
END I F

Figure 3.10: Iteration scheme for the return mapping atgoriwith line search.

With K denoting the tangent stiffness matrix.

3.10 Summary

Within the context of rate independent plasticity, the matenodel consists of two parts: the
definition of yield surface and the work hardening. In thiapter, different material models
for warm forming were introduced that will be used in the s simulations presented
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in the next chapters. First, basics of rate independentipitgswvere outlined. Two very
accurate anisotropic yield functions: the Vegter and Ba¥ld2000 for the simulation of
aluminum sheet forming were described.

For the description of work hardening at different temperas and strain rates, a phe-
nomenological extended Nadai and the physically basedsBérg and Nes models were
introduced. The physically based Bergstrom model is nedgtisimple and the microstruc-
ture evolution was described by one parameter. The Nes nusésl more physical back-
ground to describe the plastic deformation. In the Nes madiefostructure evolution was
described by three parameters. The alloy 5754-O was usedepsesentative example of
aluminum alloys in order to compare the predictive power ifecent hardening models.
It was shown that all models are more or less capable of desgrithe trends at various
temperatures and strain rates. But the Nes model clearlyowag the results compared to
Bergstrom and Nadai models. The Nes model also representetative strain sensitivity
behavior of Al-Mg alloys at temperatures below £25 If the jump in the strain rate is
considered, the extended Nadai model immediately folldwescurve corresponding to a
constant strain rate. With the Bergstrom model the constaain rate curve is only slowly
approached after continuous straining. With the Nes maatehitial jump in the flow stress
is observed, followed by slowly approaching the constaatrstate curve, which is a better
representation of the experiments.

For efficient numerical simulations using strain rate amdgerature dependent material
models, an accurate stress update algorithm within theegbof implicit finite element
scheme is required. For efficient and stable simulatiorsNtswton—Raphson iterations of
return mapping algorithm has been adapted with line seaitdria.



4. Warm Forming Applications

This chapter discusses the validation of the presentedri@ateodels for warm forming
by comparing model predictions with uniaxial tensile testel warm deep drawing of
cylindrical and square cups. The material models are imptgsd in the in-house implicit
finite element code DiekA.

First, some of the uniaxial tensile tests that were used tergéne the material pa-
rameters of AA 5754-0 alloy are simulated. The simulatiorduide the geometry of the
specimens. Itis investigated whether simulations foirséraeyond the uniform strain yield
realistic predictions. In the second application, deepvirg of cylindrical cups is simu-
lated. The results are compared with experimentally obtaipunch force—displacement
curves and thickness distributions of different aluminuioyes (AA 5754-O and AA 6016,
AA 6061 with tempering conditions T4 and T6). Finally, the teréal models are fur-
ther verified by simulating the warm deep drawing of a squaig @s it prescribes more
complex deformation paths than the cylindrical cup deemviirg. The chapter ends with
conclusions.

4.1 Al-Mg (AA 5754-0) Alloy

The AA 5754-0 alloy is generally classified as a non-heatdatda alloy. This reflects
that no precipitation hardening takes place. In Al-Mg alothe work hardening effect
is mainly due to the presence of solute atoms in solid salutithese solute atoms cause
lattice distortions that impede dislocation motion, iraging the yield stress of the material.
The experimental results used in this section are taken thework of Van den Boogaard
(2002).

4.1.1 Simulation of Uniaxial Tensile Tests

Numerical analyses of uniaxial tensile tests were perfartoeerify the implemented mod-
els and check the numerical behavior during necking. Intamidio the thermo-mechanical
nature, issues regarding stability are also addressedwiith context of necking. Therefore,
necking is a fairly demanding test problem for a numericakedure.

The material parameters were derived from uniaxial teris#¢s. Only measurements
before reaching the maximum tensile force were used in thiadiprocess, because at
higher strains the deformation becomes non-uniform. Thegeit is to be expected that
the experimental flow curves will be represented accurdiglyhe simulation, up to the
uniform strain. For tensile test experiments at elevatetp&ratures, local necking occurs
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Figure 4.1: Geometry of the tensile test specimen (dimessio mm).

Figure 4.2: Finite element mesh of the tensile test specimen

far beyond the uniform strain due to strain rate sensitivityith the simulations it is
investigated whether the FEM model can predict the necknagnsat different temperatures
and strain rates. The dimensions of the tensile test specarepresented in Figure 4.1.
The thickness of the specimen is 1.2 mm.

For the simulations, the Vegter yield function with the Nesl 8ergstrdm hardening
models were used, fitted to the investigated AA 5754-O shiet.efficiency, the exper-
iments were simulated with only a quarter section of the ispec discretized by using
membrane elements, see Figure 4.2. The typically inclioedlization band cannot be
modeled in this way, but experimentally this was only obsdrat room temperature. At
elevated temperatures only symmetric failure modes wesemied. The finite element
models include the geometry of the specimen in the clampigg ar his results in a slightly
non-uniform strain distribution and strain localizatioroars without including a numerical
imperfection.

In Figure 4.3, experimental and numerical flow curves arasgmeed for strain rates of
0.02s7* and0.002 s at different temperatures. At 10Q the strain at localization is in
agreement with the experiments. Up to 200 the stress hardly depends on the strain rate
at all and the specimen necks when the maximum engineerigpst reached. At higher
temperatures, the deformation remains reasonably stedse, beyond the uniform strain.
This is attributed to the stabilizing effect of strain raénsitivity.

At 100°C the predicted stress—strain curves and localizatiomatiing the Bergstrém
model is also in good agreement with the experiments. At Ewwgeratures, the material
behavior hardly depends on the strain rate and the specimekswhen the maximum
stress is reached. At a strain rate0od2 s~ and temperature of 17&, even though the
calculated stress—strain curve follows the experimentattained curve well beyond the
maximum stress, the numerical localization starts eatian observed in the experiments.
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Figure 4.3: Flow curves for tensile experiments and siniorat

At a temperature of 25TC, the numerical curve already deviates before the maximum
stress is reached. Again, final localization is numericatdicted before the experimental
necking strain. Note, again, that for determination of thetenial parameters, only strains
up to the maximum stress were used. At a strain rate@f2 s2, the results are similar.

The calculated flow curves using the Nes hardening modeiiolhe experimentally
obtained curves well beyond the maximum stress for bothinstedes, and the slope of
the curves at higher temperatures also resembles the maqrgsl curves quite well. At
elevated temperatures, numerical localization startg slightly later than observed in the
experiments. Beyond the maximum stress, the predicteskststrain behavior depends on
the modeling of strain rate sensitivity. From the resuttsan be clearly seen that the strain
rate sensitivity is well described by the Nes model.
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Figure 4.4: Stress states in deep drawing of a cylindricpl cu

4.1.2 Cylindrical Cup Deep Drawing

Cylindrical cup drawing experiments were performed with@ set of which the dimensions
are given in Figure 2.6. During the deep drawing of cylindticups, the parts of the blank
are subjected to different stress states under differéotahation zones. Four deformation
zones can be distinguished: the flange, the bending zoneyathand the bottom of the
cup as shown in Figure 4.4(a). The deformation in the flange lissult of tangential
compressive stresses and radial tensile stresseat the outer blank radius, the flange gets
compressed in tangential direction causing the increagigiciness and hardening of the
material. Towards die shoulder radius, this changes thrpuge shear and uniaxial tension
in radial direction to plane strain deformation. The matiemust flow over the edge of the
die shoulder and be subjected to bending combined with Irattigtching. This can lead
to a certain thinning of the sheet material in the bottomtipalarly in the transition zone
between the bottom and the sides of the cup. In the wall a gaaé situation exists,
because the radius of the cylindrical part is constant. Beeaf symmetry the deformation
in the bottom is mainly equi-biaxial, with only a deviationalto planar anisotropy. In
Figure 4.4(b), the corresponding positions on the yielditoare denoted in the principal
stress space.

All experiments were performed with blanks of 230 mm diam#tat were taken from
an aluminum (AA 5754-0) sheet of 1.2 mm thickness (Van dengdacd, 2002). In the
experiments, the effective punch stroke was 80 mm and thelpuelocity2 mm/s. The
blank holder force was 25.5kN, equivalent to an initial gtee of 1.0 MPa on the contact
area. The die and the blank holder were given temperatulbessguently of 28C, 175°C
and 250 C, while the punch was kept at 26. The friction between tool and work-piece
is one of the least known factors in the simulations. For tmlgination of materials and
lubricantused, Van den Boogaard (2002) measured expetathenith a friction coefficient
of 0.06 at room temperature. At temperatures above®C5he friction coefficient varied
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Table 4.1: Measured stress and strain ratios for the AA B3%heet (Vegter yield locus data).

angle with RD v} 45° 9°

(01/07P)un 1 1 1
Jps 1.15 1.15 1.15
fsh 0.605 0.605 0.605
Joi 1.02

R-value 0.85 0.67 0.70
(e2/€1)bi 117

between 0.12and 0.18in different experiments. In the ngdkE value of the friction
coefficient was 0.06 below S, 0.12 above 11%C and linearly interpolated in between.

During deep drawing, the force—displacement curve of thechwas recorded. After
the experiments, the cups were removed and the thicknesibdion from the center to
the outer diameter in the rolling direction was measureck fbince—displacement curve and
the thickness data will be used to validate the simulations.

The warm forming of aluminum sheet requires the solution tfexmo-mechanically
coupled set of equations. The high conduction coefficierdlominum and low sheet
thickness make sure that the temperature is almost corestanss the thickness. Thus,
Kirchhoff triangular shell elements can be used with only dhermal d.o.f. per node.
The gradient in the thickness direction need not be modefeteat transfer coefficient,
a = 140W/m - K between tool and sheet is used. Due to the low punch velaaitythe
large heat capacity of the tools, the temperature of thetisalot much affected by the blank
and the blank assumes the tool temperature where it is imcbritherefore the results are
not very sensitive to the value of. The stiffness of the tools is much higher than that
of the blank. It is therefore justified to model the tools agdicontours with prescribed
temperatures.

Orthotropic symmetry was assumed for the material modeludregr of the blank was
modeled and boundary conditions were applied on the dispiaat and rotation degrees
of freedom to represent the symmetry. The blank is disadtizsing 998 discrete Kirch-
hoff triangular shell elements with a typical element edge f 5mm. Simulations are
performed with the Vegter yield locus and the Nes or the Bedgs hardening models at
various temperatures. The model further contains 199&obatements, resulting in a total
of 10812 degrees of freedom. The global convergence aitesias set to 0.5% relative
unbalance force. In the simulations punch displacemen¢inents of 0.1 mm were used.

Influence of the Yield Locus

To investigate the influence of the yield locus on the analgssults, simulations were per-
formed with the Vegter and the Barlat Y1d2000 yield func8atescribed in Chapter 3. The
hardening effect was included in the analysis by using thrg&8m hardening model with
the material data of the investigated 5754-0 alloy givenabl@& 3.2. The experimentally
determined stress ratios were obtained by fitting the firstshr#n of uniaxial, plane strain,
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Figure 4.5: Yield locus shapes—\Vegter and Y1d2000.

simple shear and normal compression curves to each otheatleR &nd equi-biaxial strain
ratios were measured directly on the specimens. The expatahvalues are presented in
Table 4.1 and are directly used as input data for the Vegedd yunction.

The eight input parameters of the Barlat YId2000 functiorravebtained from the
uniaxial stress ratios and R values in three directidty/oR°, 0 TP /oRP, 64°/6RP and Ry,
Rgo, R45 and the equi-biaxial stress and strain ratio presentedhieal. The calculation
of the yield function coefficients from the test data is parfed using a Newton—Raphson
solver (Barlatet al., 2003). The coefficients are given in Table 4.2.

In Figure 4.6, it can be seen that the punch force—displaneousve for the YId2000
model is lower than for both the Vegter model and the expemisi€eThis is attributed to the
lower shear factor predicted by the YId2000 model compaoetie Vegter model, that is
purely based on experimentally obtained values as showiguré-4.5. The material defor-
mation takes place mainly in the flange area, and in this drearsleformation dominates.
Hence a lower shear factor results in a lower punch forceadgdr drawing depths (above
70 mm),i.e. at the outer radius, the stress state reaches to uniaxighression, which is
equal for both yield functions gives almost equal punchdsrc

In Figure 4.7, the influence of yield locus on the wall thickegrediction is presented.
On the abscissa, the arc length is given from the center oftipeto the outer radius in

Table 4.2: Barlat YId2000 anisotropy coefficients for the BA54-O sheet.

a;  1.0036 «ap 0.94864 o3 0.95264
ag 1.0083 a5 0.99186 «e 0.92749
a7 0.96348 «g 1.0779
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Figure 4.7: Thickness distributions—Influence of yielduec

the rolling direction and on the ordinate true thicknesaistis given. Both the simulations
using the Vegter model and Y1d2000 predict too much thinrdhthe bottom of the cup.
However, thinning is more severe with the Vegter yield laclisis is attributed to the higher
punch force applied at the base of the cup, which is transdittirough the wall to the flange
and is due to the higher shear factor of the Vegter yield fionct

Influence of the Hardening Model

To investigate the influence of the hardening model, sinaiatwere performed at various
temperatures using the Bergstrom and the Nes hardeninglsnde&cribed in Chapter 3.
The Bergstrom and the Nes models input data of the investigsit54-0 alloy are given
in Table 3.2 and Table 3.3 respectively. In the simulati@rgsotropy of the sheet was
described using the Vegter yield function and the input deda given in Table 4.1. In
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Figure 4.8: Punch force—displacement curves for AA 5754-0O.

Figure 4.8 and Figure 4.9, the force—displacement diagdrtee punch and the thickness
distributions of the cup at 80 mm punch displacement/drgvdapth are plotted for the
experiments and the simulations with the Bergstrom and Nadefs, respectively.

Comparing the different punch force—displacement curitesan be seen that both
numerical models underestimate the maximum punch force. uRderestimation is more
severe with the Bergstrém model than with the Nes model. iyeledrawing depths (above
55mm), the punch force is slightly overestimated with thes Neodel due to high strain
rate sensitivity effects. But with the Bergstrém model, thench force is significantly
underestimated at higher drawing depths as shown in Fig8re 4

Nevertheless, both numerical models predicted the trertisalianging temperature
very well. The relatively small difference in punch forceween 25C and 175C is due to
the increasing friction coefficient around 130, that counteracts the effect of the decreasing
flow stress.

The influence of the temperature on the thickness after 80 mancip stroke is most
pronounced in the bottom of the cup. In the simulations, tiekhess reduction in the
bottom of the cup is too high with both hardening models. ndke radius area, the Nes
model performs slightly better than the Bergstrdom modehasv# in Figure 4.9.
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Figure 4.9: Thickness distributions for AA 5754-0O.

Although the material behavior is modeled very well with adeed yield functions
and microstructure based hardening models, numericadigipted wall thicknesses are not
satisfactory. One of the suspected reasons is the tempeiatlependent yield locus. In
the simulations, the yield surface was assumed to remaistaonwith respect to chang-
ing temperatures. The used anisotropic yield locus inptamaters were identified from
the room temperature experiments and could not be perfoahetkvated temperatures.
Alternatively, crystal plasticity based models can be usedtientify the yield locus in-
put parameters at elevated temperature, but differensgbems must be assumed. This
solution approach will be addressed in Section 4.3.

Another expected reason for the deviation is the modelirfgctfon. The punch force
prediction can easily be improved by increasing the frictiBlowever, the increased friction
coefficient leads to an even thinner predicted bottom area (n Boogaard and Huétink,
2006). In order to get the full benefit from the improved matenodels in warm forming
simulations, a comprehensive study of friction behavielatated temperatures is required.
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4.2 Al-Mg-Si Alloys

Most of the investigations existing in the literature weesfprmed with 5xxx series al-
loys only. Recently, researchers are inclined to 6xxx seaoys, since the Al-Mg-Si
alloys have good corrosion resistance and obtain highgtinerontrolled by the precipitates
formed during the ageing treatment. The age hardening nsgpaf these alloys is very sig-
nificant and hence control of precipitation during thermeetmanical treatment is critical
for attaining optimal alloy performance. Also this procéesdustrially more challenging
and more complex in terms of microstructure-mechanicablsieh relationship.

Bolt et al. (2001) conducted warm drawing tests on AA 5754 and AA 6016&depto
compare the performance of these two alloys. They foundhleahinimum die temperature
required for a significant deeper productis lower for the A86-T4 compared to AA 5754-
O alloy. Atatemperature of 17% the increase in maximum height for AA 6016-T4is 30 %
whileitisonly 11 % for AA5754-0. These early trials act agrmportant database for further
exploration of warm forming potential of existing and newrainum alloys. Although 5xxx
alloys have been proved to be sensitive to warm forming,meegperiments with 6xxx
alloys also show promising results in terms of enhancedildyct warm temperatures
with the added advantage of precipitation hardening. Aoreffas been made in the present
investigation to study the effect of various parameters annwforming of 6xxx alloys.
The effect of punch velocity, drawing ratio, temper and tenagure on force—displacement
curves and thickness distribution are investigated.

4.2.1 Model Predictions and Discussions

In this section, the validity of the work hardening modeleganted in Chapter 3 is verified
forthe investigated Al-Mg-Sialloys. The Nes model invaledarger number of parameters
than the Bergstrém model, some of the parameters of both imadeselected beforehand,
such as the magnitude of the Burgers veétdDebye frequencyy and the shear modulus
G and activation energies are taken from the literature. Tlks Model directly takes
into account the chemical composition of the investigatexys AA 6016 and AA 6061
were given in Table 2.1. The atomic fraction of Mg solute camtcation ¢) and the total
atomic fraction of Si and Cu in solid solutiong] are calculated from mass balance given
in Table 4.3.

For T4 condition, precipitates are considered as GP zonesitoirally aged clusters
with an average size 6f 1nm and are shearable. If the particles are larger than ttieadri
size (approximately 5-5nm, the precipitates become inestieand dislocations are no
longer able to cut through them. They must bypass the noarahk particles by bowing
round the particles and this is generally described usiegdtowan mechanism given in
Equation (3.32). In order to take into account the stresgritiution due to both shearable
and non-shearable particles, a relation proposed by Mty (2001) is used. The particles
with a mean radiug and volume fractiory; are given as follows:

1/2 3/2
T = 2467 (3—fr) min [(L) , 1] (4.1)
r \ 2w e

r¢ is the critical radius deciding between shearable and heassble mechanisms. In the
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Table 4.3: Atomic fractions of Mgc) and Si & Cu ¢o), grain size of investigated Al-Mg-Si alloys.

Alloy Mg Siand Cu grain size  vol. fraction particle size
(at. fraction) (at. fraction) (m) (m)
6016-T4 0.0038 0.0080 19-107° 0.0049 0.8-107°
6016-T6 0.0001 0.0034 20-107° 0.0098 45.107°
6061-T4 0.0089 0.0046 16-107° 0.0094 0.8-107°
6061-T6 0.0068 0.0009 15-107° 0.0081 48-107°

above equationG is the shear modulus of the aluminum matrixjs the length of the
Burgers vector and! is a constant close to 0.5. The precipitate size and voluawidns

(input parameters) are determined by fitting the averagkl yarength of experimental
measurements for both alloys with Equation (4.1) and arergim Table 4.3.

Itis observed thatthe difference in chemical compositietneen AA 6016 and AA 6061
in T4 condition has negligible effect on work hardening, #metefore, the dependence with
the alloy is neglected. Hence the fitting paramet€rsy. ande; are determined by a least
square approximation of uniaxial tensile tests performe@@L6-T4 and 6061-T4 alloys at
temperatures 258, 150°C and 250C at strain rates df.01 s~ and0.1 s* using a Matlab
parameter optimization program. All other parameters aken from the literature. The
selected and fitted parameters for the Nes model for both ABlGhd AA 6016 in T4
condition are given in Table 4.4.

For comparison, the Bergstrom modelis used and the eiglaritpeters are determined
by a least squares approximation of uniaxial tensile test®opmed on 6016-T4 and 6061-
T4 alloys. The parameters are determiisegaratelyon each alloy at temperatures 5,
150°C and 250C at strain rates 00.01 s7* and0.1s™%. The resulting parameters for
AA 6016 and AA 6061 for T4 condition are given in Table 4.5 aradb[E 4.6 respectively.

The simulated stress—strain curves are plotted for AA 608 alloy in Figure 4.10 using
the Nes and the Bergstrom models, together with the expatathdata. The stress—strain
curves for temperatures of 2&, 150°C and 250C are plotted in Figure 4.10(a) for a

Table 4.4: Parameters for the Nes model (AA 6061 & AA 6016yaitoT4 condition).

VD 1.0-1013s71 b 2.86-10"10m K 1.3-10723J/K
qe 9.2 C 31.47 i 0.1

aq 0.3 o 3.0 Ko 3.5ml

Us  150000J/mol U,y 160000J/mol AU;  0.0J/mol

K2 2.0 k3  0.001 Pe 0.3489

B; 57.0 wp 250 Wy 20.0

e 0.581 B, 0.23 £p 80.2

ws 1.0 e, 067 B 100.0

£s 40.0 es 0.65 00 1.0-101m™1

Sry  0.15 qrv 2.0 oIV 0.052rad
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Table 4.5: Parameters for the Bergstrém model (AA 6016-Tayal

oo 146.13MPa m 05 po  1011m1
« 1.0 Up 6.663-108m™1 Gref 26354MPa
b 2857-1071%m Qo 31.41 Cr 13441
Cc 1.89-10% Oy 6.82-10*J/mol T)  3132K
Table 4.6: Parameters for the Bergstrém model (AA 6061-Tayal
oo 176.22MPa m 118 00 101! m~1
o 1.0 Up 7.16-108m™1 Gref 26354MPa
b 2.857-10710m Qo 395 Ct 124.28
C 6.765-10% Oy 1.0298 - 10°J/mol T 3132K
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Figure 4.10: True stress—strain curves—experiments dfetelit models (AA 6061-T4 alloy).

strain rate o = 0.01 s7* and in Figure 4.10(b) for a strain rate ©f= 0.1 s7. At higher
strain rate and the temperatures below AG®oth models perform quite well. For higher
temperatures,e. at 250°C the differences are slightly larger. It can also be obskthat

at low strain rate and temperatures below 16ahe initial yield stress is underestimated
with the Nes model.

The stress—strain curves at several temperatures withtthi@ sates 0f0.01 s~ and
0.1s7t are plotted in Figure 4.11(a) for experiments and in Figutkl@) for the Nes
model. From the experimental stress-strain curves, we baerge that at temperatures
25°C and 150C, the lowest strain rate yields lowest hardening rate, tvisaisual. Even
though the difference is small, at 280 the lowest strain rate yields the highest hardening
rate, which looks unusual. The possible explanation is tghdr dynamic precipitation
at the lowest strain rate. However, as can be seen in Figlii€h).the Nes model cannot
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Figure 4.12: True stress—strain curves—experiments dfetelit models (AA 6016-T4 alloy).

describe the effect of dynamic precipitation.

Figure 4.12 shows the simulated true stress—strain curgteg for the Bergstrom
and the Nes models, together with experimental data of @0l6endition for various
temperatures and strain rates. It can be seen that the mayeéatsore or less qualitatively
describing the experiments. For the higher temperatunegjifferences are slightly larger.
It can also be observed that at higher strain rate and termyeraf 150°C the deviation is
more severe with the Nes model.

Work Hardening in Atrtificially Aged Condition (T6)

The work hardening of heat treatable materials like Al-Mgal®ys comes mostly from
the nanometer sized particles which are precipitated otaicecrystallographic planes.
These particles then interfere with the dislocation motidrich increases the resistance to
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Figure 4.13: Simulated stress—strain curve with the Nesah@eth out adaptation).

deformation and raises the strength of the alloys. Alsoteatoms left in the metal matrix
contribute to the hardening. The main reason for the diffeegn strength between tempers
is due to the different sizes and density of the particlestaednechanism in which the
dislocations are impeded by the particles. For the natueajed temper condition (T4),
the particles are precipitated into clusters known as GRegowhich are coherent with
the metal matrix. GP zones offers coherency strain fieldsclwimpede the motion of
dislocations. For the artificially aged condition (T6), tharticles should ideally have the
optimum contribution of size and density to give the maximiitial yield strength with
reduced work hardening rate. However, the maximum initirggth contribution due to
these optimal size and density of the particles is not pigpkrscribed by Equation (4.1)
as shown in Figure 4.13.

In this work, the effect of maximum initial yield strength&to shearing of particles is
included by a simple phenomenological relation in termsafperature

0% = 96.5023 + 0.2138T — 1.1224- 107472 (4.2)
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Figure 4.14: True stress—strain curves—experiments andllés model (AA 6016-T6 alloy).
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as obtained by fitting of tensile tests at different tempeest and strain rates. The simulated
stress—strain curves with the adapted Nes model togethtieewperimental data for various
temperatures and strain rates are presented in Figure #.&dn be seen that the adapted
Nes model is capable of describing the experimental curves.

4.2.2 Cylindrical Cup Deep Drawing

In this section, the implemented material models are ewaduan terms of a case study
concerned with warm deep drawing of cylindrical cups madefup01 mm thick AA 6016
sheet and 1.2 mm thick AA 6061 sheet for different temperimgditions at various punch
velocities and temperatures. Orthotropic symmetry wasrassl for the material model. A
quarter of the blank was modeled and boundary conditions egplied on the displacement
degrees of freedom to represent the symmetry. The sheatsnateled with discrete Kirch-
hoff triangular shell elements with 3 translational, 3 tmaal and 1 temperature degree of
freedom per node. The tools were modeled as rigid contoursanprescribed temperature.
In the presented simulations the die and the blank holdez gigen a temperature of 2&,
180°C and 250C, while the punch was kept at 26. Simulations are performed with the
Vegter yield locus and the Nes and the Bergstrom hardenindetedmplemented in the
in-house implicit code DiekA. The Vegter yield locus dataA& 6016-T4 and AA 6061-
T4 are presented in Tables 4.7 and 4.8. In the simulation®pdeture dependent friction
coefficient is used, with a linear relation from 0.06 to 0.42temperatures from R to

Table 4.7: Measured stress and strain ratios for the AA 6D4.68heet (Vegter yield locus data).

angle with RD (V] 45° 90°

(01/0%P)un 1 1 1
Jps 1.095 1.082 1.089
fsh 0.574 0.608 0.58
Jbi 0.91

R-value 0.54 0.47 0.87
(82/81)bi 0.7053

Table 4.8: Measured stress and strain ratios for the AA 6D6%heet (Vegter yield locus data).

angle with RD (V] 45° 90°

(01/07P)un 1 1 1
Jps 1.095 1.079 1.09
fsh 0.568 0.601 0.565
Joi 0.95

R-value 0.84 0.59 1.04

(e2/€1)bi 1.12




70 Warm Forming Applications

100

100
80 80
60 60

40 + 40

punch force (kN)
punch force (kN)

20 20

experiment
Nes

Bergstrom -

0 10 20 30 40 50

punch displacement (mm)

(a)25°C

60

o ko - o

experiment
Nes

Bergstrom -

20 30 40 50

punch displacement (mm)

(b) 180°C

60

70

80

100

80

60

40

punch force (kN)

20

experiment

Nes
Bergstrom -
60

20 30 40 50

punch displacement (mm)

(c) 250°C

70 80

Figure 4.15: Punch force—displacement curves for AA 6046lloy at different temperatures.

110°C and constant before and after this range.

In Figures 4.15 and 4.16, the force—displacement diagréthe punch and the thickness
distribution of the cup are plotted for the simulations witle Nes and Bergstrom models
together with the experiments performed at several tentpersfor the material AA 6016-
T4.

Comparing the different punch force—displacement curitesn be seen that the Nes
model performs very well at all the temperatures. AP€5the Nes model slightly over-
estimated the maximum punch force and underestimated thehforce at larger drawing
depths. The Bergstrdm model shows a more severe underéstined the punch force
than the Nes model. At 25, the Bergstrém model is even less accurate than at room
temperature. However, the trends with changing tempegatte predicted well with both
numerical models.

Atroom temperature, both hardening models predict the shitkness reduction at the
bottom as observed in the experiments. At elevated tempetatcan also be observed that
the predicted thickness reduction in the bottom of the cupadshigh using the Bergstrém
model than the prediction of the Nes model.

Similarly for the material AA 6061-T4, the simulated forchsplacement diagrams of
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Figure 4.19: Deep drawing of cylindrical cup—effect of teznpg.

the punch and the thickness distribution of the cup at a defgdd4 mm are compared with
the experiments performed at 25 and 250C are presented in Figures 4.17 and 4.18.

Comparing the different punch force—displacement cuiivean be seen that the general
trends with changing temperature are predicted well. Harnethe Nes model is slightly
overestimating the punch force after the highest point efdkperimental curve at 2&.
The Bergstrom model underestimates the punch force at botperatures. At 25TC, this
underestimation is more severe with the Bergstrom model.

At room temperature, both hardening models predict mornihg at the bottom than
observed in the experiments. At elevated temperaturenibeaobserved that the predicted
thickness reduction in the bottom of the cup is much too higihgithe Bergstrom model
and only slightly too high with the Nes model.

In Figure 4.19, the force—displacement diagrams of the pane plotted for the simu-
lations and the experiments performed on AA 6016 alloy dediht tempering conditions.
From the punch force—displacement curves, it can be seérnhthaaumerical model un-
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derestimates the maximum punch force for T6 tempering ¢mmdimore than predicted
in T4 condition. It is noted that the higher initial strengthpeak aged (T6) condition
caused by the precipitates sheared with the moving distotsis included in the model by
a phenomenological fit function given in Equation (4.2).

4.3 Effect of Temperature on Anisotropy

For the accurate numerical simulation of sheet metal fognihe use of an appropriate
material model is of vital importance. Particularly for waforming simulation, an ac-
curate coupled thermo-mechanical material model for theotropic yield function with
temperature and rate dependent hardening is required. fldseswtropic material models
in numerical analysis requires thorough material charaaton under multiple loading
conditions. Since the material anisotropy and hardenimgbier change with higher tem-
peratures, the anisotropy coefficients and the hardenihguer must be determined as a
function of temperature to perform accurate thermo-meidahfinite element analysis for
these materials.

Prior research available for simulation of warm forming ggeses focused only on the
effect of elevated temperature on the evolution of the flowsst Van den Boogaard and
Huétink (2006) characterized the behavior of AA 5754-0 fhiieh two types of flow laws
were used: the modified power law and the physically basedsi@&m model. The Vegter
yield surface (Vegter and van den Boogaard, 2006) usedsrcdse was assumed to remain
constant with respect to changing temperatures. Only tefficnts of the hardening laws
were fitted as function of temperature and strain rate. Thdiptions of the material model,
however, underestimated the values of the punch load intbotitels. Recently, Kurukuri
et al.(2009) presented warm deep drawing simulations using thre amvanced physically
based Nes hardening model for 5754-0 alloy and still it uasémates the punch force,
even though it performs better than the Bergstrém modelll the@above works, the effect
of temperature on the yield locus shape and anisotropy caeifs were not explored.

Inthe lastdecade, very accurate anisotropic yield funstigere proposed for sheet metal
forming simulations at room temperature, such as the planiaotropic Vegter yield locus
(Vegter and van den Boogaard, 2006) based on experimengglmaments and Barlat yield
functions (Barlatt al,, 2003) for aluminum alloys. However, very limited experimte data
of yield loci at elevated temperatures has been reporteis. i$hecause the determination
of yield loci at elevated temperatures is not an easy taskefty, Merkleinet al. (2008)
designed an experimental setup for the biaxial tensiléngsif sheet metal at elevated
temperatures. Nakat al. (2003) investigated the effects of temperature on yieldisoc
for 5083 aluminum alloy sheet. They obtained the yield lofarsa fine grain Al-Mg
alloy (5083-0) sheet by performing biaxial tensile testsing cruciform specimens, at
temperatures of 30C, 100°C, 170°C, 250°C, and 300C at1s™! strain rate. In the present
work, an effort is being made to use the combination of expenital measurements and
a crystal plasticity model to identify the yield locus paeters at elevated temperature by
activating more slip systems.

Forthe material model to account for changes in temperatuganisotropy coefficients
which describe the state of anisotropy must be represestadiumnction of temperature. At
room temperature, the Vegter yield surface parameters idtergified from the mechanical
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Figure 4.20: Lankford R value measured (symbols) and catedl(lines) at different temperatures
for AA 6016-T4 alloy.

tests proposed in Vegter and van den Boogaard (2006). THetevoof yield surface due

to temperature is included by identifying the anisotropgftioients at several temperatures
from the Visco Plastic Self Consistent (VPSC) crystal ptést model (Lebensohn and
Tomé, 1993). Experimental observations have shown thatlditian to the octahedral
slip systems other slip system families can be activatechwthe temperature is increased
(Bacroix and Jonas, 1988). EBSD maps measured from the daem aylindrical cups

at several temperatures also revealed that at room tenupethe bands are parallel to the
{111} (110 plane while at 250C, these bands are also parallel to the {112} and sometimes
{110}, {100} planes when EBSD maps are plotted in band costtraode.

The activated slip system families and their Critical ResdlShear Stresses (CRSS)
were obtained at specific temperatures by fitting fhealues calculated with the VPSC
model to theR values measured at these temperatures and for sever#¢ téinsctions as
shown in Figure 4.20. Measurdtlvalues at 130C are equal to the values at room temper-
ature meaning that only the {114310) slip systems are activated in this temperature range.
A good fit was obtained at 18C by using the {111}110 and {112}110) families with
CRSS ratio 1:1.2 while at 25@ four families of slip systems {111},{110},{100}and
{112} (110) are required with the CRSS rati@s9 : 1 : 1.1 : 1. For all the calcula-
tions with the VPSC model the initial experimentally mea&sltexture was described by
2000 orientations. Figure 4.21 shows the change in the gs&pss values are normalized
with respect to equivalent (uniaxial) stress,). It is evident from Figure 4.21 that temper-
ature has a distinct effect on the yield surface’s shape;hvmiust be accounted for during
warm forming simulations.

In the simulations the die and the blank holder were givemgptrature of 250C,
while the punch was kept at 2&. During deep drawing operation the area under the punch
was at 25C and the temperature has gradually increased froAC26 250°C in the wall
to flange of the cup. From the VPSC calculations, the Vegedylocus parameters were
calculated only at specific temperatures,at 25°C, 130°C, 180°C and 250C. Quadratic
interpolating functions were used to define the yield locasameters as a continuous
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Figure 4.21: The Vegter yield function for AA 6016-T4 at seMéemperatures (stresses normal-
ized to show the change in the yield surface shape).

function of temperature.

Simulations with the temperature dependent Vegter yietd$cand the Nes hardening
model are performed. In the simulations a temperature dimdrfriction coefficient is
used, with a linear relation from 0.06to 0.12 for temperasuirom 9CC to 110°C and
constant before and after this range.

To investigate the influence of yield locus shape changealtentperature, warm deep
drawing simulations of cylindrical cups are performed wathd without considering the
effect of temperature in the simulations. In Figure 4.22, fibrce—displacement diagrams
of the punch, the thickness distributions of the cup at alleptt4 mm and the earing
profiles are plotted for the experiments and the simulations

Comparing the simulated punch force—displacement curithsamd without tempera-
ture effects together with the experiments, it can be sedrilie numerical model underesti-
mates the experimental curve in both simulations at’Z50T his underestimation is slightly
higher with the effect of temperature on the yield locus.rrtbe thickness distribution vs.
distance from the center of the cup curve as shown in Figdr2, &.can be observed that a
better agreement for the wall thickness is predicted whereffect of temperature on the
yield locus is included.

Figure 4.22(c) shows that the deformation temperaturagtyanfluences the anisotropy
and earing profile. From the room temperature experimeatetring profile exhibits four
ears. When the deformation temperature is increased t6R5perimental earing profile
nearly exhibits two ears in the first series of experimengsented in Chapter 2. The model
cannot show the change from four to two earing profiles in Isitthations. However, the
model does show different earing profiles when the effeceofiderature on yield locus is
included,i.e. the model including the temperature effects leads to amgamiofile that is
exactly opposite to the one obtained without temperatfezts

From these warm forming simulations of the cylindrical cuged drawing, it can be
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temperature effects on yield locus (AA 6016-T4 alloy) at 260
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Figure 4.23: Warm deep drawn square cup (courtesy Corus RD & T

concluded that the effect of temperature on shape changeldigcus has an effect notably
on the predicted thickness distribution, indeed the ptedithickness with the model in-
cluding temperature effects coincides the experimentaéigsured thickness at the bottom.
In the die radius area also, the model with temperature &ffegrforms slightly better than
the one obtained without temperature effects.

4.4 Warm Deep Drawing of a Square Cup

To assess the implemented material models (Nes and Bargkarilening models) further
warm forming of asquare cupmade of Al-Mg sheet (AA 5754-0 alloy) with an initial
thickness of 1.2mm is simulated. The square cup is fabicayeCorus in collaboration
with Inalfa at Inalfa Metal Products BV., Belgium and is prated in Figure 4.23.

Simulations were carried out using the Nes and the Bergstré@mening models. Or-
thotropic symmetry was assumed for the material model. Atquafthe blank was modeled
and boundary conditions were applied on the displacemeymeds of freedom to represent
the symmetry. The sheets were modeled with 5300 discrethKaff triangular shell el-
ements with 3 translational, 3 rotational and 1 temperatiegree of freedom per node.
The tools were modeled as rigid contours with a prescribeiptgature. In the presented
simulations the die and the blank holder were given a tentperaf 300°C, while the
punch was kept at Z%_. Anisotropy of the sheet was described by using the Vedédd y
surface parameters as given in Table 4.1.
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Figure 4.24: Predicted thickness distribution using the Medel

The calculated thickness distribution is presented in fegu24. It indicates that the
simulated local thickening would occur even to about 2.8 nidowever, in the measure-
ments, it was about 1.5mm at a drawing depth of 170 mm. It ischtitat the simulations
were performed with constant blank holding force. This nsetirat the pressure on the
flange is spreading uniformly on the flange without accounfior the local thickening
effects. Consequently, it leads to even more wrong prediadf material flow behavior.
Apparently, the simulation result gives the same trendheiebsolute values are different.

Figure 4.25, shows the simulated punch force—displacearahthickness distribution
from the center of the cup to the flange of the cup for the Nesth@dergstrom models.
From the thickness distribution plot, more thinning of thehis observed in the experiments
than the simulations. It is noted that the simulations aréopmed with the material data
as was used in the cylindrical cup deep drawing simulatidnsl-eMg alloys presented
in Section 4.1. Because, the exact material data is notadlailfor the used material.
However, it can be concluded that the implemented modelsapable of simulating the
complex geometries than simple deep drawn cylindrical euigsout failure.

4.5 Conclusion

A temperature and strain rate dependent anisotropic naateddel for finite element anal-
ysis of warm forming process was implemented into the indeomplicit finite element
code DiekA. The simulations of the uniaxial tests show thatihitiation of strain localiza-
tion can be predicted with a membrane element model. At reanperature the predicted
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Figure 4.25: Simulation results for warm deep drawn cup at&using the Nes and Bergstrom
models.

failure strain for AA 5754 corresponds to the experimenidinate strain. At elevated
temperatures, the Nes model predicts the localizationnsttery well, much better than
with the Bergstrom model.

From the presented simulations of the cylindrical cup deewihg, it can be concluded
that the shape of the yield locus has an important effect ercticulated punch force—
displacement curve and also on the predicted thicknes#uigon. This was demonstrated
by the difference in the results obtained for the Vegter aadd® Y1d2000 models.

From the presented warm deep drawing simulations, it cankasconcluded that the
Nes model performs much better than the Bergstrém model. Né®model has more
physical basis for the description of plastic deformation.

Generally, the calculated punch force and especially tis&rnless distributions deviated
from experiments. The deviation in thickness distribusids@more severe at elevated tem-
peratures. The effect of temperature on the yield locus haffact notably on the predicted
thickness distribution.

The study of temperature effect on yield locus shape waspegd mainly to understand
the change of earing behavior. It was observed that diffelgnsystems will be activated at
elevated temperature. This behaviorwas mimicked in aalpsisticity model by assuming
that temperature controls the Critical Resolved SheasStf€RSS).e. number of active
slip systems. To be used in a macroscopic simulation, théeVetield criterion is made
temperature dependent by adapting the stress ratios, basbd crystal plasticity analysis.
This implementation showed a shift in earing behavior atatkd temperatures. Experi-
mental determination of the earing of cylindrical cups &vated temperatures presented
in Chapter 2, did not give consistent results and is highhsgive to the tool setup. Hence
it is recommended to further investigate the earing behramisheet forming processes at
elevated temperatures.

The punch force prediction can be improved by adapting tietidn coefficients, but
that leads to an even thinner predicted bottom area. It mmatended that the friction be
investigated in more detail.






5. Stretch Forming with Intermediate Heat
Treatments

In the aerospace industry stretch forming is often useddduyice skin parts. During stretch
forming a sheet is clamped at two sides and stretched over; awlih that the sheet gets the
shape of the die. However, for complex shapes it is necessage expensive intermediate
heat treatments in order to avoid Luder lines and still acghiarge deformations. To
optimize this process finite element simulations are peréat. The accuracy of finite
element analysis depends largely on the material modeiptkaisely describe the work
hardening during stretching and work hardening reductiaring) heat treatments. In this
chapter, different material modeling strategies for stifborming are presented and their
predictive capabilities are verified. A leading edge skint,pamade of AA 2024 has been
chosen for the study.

Firstly, a short introduction of the stretch forming prosés given. The material char-
acterization tests on AA 2024 with intermediate heat treatt® and their results are briefly
described in Section 5.2. These results are used to deshebwrdening behavior. Then
in Section 5.3, material models for stretching with intediag¢e heat treatments are consid-
ered. The experimental procedure for stretch forming ofiesratt skin part is described
in Section 5.4. In Section 5.5, numerical simulations aesented to demonstrate the ap-
plicability of the material modeling strategies proposethis chapter. Finally, the chapter
ends with concluding remarks.

5.1 Introduction

Stretch forming is a process in which a desired shape ismdddiy stretching a sheet blank
or extrusion sections over a tool surface while applyingaite stress. Itis a manufacturing
process well suited to the fabrication of parts which areveaiin nature, with relatively low
levels of bending (McMurragt al,, 2009). This often makes stretch forming the process of
choice in the aircraft industry for manufacturing of largeeo shapes such as wing leading
edges of aircraft wings and engine cowlings (Straatsma aidp, 2004). The basic
principles of the stretch forming process of the leadingesdfan aircraft wing is shown
in Figure 5.1. An advantage of this process is that only orégineeded. The undeformed
sheet is clamped with two CNC controllable grippers which datermine the trajectory of
deformation of the clamped sheet relative to the die.

The stretch forming of the leading edge can be divided intw fdeps. During the first
step, the sheet is draped around the die without any contétcttiee die by moving the
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Figure 5.1: Principle of stretch forming.

grippers towards each other. In the second step, the gagpemoved down until the sheet
touches the die. During the third stage, the sheet is sedtplastically around the die until
the sheet and die are completely in contact. In the lastcsirey step, extra strains are
induced in the sheet by moving the grippers vertically dowrds in order to minimize the
effect of spring back (Hol, 2009).

The most commonly used material for aircraft skin parts éstibat treatable aluminum
alloy AA 2024. In the fabrication of significant doubly cud/eurfaces using heat treatable
aluminum alloy sheet, large strain gradients are inducegsache part and lead to surface
defects, like Luder lines and orange peel, which cause &xtien of the components. In
order to avoid these failures and still achieve large deédioms, a multi-stage forming
approach is normally employed. In this procedure severaiitg steps with intermediate
annealing treatments are employed to return the sheet to@dnotile condition (Straatsma
and Velterop, 2004; O’'Donnedt al, 2008). It has been shown that such an intermediate
heat treatment will not fully return the strained sheetsmitiginal condition (Drysdale and
Bahrani, 1985).

Traditionally, the forming steps with inter-stage annegland die shape are defined
using production experience and are improved by trial angrefhis is a costly and time
consuming way that may lead to sub-optimal solutions. Medélthe stretch forming
process are useful to achieve such an optimal process toiitne advantage of models
is that they can be used before the tools are made, avoidigghe and expensive trial-
and-error runs for modifications of the tools and for redgcihe number of expensive
intermediate annealing steps. “Thorough” models, such adets based on the finite
element method are needed to gain fundamental knowledge attetch forming process
(Jaspartt al,, 2004; Wisselink and van den Boogaard, 2005). Hence theajadhaé finite
element model is to facilitate the optimization of the numdued possibly the duration of
each intermediate annealing step and therefore of the wiroleess. However, material
models used in the finite element analysis of stretch fornaihgircraft skin parts with
intermediate heat treatments are still mainly based ongrhenological laws (Wisselink and
van den Boogaard, 2005). Hence, further improvement reqtiive use of a set of thermo-
mechanical material models that explicitly consider tHeafof microstructure on plastic
deformation, the static recovery and the particle coargpuiue to precipitation during
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intermediate heat treatment (Teyssier and Miroux, 2004hes€ physical mechanisms
should be modeled up to a level that is required for macrdsqmpcess simulations.

5.2 Stretch Forming Characterization Tests for AA 2024

The stretch forming process used for producing the airakift part consists of several
deformation steps with intermediate annealing treatman8!°C. The annealing treat-
ments remove the strain hardening of the previous step. Eterial properties of AA 2024
are well known for several tempering conditions, amongsert the high strength condi-
tions (T3, T4, T8 and their derivatives), but also the fulhaaled condition (Bray, 1990).
However, the properties after intermediate annealing far29024 are unknown. Only a
schematic graph of the influence of several ageing and oggrggonditions are given by
Bray (1990). This graph shows that the strength decreasstedwerageing while the strain
to fracture only increases upon strong overageing.

A number of tensile tests were performed at National Aerospiaboratory (NLR) by
Stork Fokker and NLR, in order to understand the effect ofrimtediate annealing steps
with stretching. Tests were performed on AA 2024 Clad in TBditon with a thickness of
1.6mm. Each sample was first annealed at a temperature G340 different annealing
times, which is a common treatment to relieve stress. Afftiertteatment the samples were
given several strain steps with each strain step followedrbintermediate heat treatment.
All the samples considered were loaded in the rolling dicgctith the strains applied in
one or two steps (2%, 4%, 6%, a@dk 2.5%). Complete details of these experimental
results were published elsewhere (Straatsma and Veltgfifpl; Velterop, 2004). These
results are used for validating and comparing the implestmtaterial models in this work.
For brevity, the important findings are described here.&sraa and Velterop (2004) found
that the first annealing treatment of T3 causes a large dezrddhe mechanical properties
like the ultimate tensile strength decreases from 440 MR®@MPa, yield strength drops
from 340 MPa to 170 MPa and fracture strain decreases from t726 %. An annealing
time of 20 minutes is sufficient for recovery of deformatidrustures caused by up to 6%
stretching. Particularly, tensile and yield strengthsrdase significantly due to 20 minutes
annealing at 348C during the firstannealing step. Consecutive strain stegpg@ermediate
anneals slightly decrease the tensile strength and inetbasyield strength. There is no
influence of the material batch. A representative set of steess—strain curves of these
experiments is presented in Figure 5.2.

The initial material was in T3 conditione. it was solutionized, cold deformed and
aged at room temperature. Due to this ageing, very smaligitates and/or GP zones
are present. During the successive annealing af@4€everal phenomena can happen:
recrystallization, recovery, precipitation/coarsenofgthe particles. The microstructure
evolution during stretch forming with intermediate anneglof AA 2024 was investigated
by Teyssier and Miroux (2004). They focused mainly on unideding the relationship
between the evolution of the microstructure, effect of climhtomposition and the changing
mechanical properties during the stretch forming with imtediate heat treatments.

Electrical resistivity measurements were performed tdofelprecipitation. The ob-
served sharp decrease of resistivity during the first aimgah T3 condition (initial mate-
rial) indicates a decrease of the solute content accompgtlye nucleation and/or growth



84 Stretch Forming with Intermediate Heat Treatments

450

375

300

225

true stress (MPa)

150 : T

T3 (as received) ——
75 T3+HT - 1

T3+HT +2,4% € + HT = -
T3+HT +25%¢ + HT +2.5% ¢ + HT

0 0.02 0.04 0.06 0.08
true strain (=)

Figure 5.2: Experimental stress—strain curves with inetiate heat treatments (HT: heat treat-
ment at 340 C for 20 minutes).

of precipitates. Optical and scanning electron microsospse used to measure the grain
size and the size and density of precipitates. From the miaphs, no evidence of re-
crystallization was found as there was no nucleation or iai’new grains Teyssier and
Miroux (2004). Recovery and precipitation kinetics wergetlimined from the hardness
measurements. X-ray diffraction analysis (XRD) was usedédatify the different types of
precipitates present during heat treatments.

The decrease of mechanical properties during first anrgealim be explained by the
overageingi.e. coarsening of particles, even if extra precipitation magusc During the
subsequent annealing treatments, no visible new pretdpiteere observede. the density
of the precipitates is constant and only coarsening meshaplays a dominant role.

Recovery may happen during the first annealing and moreysduzing the following
annealing steps to remove the work hardening introducedrbtch forming passes.

5.3 Material Model

To describe the deformation due to stretch forming, the osituctural based Nes work

hardening model is used. To describe the particle coargearia static recovery during

intermediate heat treatments, simple empirical equati@sed on physical observations
are used.

5.3.1 Work Hardening

Forthe description of the work hardening in AA 2024, the Neslsd described in Section 3.6
is used with the following simplifications. As the stretcinfang of aircraft skins takes place
at room temperature, the temperature and strain rate sféeetnegligible. In the dynamic
recovery process, the subgrain growth described by thetigou@.54), occurs only during

deformation beyond stage Il in the elevated temperaturgeaHence the effect of subgrain
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growth is also neglected in this analysis. Further simglifiins to the Nes model are made
by neglecting the DSA effect described by Equations (3.68%9) due to very little Mg
solute content of the material. The calculation time co@ddzluced considerably by using
a simplified isothermal implementation of the Nes model.

In age hardening aluminum alloys, the strengthening effeghly comes from precipi-
tation hardening due to shearing and bypassing of partigldgslocations and solid solution
hardening effects (Shercliff and Ashby, 1990a,b; Descteamgl Bréchet, 1999a,b). Shear-
ing is possible only if the interface between particle andrim# coherent.e. continuity of
the crystal structure but not necessarily the same intanigtdistances. Bypass or Orowan
mechanism occurs if the interface between particle andxiatncoherent (Reppich, 1993).
Precipitates can also indirectly contribute to the strieaging of alloys by influencing the
storage of dislocations during microstructure evolution.

In the present model, the contribution due to precipitatedte strengthening is de-
scribed according to Myhet al. (2001). The particles are assumed to be spherical and of
equal sizei(e. monodispersive). This means that the constituent equsaitiene derived on
the basis of the classical analytical solutions for theadiation-particle interaction. Ac-
cording to Myhret al.(2001) the stress contribution due to a population of pitatigs with
a mean radius and volume fractiory; is given by:

~ 1 (3f, 1/2

Fsois the force at which one dislocation will pass one patrticle:

3/2
Fso = 28Gb?min [(i) , 1} (5.2)

I'c

T = 2,3G§ (;—’;’)1/2 min [(ric)}/2 : 1] (5.3)

r¢ is the critical radius deciding between shearing and bypgssechanisms. In the above
equations( is the shear modulus of the aluminum mat#xs the length of the Burgers
vector andg is a constant close to 0.5. The precipitate size and voluawifins (input
parameters) are determined by fitting the proportionaltlimiexperimental measurements
for different stretching and consecutive heat treatmematsented in Figure 5.2 with Equation
(5.3).

In age hardening aluminum alloys solid solution elementhss Mg, Si and Cu give
rise to considerable work hardening. In the Nes model theraations between the mobile
dislocations and the dislocation substructure, solutéssdrand particles are treated in terms
of a combined effect due to both short- and long- range stsegiven in Equations (3.30)
and (3.31) respectively.

In the model, the initial dislocatiop, was chosen to b&0!'! m=2 by assuming the
material is fully recovered after the first heat treatmentrotial material in T3 condition
at 340°C for 20 minutes. An average grain size of i was measured and used in the
simulations. Solute concentrations come from the massbelaThe initial dislocation

This gives
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Table 5.1: Volume fraction and size of the particles caldeor different stretching and con-
secutive heat treatments.

Condition vol. fraction (%) particle size (m)
T3 1.3 50-107°
T3+HT 1.3 13.4-107°
T3 + HT + 2 to 6% stretching + HT 1.3 16.6-107°

densitypg in T3 condition is obtained by fitting the proportionalityrlit of the model to the
experimental one. It was found to be equabtb- 1013 m=2.

The sensitivity study of the Nes model in respect to the mpdeameters shows that
only two parameters have a significant influence on the stetigsn relation:

* ¢c controls the work hardening (storage of dislocation andysailp formation and
misorientation)

* £, controls the dynamic recovery.

Both parameters have aroughly similar effect on the stetssin curve so an infinite number
of combinations of these parameters can fit the experimetness-strain curves. However,
each combination gives a different result for the dislamatiensity and subgrain evolution.
Theq. andé, parameters are obtained by fitting the stress—strain corviee material after
first heat treatment on initial material in T3 condition a03€ for 20 minutes giving the
most realistic dislocation density and subgrain size. Tief the strain—stress curve is not
perfect for all strains, which is clearly visible in Figure35 All the other parameters have
negligible influence when they are varied within their ramdeoossible values. Default
values are used based on the literature and the selectedttaadpfarameters of the Nes
model are presented in Table 5.2.

Table 5.2: Parameters of the Nes model for AA 2024 (T3 + HT).

vp 1.0-1013s7T b 2.86-10710m K 1.3-10723J/K
gc 18.0 C 400 f 0.1

a1 0.3 o 3.0 Ko 3.5ml

Us 1.5-10°J/mol Usqg 1.3-10°J/mol U  1.5-10°J/mol
Kz 2.0 k3 0.7 ¢ 0.3489

Bt 57.0 o 20.0 et 0.54

B, 0.23 g, 45.0 ws 1.0

e, 067 Bs  100.0 £s 20.0

es 0.65 po  1.0-101m™! S;y  0.15

qv 2.0 ¢iv  0.052rad m 0.8

r 13.4-10™°m fi  0.013 B 0.36

re  5.0-107°m ¢ 0.0042
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Figure 5.3: True stress—strain curves with intermediate treatments—experiments and model
(HT: heat treatment at 34@ for 20 minutes).

5.3.2 Isothermal Ageing Model

During age hardening, Guinier Preston (GP) zones nucleat@ew from the quenched
solid solution and deplete it. During thmicleationphase, the radius of the particles is
considered constant and the volume fraction is variableemthe solubility limitis reached,
precipitates coarsen by competitiggowth and in the model the radius of the precipitates
is considered as a variable and the volume fraction of theijpitates becomes constant. It
was found in the experiments of Teyssier and Miroux (2004) tlucleation of GP zones is
observed mainly during the first 2 minutes of initial heaatreent at 340C for 20 minutes on
T3 condition and no or very little nucleation of GP zones walseerved in the consecutive
heat treatments. Hence, ageing is controlled by the coagémetics and the particle
coarsening effects are considered by a relatively simpleigcal expression. Coarsening
is described here by the growth of the mean patrticle radiafassumed spherical shape
with time¢. No attempt has been made at present to include changediirigpahape or in
the distribution of particle size during coarsening, thioitgs acknowledged that these can
be important effects. According to Shercliff and Ashby (089 Rylandst al. (1994), the
size evolution in each annealing sequence is:

r=(r'+ kt)l/n (5.4)
with

k
k= ?0 exp(—%) (5.5)

whereQ is the activation energy for volume diffusion of Cu atomsaestn particles which
is equal to 136 kJ/molR is the universal gas constantis the process annealing time and
the bulk diffusion coefficient = 3 is considered in the simulationky is then obtained by
fitting the predicted particle radius presented in Tableahd equal tat.5 - 107 13K-m3/s.
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5.3.3 Static Recovery Model

The term “recovery” refers to the restoration of materialperties back to their original or
undeformed state after heavy deformation and prior to stafiyzation (Kuo and Lin, 2007).
Static recovery is specifically attributed to the processtlecurs after deformation whereas
dynamic recovery takes place during the course of defoomatt is well known that recov-
ery of most metals is primarily due to changes in the disiocadtructure (Humphreys and
Haterly, 2004). Dislocation recovery is not a simple mitrostural change, but is consti-
tuted by a series of events: dislocation tangling immediatier deformation, dislocation
cell formation, annihilation of dislocations within cellsubgrain formation and subgrain
growth (Nes, 1994; Humphreys and Haterly, 2004). The codmgeof the dislocation cells
or subgrains is summarized as static recovery during thealimyg processes.

In this work, an empirical approach based on physical olasims of recovery kinetics
based on type 2 model of Humphreys and Haterly (2004) is usecbrding to Humphreys
and Haterly (2004), if the variable measuring the amountarfianing remaining in the
material isXg, then the kinetics of recoveryXk/dr is defined as follows:

dXr
— = _—BXx{& 5.6
dt R ( )
Taking
Xg = VP =P (5.7)
V/Pd— /Po

The total dislocation density evolution due to recoveryekics is given by:

p= [m + (/Pa— /o) (1 + (q - 1)3,)(—%1)} (5.8)

wherepg is the total dislocation density of fully soft material; is the dislocation density

of deformed configuration just before annealing anslthe annealing time. The recovery
kinetics parameter8 andg are temperature dependent and fitted for the temperatures of
interest. Usually the exponeaqtis found to be in the range 6fto 5; andg = 4 is chosen

in this work.

Coupling with the Nes Model and Application to AA 2024

When deforming the material after annealing, it is expecthed the deformation of the
recovered structure starts with stage Il. Therefore theeith-dislocation density during
recovery is related to the total dislocation density ushygame scaling relation as during
stage II:

I

f@-1)+1

The fully soft dislocation density is taken ag = 10'!m~2 According to the experi-
mental results, 20 minutes annealing at 380s supposed to be enough to obtain a fully
recovered microstructure. The paramekas then chosen in such a way thagets close to
po after 20 minutes annealing at 320. It is found that after a sharp decreagejecreases

pi = (5.9)
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Figure 5.4: Skin parts after stretch forming.

only slowly with time, whatever the value &. A value of B = 0.1s™! is chosen as a
compromise between the value @fafter 20 minutes annealing at 340 and the rate of
decrease of; at the beginning of annealing.

5.4 Experimental Stretch Forming of Aircraft Skins

Anumber of sheets have been stretched using manually deegtnajectory of the grippers.
The dimensions of the sheet are 112AM20x3.5mm. Five intermediate heat treatments
are used. To measure the strain in the final part a grid of dilkskmown dimensions was
applied to the undeformed sheet. Due to the large dimensiothe sheet only part of the
sheet which is known to deform mostly was digitized. The fppeat is shown in Figure 5.4.

The PHASTM strain measurement system (Atzema, 2003) has been usedsurae
the strains after stretch forming. This system is based oiin¥ye processing. Digital
photos are taken from different positions of the product smie beacons. The strains are
calculated from the recognized grid points and beaconsi(Eig.5) using photogrammetry.

A correction in the thickness calculation must be consida®it was calculated from
the strains measured from the outer plane of the sheet thefeaidplane. In this case the
thickness is corrected up to 0.1 mm, as was confirmed by dinektness measurements at
the edges.

5.5 Finite Element Simulations

The initial shape of the sheet and tools is shown in Figure Assthe geometry of the die
is symmetric and therefore the geometry of the final prodaiatso symmetric only half of
the sheet is modeled. The part of the sheet that is clampaaebetthe gripper jaws is not
modeled, as ideal clamping is assumed. The prescribedadisplent boundary conditions
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Figure 5.5: Parts with recognized grid points and beacons.

are applied to the remaining edges of the sheet in the grjppst The cheeks are modeled
as cylinders. Both cheek nodes and prescribed sheet noglgs/an the same prescribed
displacements.

It can be seen in Figure 5.6 that the initial shape of the sisemirved, which agrees
with the industrial practice as the sheet is slightly beribbeclamping it into the machine.
The initial curvature is modeled by taking the initial shagfehe sheet equal to a shallow
cosine. This shape is equal to the shape of the buckle modeahpressed sheet. In this
example the edges of the sheet are moved only 15 mm inwardsaadsumed that this bend
causes no stresses and plastic deformations in the sheanoBgling this initial cosine
shape it is ensured that the sheet deforms in the correctrdpiigection, when the sheet
is draped around the die in the first part of the stretch pmce€his also avoids numerical
instabilities during the finite element simulation.

The cheeks and die are assumed to be rigid bodiesthey are undeformable with
respect to the sheet. A penalty method is used to describeotitact between the rigid
tools and the sheet. The friction between the sheet and tagits (die and cheeks) is
described with Coulomb'’s friction model with a friction dfieient of 0.1.

The sheet has been meshed with 2810 triangular elementawafinement close to the
symmetry line. The size of the element edges ranges from 20hom. The used discrete
Kirchhoff shell elements (Batoz and Lardeur, 1989), takenimene as well as bending
stiffnesses into account.

The used trajectory of the grippers is shown in Figure 5.7is k& piecewise linear
approximation of the trajectory used for the experimentse fiotations of the grippers have
been neglected, as they are relatively small. The positdmghich an intermediate heat
treatment is given to the sheet are marked.

Two different hardening models: a phenomenological poaermodel and the physi-
cally based Nes model are used for the simulations. To destiie anisotropy and biaxial
behavior of the sheet, the Vegter yield function presemethapter 3 is used and the input
parameters are given in Table 5.3.

In the complete stretch forming process on a saddle-shdpedart, the sheet was
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Figure 5.6: Initial Sinusoidal shape of sheet and tools.
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Figure 5.7: Trajectory of the grippers used in the simulatio

Table 5.3: Measured stress and strain ratios for the AA 20Zheet (Vegter yield locus data).

angle with RD (V] 45° 90°

(01/0FP)un 1.0 098 0.99
fos 114 11 1.09
foh 0576 0579 0.577
Joi 0.96

R-value 0.52 0.67 0.52

(e2/1)bi 1.0635
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Figure 5.8: Thickness along symmetry line with and withoegithtreatments (HT).

annealed 5 times. After sufficient annealing time, mectammperties are restored due
to the physical mechanisms of particle coarsening and exgaf the stored dislocations.
In the simulation the annealing step is included by usingsihgple models for particle
coarsening and static recovery presented in Section 5tR1ZSaction 5.3.3 respectively.
During the heat treatment, the new values for the precig#ie and total dislocation density
for a given annealing temperature and time are calculatedth&r deformation steps are
continued using the physically based Nes work hardeningaineih the reset values of
precipitate size and dislocation density at every intégngpoint of the DKT elements. In
the case of the power law model, the annealing step is indlodé/ phenomenologically
by resetting the (equivalent) plastic strain to zero, thelethg complete work hardening
in all integration points.

In Figure 5.8 the thickness along the symmetry line is preeskafter all stretching phases
with and without heat treatments for the Nes and Nadai modgith heat treatments, the
deformations are stable and they are almost completelymatieally determined. The
physically based Nes model gives better thickness predictarticularly at the critical
region of the part, than the phenomenological Nadai moas ESgure 5.8(a)). From the
die force—gripper displacement diagram in Figure 5.9(agmglthe die force drops to zero
immediately after first heat treatment for the Nadai modw, dtress and strain values at
every integration point are reset to zero. For the Nes mdlelforce does not completely
drop to zero because the work hardening effect is not comlpldeleted and residual stresses
are left in the material. This is also evident from the présticequivalent plastic strain in
the final part with heat treatment presented in Figure 5.1& Nes model predicts a higher
equivalent plastic strain than the Nadai model.

From Figure 5.9(b), without intermediate heat treatmeteps the die force is higher
as there is no removal of work hardening. Correspondingtheuit heat treatments, more
thinning is observed in the critical region of the part shawfigure 5.8(b). This thinning
is more severe with the Nes model. Apart from the heat treatspe drop in vertical force
on die, for example for the gripper displacement betweemai®do 600 mm, corresponds
to loss of contact between the die and the sheet.
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Figure 5.9: Vertical force on die with and without heat treants (HT).

In Figure 5.11, the effect of different approaches for heaatments are studied. In
this study, simulations are performed with a physics bapgdaach for heat treatments by
considering the particle coarsening and static recovetdyaaphenomenological approach
i.e.assuming the work hardening effect is completely remove@bgtting plastic strains to
zero. Simulations are also performed without intermediaigt treatments. In all the three
situations, the work hardening effect is described usimgphysically based Nes model.
From Figure 5.11(a), it is clearly seen that the force—dispment curve is more stable with
the physically based approach for heat treatments thanhtegmenological approach as
it shows the jiggles in the force—displacement curve. Withjthenomenological approach,
after every intermediate heat treatment the vertical forcthe die drops to zero as the strains
are completely removed. However, this is not completeliiste. From the thickness along
the symmetry line plot shown in Figure 5.11(b) follows théathathe phenomenological
approach the thinning effect in the critical region is owtirated and the physically based
approach is much better. Without heat treatments too munhitiy effect is observed.

5.6 Conclusions

The main objective of the work is to develop and use a suitablaerical model for the
finite element analysis of the stretch forming of aircrafinsgarts with intermediate heat
treatments. An important part of the numerical model is thedeiing of the material
behavior. Both the hardening behavior during the stretgipirocess, and the reduction of
work hardening behavior during the heat treatment processansidered. Two hardening
models are compared: a phenomenological Nadai hardenidglraad a physically based
model according to Nes. The reduction in work hardeningrdyhieat treatment is modeled
by considering the underlying physics such as the overggeodel for particle coarsening
and the static recovery model. Aphenomenological apprizaaibo used for the comparison
by deleting all work hardening effect from the previous &thing phases.

From the presented simulations, it can be concluded thatapilly the physics based
material modeling gives better results. The predictedktigss distribution especially in
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Figure 5.10: The predicted equivalent plastic strain infthal product with heat treatments.
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Figure 5.11: Influence of heat treatment on predicted \arfiarce on die and thickness along
symmetry line.

the critical region of the part using the Nes model for workd®ming; and the overage-
ing and static recovery models for intermediate annealing getter agreement with the
experiments.

In this work the material models are compared only with ui@hgxperiments and
the predicted thickness distribution from simulations ased for the validation. In order
to have more confidence in the implemented material modetthdr validation of FEM
results such as the vertical force on die and the strainiiigion are useful. There is
also room for improvement in the material modeling as in theent models, the effect
of particle coarsening and static recovery are treatedraggdg. In reality, the effect of
particle coarsening and recovery on the reduction of workéaing during heat treatments
is coupled.






6. Conclusions and Recommendations

In this thesis, the numerical modeling of thermally assigteming of aluminum sheet is
presented. In thermally assisted forming of aluminum, tleelmanical loading is combined
with a thermal componemtg.deformation at elevated temperatures and annealing betwee
deformation steps. The mostimportant part of numericaliftion of a thermo-mechanical
forming process is the constitutive model to describe thteried behavior under different
process conditions and the thermo-mechanical finite elemedel. In this chapter, conclu-
sions from the research are presented and recommendat@givan for further research.

Warm Forming

Material Modeling An important difference between cold forming and warm fargis
caused by the strain rate sensitivity of aluminum at tentpega above 125C. For cold
forming, the material behavior is completely determineavayk hardening and rate effects
can be neglected. For warm forming of aluminum alloys apannfthe work hardening
effects, the strain rate sensitivity over the complete eafrigm room temperature up to
250°C should be well represented. Hence, material models fomwsireet forming are
more complex than for cold forming.

In this work on warm forming, three different automotive mitnum alloys are consid-
ered: a non-heat treatable Al-Mg alloy (AA 5754-0), and tvesiants of heat treatable
Al-Mg-Si alloys (AA 6016 and AA 6061) at different temperiggnditions. In Al-Mg
alloys, hardening is mainly due to the presence of solutmato solid solution, which
causes lattice distortions that impede the dislocationianotOn the other hand, in Al-
Mg-Si alloys strengthening is determined by the precipgdormed during ageing (heat)
treatment and therefore control of precipitation duringiag treatment is critical for at-
taining optimal material behavior. Hence apart from thaistrate and temperature effects,
material models will also need to consider the effects ofitesl and precipitates on work
hardening. Material models based on consideration of tdewlying physical processes are
expected to have a larger range of usability in this respHuese type of models based on
the evolution of microstructure and dislocation density ealled physically based models.

Two mainstream dislocation based hardening models werg insthis thesis, a one
parameter model (total dislocation density)—the Bergatmiodel—and a more advanced
three parameter model (dislocation density inside the cell size and misorientation be-
tween cells)—the Nes model, to describe the evolution ofasicucture. The Nes model
directly takes into account the chemical composition siekaute concentration of dif-
ferent constituents, grain size, volume fraction and sfzb®precipitates. Hence, the Nes
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model is quite capable of describing the changing mateghhbliior due to ageing of heat
treatable Al-Mg-Si alloys. In Al-Mg alloys, dynamic straigeing effects can be seen in
the experimental resultége. up to 100°C, a low strain rate gives higher stresses and high
strain rate gives lower stresses. This phenomenon is cowsréne Nes model.

The Nes model relies on a multi-parameter microstructusedetion, for which a lot
of parameters are unavoidable. However, very few paraméteaximum 4 parameters)
are fitted parameters which are identified from the expertaidtow curves at different
temperatures and strain rates and the remaining paranaeteasmost equal for aluminum
alloys. The Nes model can describe the experimental sstascurves better than the
Bergstrom model.

A large difference between the two hardening models is ofesewhen strain rate
jumps are modeled. After a strain rate increase, the Béngsinodel predicts a gradual
changing stress towards the flow stress curve that correisgonhe higher strain rate. With
the Nes model, an initial jump in the flow stress is observelipdfed by asymptotically
approaching the higher strain rate curve, which is a betfanasentation of the experiments.
On a strain rate decrease, the stress in the experimentgattoery fast. Nevertheless, the
Nes model represents this behavior better than the Bergstrodel, but not as good as in
the case of strain rate increase from lower to higher usied\tbs model. In sheet forming
processes, strain rates are generally not constant, thieriéis recommended to fine tune
the parameters which are influencing the strain rate effiectise Nes model in order to
better describe the material behavior at changing stra@sra

In the simulations, the biaxial and anisotropic behaviothaf aluminum sheet is de-
scribed using two advanced yield functions: Vegter and&afld2000. The Vegter yield
function is directly based on the experimentally measureldl\stresses and strain ratios in
simple shear, uniaxial, plane strain and equi-biaxiaéstat RD, TD and 45to the RD. The
Barlat Yld-2000 yield function is derived based on the ajggtoof linear transformations
of a stress tensor. The input parameters of the Barlat Yigldtion are identified from the
uniaxial tensile tests in RD, TD and 4%o the RD; and from the equi-biaxial stress and
strain ratios.

Finite Element Modeling Simulation of aluminum sheet forming at elevated tempeestu
requires the solution of a thermo-mechanically coupleadtetjuations. The high conduc-
tion coefficient and low thickness of the aluminum sheet readtge that the temperature
is almost constant across the sheet thickness. Hence, &émilents are used with only
one thermal d.o.f. per node. The gradient in the thicknesction need not be modeled.
Because of the large heat capacity of the tools, the temperaf the tools is not much
affected by the blank. The stiffness of the tools is also narelater than that of the blank.
It is therefore justified to model the tools as rigid contowith prescribed temperatures.
The simulations of the uniaxial tests show that the initiatf strain localization can be
predicted with a membrane element model. Atroom tempezdiherpredicted failure strain
corresponds to the experimental ultimate strain. At ekaémperatures, the Nes model
predicts the localization strain very well, much bettenthiéth the Bergstrom model.
From the warm deep drawing simulations, it can be conclutietl the Nes model
performs much better than the Bergstrom model as the NeslIrhadenore physical basis
for the description of plastic deformation. In the simubats, the effect of temperature on
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anisotropy is studied by identifying the Vegter yield datanfi crystal plasticity analysis by
assuming the activation of more slip systems at elevategeesmtures. Including the use of
temperature effects on yield data notably improves thekttass prediction at the bottom
of the cup and predicts the earing behavior with four earssintéd the RD and TD. It s,
however, different from without consideration of temperateffect, where in four ears are
observed along RD and TD.

The effect of anisotropy in deep drawing is generally viewaded on the number of
ears, their location with respect to rolling direction ahéit amplitude. Experimental de-
termination of the earing of cylindrical cups at elevatad peratures did not give consistent
results and are highly sensitive to the tool setup. In a fegkes of experiments, at room
temperature, the earing profile exhibited four ears in RD BDdwhereas at elevated tem-
peratures the earing profile exhibited two ears at TD. In dw®grd series of experiments the
earing profile at elevated temperature nearly exhibited &us with reduced amplitudes
along RD and TD. The earing profiles from the third series qfeziments is completely
different from the previous series of experiments by shgwan irregular earing profile.
However, the earing profiles are reproducible in a seriesndddt is recommended to
further investigate the earing behavior in sheet formingcpsses at elevated temperatures.

Stretch Forming with Intermediate Heat Treatments

The main objective of this work is to develop and use a swgtabimerical model for the
finite element analysis of the stretch forming of an aircséih part with intermediate heat
treatments. This can only be accomplished by predictingriagerial behavior correctly
during stretching as well as during intermediate anneatiegs. In this work, the ma-
terial behavior during stretching was modeled by two haiigmodels. A completely
phenomenological power law model and the physically basesiidodel. The removal of
residual stresses during heat treatments is modeled fiestgghenologically by resetting
all plastic strains to zero and another approach based @idming the underlying physics
such as the particle coarsening and the recovery of distotatiuring heat treatment.

It can be concluded from the simulation of aircraft skin pafith intermediate heat
treatments that the physics based material modeling gieétsrtresults. The predicted
thickness distribution especially in the critical regioftioe part using the Nes model for
work hardening; and the overageing and static recovery meddeintermediate annealing
gives better agreement with the experiments. The mateiiaets are compared mainly
with uniaxial flow curves and the predicted thickness disttion from simulations are used
for validation. Hence it is highly recommended to furthelidate numerical results with
experimental results to gain more confidence in the impléetematerial model.

In this work, mainly numerical results in terms of materiadaeling are discussed. It
is further recommended to combine this material modelingreqach with the optimiza-
tion algorithm to optimize the trajectory of the grippersiahereby determine where heat
treatments should be applied.






A. Continuum Mechanics

This appendix contains a number of continuum mechanicstesathat are frequently
used in the mathematical formulation of sheet metal forngiraplems. A more complete
overview can be found in many textboo&g.Malvern (1969); Chadwick (1976); Bowen
and Wang (1989); Brown (2009).

A.1 Kinematics and Strains

A change in the configuration of a continuum body results iirspldcement. The displace-
ment of a body has two components: a rigid body displacenmehaaleformation. A rigid
body displacement consists of a simultaneous translatidir@tation of the body without
changing its shape or size. Deformation implies the chamgkape and/or size of the body
from an initial or undeformed configuratidR, to a current or deformed configurati@zy

(Figure A.1).
‘ (p(x.t)
/\

Figure A.1: Deformation of bodf2 in the reference configuration to the current configuratiyn

The material deformation gradientten$@k, ¢) is a second-order tensor that represents
the gradient of the mapping functi@n(X, ¢) , which describes thmotion of a continuum
The material deformation gradient tensor characterizeddbal deformation at a mate-
rial point with position vectoX by transforminga material line element emanating from
that point from theeference configuratioiX to the currentor deformed configuratior,
assuming continuity in the mapping functigieX, ). Thus we have,

do(X,1)

F(X,t) = X

(A1)
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TheJacobian(determinant) of the deformation gradient represents theme ratio of the
current configuration with respect to the reference conéijon, hence:/ = detF > 0.

The deformation gradierk, like any second-order tensor, can be decomposed, using the
polar decomposition theorem, into a product of two secomtbotensors: an orthogonal
tensor and a positive definite symmetric tensor

F=R-U=V-R (A.2)

where the tensoR is a proper orthogonal tensdre. R = R', representing a rotation;
the tensolJ is the right stretch tensor; andthe left stretch tensor. The termight andleft
means that they are to the right and left of the rotation teRs@espectivelyU andV are
both positive definite. The polar decomposition can be prieied as a rigid rotation after
deformation or vice versa.

Several rotation-independentdeformation tensors atins®lid mechanics. The most
popular of these are the right and left Cauchy-Green defdomgensors defined as follows

C=F.F=U? (A.3)

B=F.-F' =V?2 (A.4)

With the introduction ofC andB, the most widely used Green-Lagrange strain tensor
and Euler-Almansi strain tensor are defined.

E=1cC-1 (A.5)

e=1(1-B (A.6)

Plasticity theories often require measures ofrie of deformation of a solid, such as
strain rate in the deformed configuration. The material tifagvative ofx is the velocity
of the material poinX:

. Op(X,1)
X= —=

ot
The local change of current configuration (deformation astdtion) in rate form is given
by thevelocity gradientL. Itis often more convenient to exprdssn terms of coordinates
in the reference configuration by noting that

(A.7)

v .
L=—=F.F! A8
X (A-8)
The velocity gradient can be decomposed in the rate of defttomtensoD and the spin
tensoW:

L=D+W (A.9)

whereD is the symmetric part an@v the skew-symmetric part df. In elasto-plastic
analysis of metals, the rate of deformation is commonly dgmosed in an elastic and a
plastic part

D=D®+DP (A.10)
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A.2 Stresses

Stresses are the response to a certain deformation of bass8s can also occur due to
changing temperatures in the body without deformation.s€hare referred to as thermal
stresses. In continuum mechanics, the stress tensatroduced by Cauchy, is a measure
of the average amount of force exerted per unit area of acirfa

The other stress measures regard forces as acting on thiermdd solid. Consequently,
to define them it must be known not only what the deformed dobés like, but also what
it looked like before deformation.

Kirchhoff stress:

t=Jo (A.12)

First Piola-Kirchhoff stress:
P=JF!l.¢ (A.12)

The First Piola-Kirchhoff stress tensor can be regardeti@dternal force per unit unde-
formed area acting within a solid.
Second Piola-Kirchhoff stress:

S=JF1l.o.FT (A.13)

The Second Piola-Kirchhoff stress tensor can also be visias force per unit undeformed
area, except that the forces are regarded as acting witkinrtleformed solid, rather than
on the deformed solid.

In general, it is best not to try to attach too much physicgihsicance to these stress
measures. Cauchy stress is the best physical measure miahfierce—it is the force per
unit area acting inside the deformed solid. The other simesssures are best regarded as
generalized forces (in the sense of Lagrangian mechanitsgh are work-conjugate to
particular strain measures.

A.3 Objectivity or Frame Invariance

In the theory of plasticity, constitutive equations, in gead, are given in rate form as the
relation between a stress rate and a strain rate (or thefrdefamation). The constitutive
relation must be frame invariant or objectiie. independent of any rigid body motions.
Objectivity is the principle that an observer, wherever heyrbe located, always observes
the same stress in a given body. If the stress and strain mesagre material quantities
then objectivity is automatically satisfied. However, iEthQuantities are spatial, then the
objectivity of the stress rate is not guaranteed even if ttegrsrate is objective.
Under rigid body rotations, the Cauchy stress temstransforms as

0r=Q:¢-Q; Q-Q'=I (A.14)

Sinceo is a spatial quantity and the transformation follows theswf tensor transforma-
tions,o is objective.

However, the material time derivative of the Cauchy stressadr is not an objective
stress rate.

6:=0.6-Q"+0.6-Q"+0Q.6-0" (A.15)
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or
6r#Q-¢-Q" (A.16)

Therefore the stress rate 1i®t objectiveunless the rate of rotation is zeriog. Q is con-
stant. To overcome this problem modified time derivativey tmaconstructed to preserve
objectivity. A commonly used objective rate is the co-rimtadl stress rate

v
oc=06-W-0+0-W (A.17)

also frequently referred to as the Jaumann rate.

A.4 Finite Element Formulation

The thermo-mechanically coupled problem to be solved isddfby the conservation of
mass, momentum, moment of momentum and energy. Thesegéstgad to the following
equations, respectively:

p+pV-v=0 (A.18a)

oV =V-o+pb (A.18b)
o=0" (A.18c)
pUni=0:D—V-q+ pr (A.18d)

wherep is the mass density, the velocity,c the Cauchy stres$, the body force per unit

mass Uiy the internal energy per unit mag3 the rate of deformatiorg the heat flux and

r represents a specific heat source. The sisetssa result of the strain and strain history

and the heat flug is a function of the temperature gradient. In sheet forminwiations,

the acceleration termis usually neglected due to the quasi-static nature of tbblpm.
These equilibrium conditions have to be fulfilled in a givemfiguration, which is not

known beforehand along with the unknown displacement ampbégature fields. Thus,

the thermo-mechanical problem to be solved can be definefiraksa displacement field

d(x) and temperature fiel@ (x) such that the balance equations are fulfilled, subject to the

essential boundary conditions:

d=d only T =T onIy (A.19)
and the natural boundary conditions
o-n=t onI; qg-n=—h onT}, (A.20)

wherel'y is that part of the boundary on which the displacemélrﬂse_prescribedl?T the
part where the temperatufeis prescribedI’; the part where the tractidris prescribed and
I't, the part where the heat fluxinto the body is prescribed? is the analyzed deformed
domain.
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A.4.1 Weak Equilibrium

Using the weighted residual method, integration by partsthe divergence theorem, the
weak form of the momentum equation becomes

/VWdZO'dQ—/Wd-pbdQ— Wd-deZO VwygeV (A.21)
Q Q Iy

whereV contains allCy vector functions with a value of 0 dry;. Similarly, the weak form
of conservation of energy equation follows:

/wT(pU—a:D)dQ—/VwT-qu—/ wTﬁdF—/prrdﬂzo YwreT
Q Q Th Q

(A.22)
whereT contains allCy functions with a value of 0 ofi'z. This equation is often referred
to as the virtual heat equation.

The weak form of momentum equation (A.21) and energy eqnd#022) have the
advantage over their respective strong forms in Equatiént8b) and (A.18d) that less
stringent demands are imposed on differentiability of thieitson.

A spatial discretization is used to discretize the spacesdsion, such as tHaite ele-
mentsased on the Galerkin method to find an approximate solufitthreaveak equilibrium
equations. The nodal displacements and temperaturesare#mowns, assembled in a
vectoru. The first integral in (A.21) and second integral in (A.22pdad on the current
stress and heat flux and are denoted as internal force vigtoln the first integral of
(A.22) U andD relate directly to the first time derivative of the nodal tesrgtures and
displacements resepectively. The remaining integral sesfiboth equations are related to
the externally applied force vectly;. Under the condition that the discretized weak form
of momentum and energy balance equations are fulfilled feryeadmissible weighting
vectorw, the semi-discrete equations in vector form become

fint - fext =0 (A-23)

The semi-discrete equationsin (A.23) are generally nealilue to plastic deformation
and large strains and displacements; therefore an increlriégrative strategy is applied.
Extensive presentation of deriving and solving these s#istretized equations using the
incremental-iterative approach is given by Van den Boodj§2002).






B. Derivatives of the Flow Stress for the Nes

B.1 Athermal Stress

Model

In Equation (3.31) for the athermal stress contributioaytiations for, andr are constant

with respect to the microstructure evolution.
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B.2 Thermal Stress
Equation (3.30) can be written in dimensionless quantiiefollows:
,T Maxclzay ( Usd )
_ h 1%tCsc -2 11 B.3
Tt wtcs_ce[arcsm (ZBE [p. —I—Hl%] expy 1 T 4 (B.3)
For simplicity, let
Tt — E . A (B.4)

Then
=8 -A+E-A (B.5)
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activation energy, 35, 38, 42, 43, 87

age hardening, 8eeprecipitation hardening

artificial ageing, 9

natural ageing, 8, 9
Alflow model, seeNes model
anisotropy, 15, 29, 73, 90

effect of temperature, 19, 73

effect of tool orientation, 23, 24
annealing, 2, 82, 84, 88, 97
anomalous behavior of aluminum, 29
athermal stress, 38

b.c.c. metals, 31
band contrast map, 74
Barlat Y1d2000seeyield function, 59
Bergstrom, 45
Bergstrdom modelseehardening, 59, 61
Bezier function, 31
biaxial tensile test, 73
cruciform specimen, 73
biaxial tests, 7, 13-14
body force vector, 104
Boltzmann constant, 38, 45
Burgers vector, 34, 45, 64, 65, 85

Cauchy stress, 103

cell size,seesubgrain

chemical composition, 9, 45, 65
clustering stress, 38

co-rotating reference frame, 48, 104
conservation principles, 104

critical resolved shear stress, 74

Index

effect of temperature, 19, 62, 69, 75

Debye frequency, 38, 45, 64
deformation gradient, 47, 101, 102
diffusion, 8, 38, 42, 43, 87
dislocation, 33, 41
annihilation, 34, 41, 42
density, 33, 34, 38, 97
dynamic recovery, 33, 34, 36, 39, 42
static recovery, 83, 88
storage, 33, 38, 39, 41
divergence theorem, 105
Drucker’s postulate, 28, 30
dynamic precipitation, 11, 66
dynamic strain ageing, 3, 8, 43, 46

earing, 15, 24, 75, 79, 99

effect of friction, 24

effect of tool orientation, 23
energy equation, 105
Euler-Almansi strain tensor, 102
extended Nadai modedeehardening

f.c.c. metals, 31

finite element analysis
aircraft skin, 89
cylindrical cup, 58-63, 69—77
influence of hardening model, 61-63
influence of yield locus, 59-61
square cup, 77-78
tensile test, 55-57

First Piola-Kirchhoff, 103

footprint, 16

cylindrical cup warm deep drawing, 7, 15-24grmapility, 1-4, 10, 15, 43

effect of friction, 63

effect of holding time, 19
effect of punch velocity, 19
effect of temper, 72

Frank network, 36, 41, 42
friction, 58, 75

Galerkin method, 105
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GP zones, 8, 68, 83
grain size, 10
Green-Lagrange strain tensor, 102

hardening, 32, 35, 97
Bergstrom, 34, 44, 56, 97
extended Nadai, 33, 34, 44
isotropic, 27, 40
Nadai, 90
Nes, 35, 44, 56, 85, 97
phenomenological, 32, 82
physically based, 33, 34, 90
precipitation, 85
solid solution, 85

heat flux vector, 104

heat treatment, 81
intermediate, 4, 82, 83, 92

instability, 55
local necking, 56

Jacobian, 102
Jaumann rate, 49, 104
Joule effect, 11

Kirchhoff stress, 103

Luderlines, 3, 4, 81, 82
Lankford R value, 29

large deformations, 47, 103
large rotations, 47

left Cauchy-Green tensor, 102
left stretch tensor, 102

linear transformation, 31
localization, 56

logarithmic strainseetrue strain

mass density, 104

material velocity vector, 104

microstructure, 9, 38, 41
evolution, 41, 45, 83
evolution equations, 41
misorientation, 36, 42
slip systems, 40
subgrain, 36, 39
subgrain growth, 42

momentum equation, 105

necking, 4, 11, 45, 55

Nes modelseehardening, 40, 44, 46,61, 75,

85, 90

Newton—Raphson algorithm, 49, 51, 54, 60

non-shearable particles, 38
normal compression test, 13

objectivity, 47, 103
orange peel, 4, 82
Orowan equation, 38, 43
overageing, 83

particles seeprecipitates
phenomenological, 90
phenomenological model, 33
physically based model, 33
planar anisotropic, 29

planar isotropic, 29

plane strain tension test, 14
plane stress condition, 29, 31
polar decomposition, 47, 102
polycrystal plasticity, 73

visco-plastic self-consistent model, 74

Portevin—Le Chatelier effect, 43
precipitates, 83
coarsening, 83, 87
growth, 87
nucleation, 87
precipitation hardening, 8, 85
bypassing, 85
shearing, 85
principal stress, 30, 32
principal stress space, 58
principle of scaling, 38

R value, 13seelankford R value, 74
rate of deformation, 102, 104

rate of rotation, 104

recovery, 83, 84

recrystallization, 3, 83, 88

right Cauchy-Green tensor, 102
right stretch tensor, 102

rotation tensor, 102

Second Piola-Kirchhoff, 103
simple shear tests, 14



Index

slip system, 74 Vegter, 30, 56, 59, 90
solid solution alloys, 38 von Mises, 29

solute atoms, 43 yield locus,seeyield surface
spin tensor, 102 yield surface, 28—-30

spring back, 82

springback, 3

strain hardeningseehardening

strain path, 13

strain rate jumps, 46, 98

strain rate sensitivity, 11, 33, 43, 44, 46, 56,
97

stress rate, 104

stretch forming, 3, 4, 81

stretcher lines, 3, 4, 43

supersaturated solid solution, 8

sustainability, 1

Taylor factor, 40

tempering, 9

tensile test
equi-biaxial, 13, 30, 32
plane strain, 14, 30
pure shear, 14, 30
uniaxial, 7, 10-13, 29, 30, 32, 44, 55,

65, 83

texture, 10, 40, 74

thermal stress, 37, 38

true strain, 11, 47

true stress, 11, 47

uniform strain, 45, 56

Vegter,seeyield function, 59, 75
velocity gradient, 102

weak equilibrium, 105
weighted residual method, 105
work hardeningseehardening
work hardening rate, 36
wrinkling, 3, 4

yield function, 29, 31, 40
Barlat Y1d2000, 31, 59
Hill 48, 29
temperature dependent, 73
Tresca, 29
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