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Abstract

Warm constitutive and formability characterization of a high strength aluminum alloy
(AA7075) was performed for a range of fmged {ie. underaged) tempers, strain rates and
temperaturesThe pre-aging processes were compos#da solution treatment procesnd a
natural aging period of 2 days, followed by aging at temperatures of 80, 100 an@ @0
durations of 1, 2, and 4 hours. The pagled T6 temper condition was also considered for

comparison purposes.

Warm constitute characterization was performed at strain rates of 0.01, 0.1, ahdtds
temperatures of 150, 175 and 200. Room temperature and warm formability tests were
performed using a Nakazinfd] tooling geometry with a plane strain specimen for the same
temperatures, considering a range of tooling stroke rates fre80rbn/s The formability results
were assessed utilizing limit strains based on the ISO 12@D08[2] necking detection method,
as well as the measured dome heights at failure. In addition, the effect of heating rate prior to

elevated temperature constitutive and formghbiésting was considered.

The room temperature constitutive results revealed that thegeicetempers exhibit superior
work hardening response and elongation compared to theageaKT 6 temper. However, serrated
flow, attributed to PLC effects, was sdrved in the flow response of the tempers with
reduced/insufficient praging schedules(g.1 hour at 80 and 10QC preage schedules). This
behaviour induced a negative strain rate sensitivity and reduced the repeatability of the tensile flow

responseand room temperature formability limits.

In response to elevated temperature deformation, the T6 tensile samples exhibited clear
thermal softening effects. This response, however, was accompanied by early onset of diffuse
necking, although the elevatedrperature strain rate sensitivity is high which results in increased
elongation to failure. The praged tempers, in contrast, also responded positively to the thermal
softening effect and exhibited a delay in the onset of diffuse necking, compared to T6.
Interestingly, the elevated temperature strain rate sensitivity of thegpretempers was quite low
compared to the T6 samples, part of which is attributed to aging during the lower rate (longer

duration) tensile tests.



Theroom temperatureormability results revealed improvements in forming limits with the
preaged tempers, as compared to the magdd T6 temperAt elevated temperatures, thermal
softening resulted in higher forming limits for all evaluated tempers, with the T6 temper & 200
havingthe highest limit strain, closely followed by the 10D 4 hour and 80C 4 hour aged
tempers formed at 17%C. Interestingly, the high limit strain exhibited by the warm formed T6
temper was not fully reflected in its limit dome height, since the eadgtoof diffuse necking
prevented a globally uniform strain distribution along the surface of the sped¢moamtrast, he
pre-aged tempers contrastresulted in superiodome heightimits, which is attributedo ther

higher extent of work hardeninggior to onset of diffuse necking

Both the tensile elongation and forming limit strains were shown to decrease with test speed.
Further, the faster heating rates considered in this study resulted in mildly superior forming limits,
since the extent of praging during heating to the warm forming temperatures was reduced.

A limited study on the hardness of the warm formed specimens before and after a paint bake
cycle (PBC)revealeda notable increase in hardness values in response to the PBC for all tested
conditions. Interestingly, the T6 temper exhibited a mild drop in hardness following warm
forming, however, the loss in hardness was largely recovered after the PBC, which may be due to

retrogression and +&ging effects.

For the range of initial tempeend forming conditions considered herein, the specimens
heattreated at 100C for 4 hours, and warm formed at 175 (utilizing the rapid heating method)
resulted in one of the best overall performances. This process route (evaluated at the slow forming
speeds of 1 mm/s) resulted in an increase of approximately 42% in dome height (from 19 to 27
mm), and 77% in major limit strain (from 14.5 to 25.7%), compared to the room temperature limits
of the T6 temper. Moreover, thepeatabilityof this process routgroved to be superior compared
to themajority of the other undeaged processing routes. In addition, the hardness values of this
pre-aged temper, following warm forming and a paint bake cycle (PBC) were within 97% of the
asreceived T6 temper.

Finally, a numerical model was devised, using the HoeRb#rby[3] constitutive model to
fit the warm tensile data. The numerical simulations demonstrated accurate predictions for the

tensile experiments and fair predictions for the warm forming experiments
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1. Introduction

Global waming and climate change remaas one of the mostritical challenges of this
generation, and perhaps generations to cdheCanada has beetthe forefront of awareness
campaignsind hagstablishedeverainitiatives in various fields to mitigateefurther worsening

of global warmingand climate change s s et by Ca ngaslemidssomegutattoesn h o u s e

[2], [3].

Figure landFigure 2display the historical development of carbon dioxedeissionsover
the past thirty yeardrigure 1shows the sectewise distribution ofCO, emissionsin Canada,
which highlights the increasingmissionsdue b transportation in Canada. Furth&igure 2

depicts theemissonscaused by each fuel source, with oil being the increasingly higher pollutant.
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Figure2. Canada's CO2 emissions produced from different energy s¢dikces

Furthermore, Canada and the US are ranked last glphailyngst 50 participating countries,
in vehicle efficiency[5]. This is associated with faxs such as the vast landscape, climate, urban
design, and demographidagure 3lists the top 1®ountriesas characterized by a) Emissions in
gCQOy/km, b) Fuel consumption in L/100km) Curb weight in kgand g Engine displacement in
cme. As can be seen, the United States and Canada dsettbentwo in each of the four charts
indicatingthat the heaviest Wclesare being usegowered by the largest enginpsoducinghe
most greenhouse gas.



a) Emissions (g CO2/km) b) Fuel consumption (L/100km)

]
Per — ey
Seuth Atica [ Soutn Arica [
Egypt I— ukraine [
Korea Russian Federstion [
Ukraine. [ Thaiend [
swecen I korea [
Thaiiand IE—— Australia [
Australia [ Phiippines I
g Unitd States |
B T Canace
0.0 2000 400.0 600.0 800.0 1,000.0 1,200.0 1,400.0 16000 1800.0 00 4000 2000 12000 1,600.0 20000 24000 28000
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This trend is further worsened by the recent grovamgsumer demand fdarger vehicles.
Data from Statistics Canadaigure 4 shows tle rapid upsurge in the number of newly registered
trucks, increasing from 50% to 70% of total newly registered vehicles across Canada. The division

labelled as trucks includes light and heavy trucks, spiility vehicles (SUVs), minivans, vans,
and bses.
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Figure4. The total number of new vehicles and the relative comparison between consumer cars andaj{gks

I n response, C a n a d dightsdutyf vehécles i< setnte bemmgducedoby o f
approximately 40%ver the perio@011 to 2025, which is in lineith the US CAFH9] goals of
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reducing the fuel consumption of road vehicles in an effort to alleviate the concerns raised by
global warmindg10], [11]. Figure 5displays he calculated trend in fuel consumption as expected
to be achieved by 2025.

Calculated Fuel Economy & Gasoline Consumption in Canada

2 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Figure5. Calculated fuel consumption of cars and trucks across Cgh2[a 3] [14].

With the abovemeidnedgoals in mind, twgrimarypaths an be taken(i) altering the fué
source (propwon systemy, or (ii) improving thegeneral efficiency of the vehicle. The first path
has been a subject sfibstantiainterest in the automote industry but requires more time and
effort to achieve energy storage density and accessibiltylar to that ofcurrentfossitfuel

poweredpropulsionsystems

The second path can be achieved by improving various factors such as the aerodynamics of
the exterior shell, drivetrain, vehicle autonomy, and a major contributor, the overall weight of the
vehicle[15].

A study bythe International Energy Agency (IEA)Xigure 6 displaysthe relationship
between fuel consumpticend vehicle weight, for the commonpowertrainsin the marketlt is
shown thatinincrease oturb weight corresponds to axpenentialincrease ofuel consumption

for thefossl fuel based propulsion systems.

Moreover, despite the reduced effect of curb weight on the overall emissions of the electric
vehicles (EVs) partly owing to the regenerative technolodi#8], EVs can also benefit froi
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reduction inbody weight The lowered center of gravity helps with thgeneral driving and
handling experience&and more importantlprovidesadditional passive safety improveme(esy.
rollover) [17]. Also, the reduced weight nahelp compensate the added battery weiglgain
furtherrange, resulting imnimprovedpracticality forawide rangeof consumer$18].

el consumption
Lge/100 km Gasoline © Diesel ® Hybrid © Plug-in hybrid @ Battery electric

T 1
500 125 1750 2375 3000

Empty weight (kg)

Figure6. Automobile fuel consumption vs. vehicle weight for the different powertinaig@17[19].

The bodystructures of automobileshich comprisegpproximagly 35% of the total curb
weight[20], has been an appealing candidateonsiderfor weight reductia. In this regardthe
substitution of lightematerials, such dsgh strengtlgrades of aluminuralloys, for heavy steels
in car bodes has become more prevalent amongst automaké&isedless to say, such

implementationmust also uphold the overall comfort and safety requiremeassociated with
modern vehicle

Being the most abundant metallic element on eattiminumwas initially introduced as a
symbol of luxury due to its refinement complexities from ##&], [22]. Henri SainteClaire
Deville [23], a chemist involved in the rapidfinementof aluminum aware of thgreatpotentials

of the industrialization ofhis new metalhas reportedlgaid:
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GThere is nothing more difficult than to make people use a new metal. Luxury items
and ornaments cannot be the only sphere of its applicatibnpe the time will come
GKSY | fdzYAydzy gAft asSNWS (2[24) GAaFe GKS yS:¢
Consequentlyupon the development @i rapid and coseffective purification methods
the late 1800s, the first industry to flodriom its excellent formabilityability of the material to
be formed to the desired shapes witltousible defects and density chacteristics, was the
culinary industryAt the time, he majority of the manufactured aluminymoductswere utensils

and cookwar¢25].

It was not util the early 1900s when Wilij26] evaluated the age hardening behaviour of
aluminum alloysgeterminingheexcellent strength potentials of tielementWilm sawthat after
guenching, a widely known proceaegn® ft dumebmar deni |
alloys develop frther stength. Thisprocesswas laterreferred to as precipitation (or age)

hardening.

The discovery offtis behavioupromotedgreat interest in aluminursince it hada much
better strengtho-weight ratio compared to common steels, with other inhex@wintages such
as superior electrical and thermal conductieityl bettecorrosion resistander a variety of new
applicationsand industriesmostpredominantlyaeronautics and astronautiendrecently, the
automotive industryFurthermore, given theelatively higher cost of this metal, the ease of
recyclability hasalsoproven to be advantageo@ich characteristics have improved with further
efforts in the development of new allogaluminumand continue to enable the industry to reach

newmilet ones with todayodéds evolving worl d

High strength7000seriesaluminum alloyshave beenshown toexhibit higher specific
strength, the ratio of tensile strength to dengdhwn the majority otommonlyusedsteels in
industry, since they havenethird the densityof steel In the automotive industry, it has been
calculated thaif every 2 kg of steel were to be repladegl 1 kg of aluminuma reduction of
approximately 10 kgn CO, emission®ver the average life cycle of vehiclegdl result[27]. Thus
the7000seriesalloysare a compelling option, even compared tactimeentautomotivealuminum

solutionswhich predominantly employ000 and 6006series alloys.



However, at their peak strength, the AA7&ies aluminum alloys displaglatively low
formability, as shown in several studieg Wanget al.[28], Sotirovet al.[29], Polaket al.[30]
and Osterreicheat al.[31]. This drawbackas been wpic of research itheindustryand academe
during the past few decadéhe current study aims tddresshis problemfor one of the well

established and widelysed alloys in the 700€eries designation, namely, AA7075.

The formability enhancing wariorming process, as one of the most prevalent solytisns
the focus of the currentork. This procesgdakes advantage of thieermal softeningesponse of
aluminum alloysat temperatureabove 150 C and below the recrystallization temperat[28)].
Additionally, thepre-aged(or partially heatreated)conditionsof this alloy (AA7075) previously
examinedby Osterreicheet al. [31] and Leeet al. [32] with some promising results, Wwibe

considered in this thesis

This research will focus oanderstanding the effeof warmforming of preaged tempers,
in conjunction with rapid heatingnhd rapid forming techniques, on the formability of AA7075.
Efforts are made to identify desiratbheermemechanical processing routes for this alloys. As part
of the constitutive respons&aluationthe alloyis characterizeduring warm formingLastly,the

effect of the processing route on the final hardness (streisgib¥essed

The balance othis thesis is organized as follows. Chapter 2 presents a concise literature
review addressintheconstitutive angbrecipitationhardening behaviowf this alloy and exploe
recentefforts in evaluating and resolving the formability concerns with they aeries Chapter
3 provides a brief description of experimental proceslaed equipmentalong with some
backgroundnformation on the AA7075 alloy under analysis; Chagt@resents results dhe
measured constitutive babiour for each tempertemperature and strain ratproviding
constitutive models for some selected conditi@tzapter5 presents& numerical simulatiostudy
to evaluate the constitutive modessipported byexperimental validatiorand finally Chapter 6
provides the conclusions drawn from thesearchandpreseng an optimal forming process route
satisfying the formability and final strengé#nhancement goals as detth for this thesis
Additional informaton on specific setup calibrations, troubleshooting and description of

corrective measures is provided in Hppendces



2. LiteratureReview

The outstandingpecific strengtlof AA7075 aluminumalloy sheethasled to consideration
of its application for us in antrintrusion components withithe automotive industry. However,
to justify the implementation,various factors should be taken into accounsuch as the

manufacturability, the wservicestrength and # stability of the final temper

This chapterprovides a summary of the relevant literature concernihg agingresponse,
andconstitutive and formabilitgharacterization oAA7075 aluminumalloy sheetin response to
various forming processoutes The precipitation behaviour is studied ¢galuatethe aging
responseas a function oprocessingime, temperature andeformation(associated withwarm
forming processs) Further,the current literature constitutive characterization and modeling
efforts for this alloyarealsopresented as fainction of temperatureand plastic deformation for
multiple temper conditions of this alloy. Lastlsypmeexisting studies arpresentedo outline the
current findings otheformability response dhis alloy and theadvantages and drawbackslodé

various formabiity improvementapproaches

2.1. Metallurgy and Mechanics ¢frecipitateHardening in 700{beries

Aluminum Alloys

Aluminum matrix iscomprised ofa face centredcubic arrangement oatoms with 12slip
systemspromoting enhancetbrmability [33]. With the addition ofsmall amounts of alloying
elements andn age-hardeningcycle, the alloyscan gain a considerable amountstriength as

compared to pure aluminum.

Precipitation(or age)hardening is a result of a phenormarin which finely-distributed
particles, present in the base matrix of the alloy matepiayide resistancgo material
deformation by blocking dislocation motion. It has been shoWvat depending upomnhe
precipitation hardeningheat treatment cycles, the -Zh-Mg (7000series aluminumalloys

exhibit a substantial increase in mechanical gtiteas a consequence of precipitate formation in



the matrix of the alloy34]. The following sections will discuss the nature of such response in

7000series aluminum alloys from metallurgical and mechanical viewpoints.
2.1.1.Phaselransformation

The phasetransformationof 7000 seriesaluminumalloys during agingis comprisedof a
multi-stepprecipitateformationandevolution. The precipitationsequencés generallydescribed
as: Supersaturate&olid Solution (SSS)- GuinierPreston(G.P) zones- - (MgZn) - -
(MgZny) [35], in which eachstateleadsto amorestable(in termsof aging) and, thereforealower

freeenergycondition[32], [36].

The aforementioned mulsitep phase transformation is initiated by the solution treatment
processin whichthe temperature of the samjdencreasedo thesolution treatment temperatyre
i.e.470°C in the case of 700€eries aluminunfi36]. This treatmentauses existing precipitates
(mainly comprised of Zn and Mdd dissolve within th@luminummatrix. Solutiontreatments
followed by a rapid reduction of the temperaturée( waterquenching), resulting in a
supersaturad state for both vacanes and soluteatoms This state is reffred to as the
Supersaturate®olution State (SSS)which hasa high thermodynamigotentialto form fine
precipitates Following the solution treatment process, extendgihg at lower temperatures
results in theormationof precipitatesn order to lover the energy of the systeteading(with
time at temperatured the peak (T6) anslightly overaged (T76) conditionsor use in an exterior
automotive body pangihe effect of the sidequenpaint bakeheattreatment cycl¢PBC)should
also be takemio accountnormally comprisindgl60-185 °C for approximately 30 minutd81],
[37], [38].

Precipitatesare consideredmaterial hardeningelements creatingobstacleso dislocation
glide. The T6 temperis the peakagedstate exhibiting the highestmechanicaktrengthwith a
typicalroomtemperaturéRT) ultimatetensilestrength(UTS) of approximately672MPa[39] for
AAT7075. Theslightly overagedT 76 temper for comparisonhasa UTS of roughly503MPa, but
providesanenhanceaorrosionresistanceéespons whichis alsoa desirablequality for structural
component$40]i [42].



Thedevelopmenbf theprecipitatesn astudyby Leeetal. [32] is shownin Figure7. Images
(@), (c) and(e) in Figure7 displaythe developmentnd growth of the finer GP zonesfollowing
naturalaging(NA, agingatroomtemperature)aswell assubsequerdartificial aging(AA) at120
°C for either30 or 240 min. Thediffraction patternin thesepre-aged(PA) conditions(here,PA
refersto an aging stateprecedingthe T6 tempe) conditionsshowthe GP-zonesto be the main
phasdan the aluminummatrix. With a subsequenpaintbakecycle (PBC)ata highertemperature
of 180°C for aperiodof 30 minutes(imagegb), (d), and(f)) aftereachPA condition(imagega),
(c) and (e) respectively, coarser— precipitatesvere observedo becomethe dominantphase.
Figure 7 (b) displaysthe larger and coarser— precipitatesdevelopingwithout the needof an
intermediatepre-aging treatment. However, by presentingthe pre-aging treatmens, the —
precipitateswere shownto becomefiner with increasinglyhigher volume fractions, ultimately

leadingto moreresilienttemperconditiors, asseenin Figure 8

PA' (120 °C x 30 PA" (120 °C x 240
NA (7 days at RT) min + NA) min + NA)

No subsequent
aging

Main phase:
GP zones

Subsequent Paint
Bake Cycle (PBC)
(180 °C x 30 min)

Main phase:
nl

"'.#;'_

'S Py N
P A

Figure7. TEM (Brighfield) Micrographs ohgingevolution in AA7075 alloy in the <001> zone axis, including selected area
diffraction patterns[32].
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It is reportedthat the combinationof GP zonesand — precipitatesare responsiblefor the
maximumstrengthof the metastablél'6 condition[34]. However,Wanget al. [43] showedthat
for a similar alloy (AA7050), the addition of a pre-strainingstep prior to the artificial aging
involvedin thedevelopmenof the T6 temperresultsin anincreasen thenumberof — precipitaes
afterthefull agingtreatmentThehigherresultanfprecipitationhardeningtogethemwith thework-
hardeningthe entanglemenof dislocation$ effect causedy pre-strainingis responsibldor the
enhancemenbf the mechanial propertiesbeyondwhat was previausly achievedfor the T6
temper.Sucha modified versionof the T6 tempertreatments referredto asthe T651 temper
[34],[43]. A comparison of the peakge and the prstrained pealage along with theslightly
overagedemper (T76) of AA7050 is presentedrigure9.
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Figure9. The tensile properties of the peaged tempers of AABD [43].

The addition of a deformationstepin the aging heattreatmentcan alter the precipitation
behaviourin various ways. Deformatiorinduced dislocationsare favourdle heterogeneous
nucleationsitesthatresultin fasterandcoarseiprecipitation.On the otherhand,dislocationsare
also vacancysinks in which vacanciescan be annihilated,which would adverselyaffect the
precipitationstrengtheningrocessasassesselly Deschampet al. [44]. Emaniet al. [45] also
reportedthatthe deformationbetweenwo agingsteps(ThermeMechanicalDouble Ageingwith
a highertemperatureassignedo the secondageingstep leadsto animprovementin mechanical
properties attributedto a combinationof work hardeningandrefinementof intermediatgphases
due to precipitatenucleaton on dislocations[45]. Behrenset al [46] , Lee et al. [32] and
Osterreicheret al. [31] explored the response of deformation imposedaofew pre-aged
conditions While significart improvements have been seeegardingthe a | | aygnéral
formability, severalmechanicalnstabilitieswere alsooperative in this material conditicihat
adversty affectedtherepeatability(i.e. consistency)f the forming behavioya7]. The Porteviin
Le Chatelier (PLC) phenomenonskown to bgromotesuchinstabilitiesandwill be discussed

in the following section.

2.1.2.PLC- A Flow Curvelnstability

The dynamicinteractionbetweensolute atomsand developingdislocationsin the matrix

during deformationis referredto as Dynamic Stran Aging (DSA). This phenomenons a
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propagativeinstability within the material that leadsto the jerky motion of dislocationsand
transientsoftening[48]. DSA occursin many polycrystallinedilute alloys, including mild steels
with nitrogenandcarbonassoluteelementsandotherindustrialalloyswith only afew percenages
of solutessuchas magnesium copper,chromium and manganes§49],[50]. The macroscopic
perspectivef DSA wasfirst examinedoy PortevinandLe Chatelief51] andis, therefore known
asthePLC effect.

An adverseconsequencef the PLC effectis the negativestrainratesensitivityimposedby
the erraticplasticflow andrapid softening,leadingto aninconsistenteductionin ductility [48].

This behavioumwill, thus resultin undesirableeducedepeatabilityduring forming proceses

Cottrelletal. [49] demonstratethedependengbetweerthediffusionrateof thesolutesand
PLC effect. Additionally, Halim etal. [52] recentlyreportedthattheamplitudeof the serrationsn
theflow responseés afactorof thestrainratesincedecreasig thestrainrateincreasesheblockage
time at forestdislocationg53],[54].

ThePLC behaviouris dividedinto threegenerakypes asillustratedin Figurel0. TypeA is
themostirregularpatternwith thesmallesistresdrops.More orderlyserrationscharacteriedby
A h o p ppattemsivith reducedamplitude,are known as Type B PLC bands.With reduced
temperatur@andincreasedtrainrate acyclic serrationpatternwith large straindropsis observed,
whichis referredto asa Type C PLC band.
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Figurel0O. Schematistressstrain curves showing different PLC serration patsstnd resulting shear bands on specimen
surfaced50], [55]

Thus, the amplitude and wave pattern of the PLC bandsare functions of the solute
characteristics in particular their diffusion rates, as determinedby the temperatureand
precipitationstate andthe subsequenwaiting timesbetweerthepinning(sticking)andunpinning
(slipping) of dislocationg52].

2.1.3.Stability of PreAged (PA)Tempers

Preaged tempers are generally susceptible to uninteagied between testing steps, or in
the case of industry, manufacturing operatiddsterreicheet al.[56] have studied the stability
of several preaged conditions of thAA7075 alloyat mom temperatuteTheyhave found that
following the solution treatment process, artificial agingtime of two hours at temperatures
above 9C0°C is adequated stabilize the R conditions over @ahreeweekperiod asillustratedin
Figure1l1lwith dark grea diamond markersSuch findingshelp toidentify the time sensitivity fo
similar tempers for lab or industrial use
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Figurell The ratural agingresponse of the praged AA7075 alloy. Error bars represent the standard devis{iid)
pa: peak aged tempeiV: as quenched tempe®0°C/1h(2h) artificially aged at 90°C foronehour (two hour) immediately after
solutionizing process

2.2. ConstitutiveCharacterizatiomf 7000 SeriesAluminumAlloys

Somehigh aerospacgrade aluminum alloyp(imarily the 000-seriesn the context of this
thesig are currently uder consideratiotfior application inthe automotive industryEfforts are
currently underway, including the current research in this thesis, to ideuitifyple manufacturing
process parameters ftnese alloys fohigh volumeautomotiveapplicatiors. In the case of
AA7075, thereare a relativelysmall number of published studies in the literature thaeha
evaluated the constitutive behaviour of this alloy at room and elevated temperatures iheither

pre-aged or pealaged conditionsas discussed inehfollowing

Rahman et al.[57], [58] presented a comprehensive report on the constitutive behaviour of
the AA7075T6 temperfor a range of stia rates from 0.001”sto 1000 & at room temperature
Moreover,Wang et al [28], Sotirov et al [29], Polaket al [30] and Osterreicheet al [31]
evaluated the constituv characteristics and formability of the AA7QT6 at elevated
temperaturesSuch studiedemonstrated thieigh forming potentiabf this alloygiven the thermal
softening effect witlreduced flow stresses and extended elongatidogever,at the elevated
testing temperaturesxtendedagingbeyond the peak aged conditig6) led toaloss instrength
and ductility since the material aged beyahe peak ageondition[28], [30], [31], [37}
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Lee et al. [32] delved deely into the effect of preaging of AA7075 which includesa
constitutive response study at a constant strainAatdisplayed irFigure 12 they revealed that
the preaged conditions have a high wenkrdening raté/WHR) and work hardening exponent (n
valug more in Sectior2.2.2, which is indicative of the higher formability potext Figure 12
[Right] highlights the reduction of total elongation and theatue with extendedaging Such

resultsprovide motivatiorfor the constitutive characterizatiasf preagedAA7075 in the current

study.
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Figurel2. [Leff Work-hardening ate vs true strain response, corresponding to the-paged conditions introduced Figure8.
[Right]n-value and uniform elongations.pre-agingperiod(min) at 120°C for two preaged caditions.
NA: 7 Days at Room TemperatuRA: (120°C x 30 min + NAPA": (120°C x 240 min + NA). Paint Bake CyRER(; (180°C x 30
min)[32]

As a side noteit should bementionedthat in addition to the instantaneous WHR and the
averaged-values, evaluatedn the work by Leeet al.[32], given the availability of proper data
acquisition technologythe instantaneous-values are also regarded as valuable indicators of
formability responsen the literature [59], [60]. Ratke and Welcl{61] defined this metrig
independent of hardening lawiefly described in Sectiop.2.2 for a specific single stresdrain

curve as:
Qo g
€ - — Eq[l
08 & q 1]
in whiche - is the instantaneousork (strain)hardening exponent, andand- are the true

stress ad strains, respectively. This equation can further be simplified as:
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I

-0 "

—y Eq [2

This simplified equation can be utilizeddesesshefull history of theformability behaviour
overthe duration of a test asfanction of the work hardening exponggiventhe experimental

flow curve.

Recently, a relevant study by Osterreicdteal [31] on theformability of AA7075, motivated
by Leeet al [32], hasassessedhe effectiveness oforming a preaged temper at elevated
temperaturesThe work hardeningxponentcalculatedby Osterreicheet al [31] at different

temperaturesas a measure of formability, are showrrigure 13

Considering the fact that fastagingkinetics are at play in the warm forming process,
lower amount obubsequerdgingduring thePBC isrequiredto achieve a final peak strength.
addition the evident superiority dhe formability responsesorresponding to theespectivepre-
aged conditioiversus the peaiged T6 tempesupports usof this process routattempeatures
ranging from 25C toapproximately175°C [31], according td~igure 13
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Figurel3. Then-valuesof the preaged tempewersis the T6 temper at various temperatuf@4].
pre-aged 120°C for 2 hours, following the solution treatment process.
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With further aging at paintbake temperatures, thpFe-agedalloy reached strengtlevels
almost95% of the peakT6) strength mitigating the larger reduction of strengtiohserved using
the T6 temper conditiof81].

2.2.1.Modelling of PrecipitationStrengthening

Numerousstudies haveden conducted on the precipitation hardening of the 6000 and 7000
series aluminum alloys subjected to various heat treatment cycles. Descbarapq36]
introduceda yield strength prediction model givére shearable, neshearable@bstaclestrength

contributions

A vyield strength model wasalibratel by Esmaeiliet al [62] for 6000series aluminum
alloys, in which the contributions of the solid solution strengthen{ng), due tothe solute
concentrationand the precipitation hardenirfg ), are added to the intrinsic strength of the
aluminum(,, ) [63]i [65]. Thisadditive which includeghe summaiton ofa handful of strong and
a largeaggregatef small obstacleattributable tahe precipitate and solute atorf4], [65], is

given by
noo noom Eq [3]

Theaverage obstacle strength was found tborsarly correlated with thgrowing radius of
theprecipitates until the peak aged condition, followed by a power lawlation given shearable

obstacles

Chenget al [66] presented a flow stress moddhkt integrates the dislocatieinduced
strengtheningwork hardeningor plastic work),, , into the existingprecipitationhardening

mode]| as follows:

; P A , Eq (4]

in which the exponenh describes thénterplay between thprecipitation and dislocation stress

contributions.
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Omeret al.[67] combined thexistingefforts into a union of precipitation hardeningadek

(Eq [9)]) to predict the flow stressf the diequenchedspecimen following asuccessiveaging

treatment.
” ” ” p Q_
. 8 8 —
ry v =
& 670 Eq 5]
o
8 8 — &8 8 S—
o P &
04
in which,,  represents th&SSyield stength,and Qs therelative volume fraction of the

precipitate468]; 0 is a function of the peak aggikld strength{62]; 2 is the average precipitate
radius as a result of the heat treatment pro@esis theaverage precipitatedius corresponding
to thethreshold between the shearable andsiogarablestatesand...is theabruptness measure
of the shearableo nonshearable transitiof68]. Lastly, , is a factor taking the@bsenceof
precipitates into account— correlates to thaitial rate of hardening of the materiand—is the

instantaneous workardeningate[68].

This amalgamation resulted en accurateprediction modebf the hardening behawour of

pre-aged and pealigedinitial conditions[67].
2.2.2.Modelling of PlasticityResponse

To model the plsticity of a material, the determination of a yield surface (which distinguishes
the elastic and plastic behaviour of the material) is one of the first requirements. The first yield
criterion was introduced by Tresca in 1984, where a maximum shear thresdefthed as the

initiation point of plastic flow. The von Mises model was another yield criterion, which assumed
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that the material yielding occurs when maximum shear stress on the octahedral plane reaches a
critical value. The Tresca and von Mises yitldctions howeverpresume isotropic behaviaur

To consider the anisotropy of materials ls&d@minumalloys, several anisotropic yield functions

have been thus far proposékhe Barlat YLD2000[69] equationis one of most widehlused
anisotropicyield models Rahnaan et al.[58] have calibrated the YLR000 yield function of the
AA7075T6 sheetbased on tensile testirgf every 15 incrementfrom the principal rolling
direction of the materiahs well as shear and throutyjickness compression testify].

With furtherdeformation, yield surfaces are subjected to chalsgéropic hardening is the
simplest hardening model which assumesuthiéorm (proportionallexpansion of yield surfaces
within a stress doain with accumulation of plastic workfTo mathematically determine such
hardening response, knowledge about the relation (constitutive equation) between flow stress and
strain is required, which is acquired by conducting unieteiasion tests and then moliley the
stressstrain response using a suitable hardening law. The most common hardenisgthaw
powerlaw function, Eq [6], with the hardeningexponent n (or n-value, beinga commonly
adopted indicatoof the formability reponse of a given material

" L3 Eq [6]
in whichK is referred to as the strength coefficient, and n is the hardening, or power law, exponent.

FurthermoretheHocket-Sherby[70] hardening modelEq [7], has shown tbe an excellent
representative dhe plastichardeningoehaviour of AA707516, as determined birahmaaret al.
[58].

” ” ” ” :ﬂ g 96 3 Eq [7]
in which,, and, are the steady state and yield stresses, and N and P are material constants.

Lastly, aconcise assessment of a number of straie and temperature dependant models,
namely the Extended Nadai, the Bergstrom, and the Nes models, was undertdkenkioy et
al. [71] for AA3003 sheet material. Additionally, Omet al [70] performed a comprehensive

study on the constitutive response AA75 and a developmental 706€ries alloy during hot
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forming using the modified Voce modélq [8], with a good agreement with the experimental

results.

, 0 06 oW 2Jp Q Eq [8]

in which, the parameters A, B, C, and D correspond to polynomial equations as a function of

temperature and strain rate

The models were verified against various strain rate and temperaturesga@ssurvesas

shown inFigure 14
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Figurel4. Constitutive modelling using modified Voce fitting m¢dza].

2.2.3.CharacterizatiodMethoddor Large Tensile Strains

One of the main concerns witknsile tests pesfmed akelevated temperatusés thethermal
uniformity along thegauge length of thiestedspecimensas well as the onset of diffuse necking,
both of whch tend to promote a heterogens strain field Thus a localized stresstrain
extraction method igequired since the existence of a uniform strain within the gauge section rarely
persists beyond a few per cent str&dme approach to extracting tbeessstrainusing a local

techniqgue wagroposed by Omeet al. [73] and is referreda asthe Area Reduction Method

21



(ARM). This method ses Digital Imageorrelation(DIC) technology textract the instantaneous
local lengthwiseand widthwise dimensions of the specimen in thdl-direction of the tensile

test Furthermore, using the thagess strains obtained from the volume conservation assumption,
the instantaneous cressctional area is obtained for each frgmeage)of the captured data. This
area is then utilized in combination with the load data from load cells to determineetistréiss

and logarithmic (area) straat each frame.

The limits of the validity of ARM, mainlymposedby therequirement to reducgrainrate
variation and the intrinsic deviation thie stress stateom uniaxialto planestrain, was considered
by Omeret al [72]. The proposed solutiowas to discard values beyond which the strain rates or

strain pathsaddeviatel from the intended and nominal inguarameter
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Figurel5. Limits of validity of the area reduction method (ARM). The deviatiof¥gbt] Strain rates, and [left] strain paths,
from the nominal input parametefg2].

Alternatively, the phenomenologicahRM corrective measures proposed @gounget al.
[74], following thework of Scheideret al.[75], have shown tdimit the discrepancies causéy
theincreased strain rate atige alteredloading condition These efforts cahelp utilize the full
extentof the extracteddata usingthe ARM, but useisotropic and powelaw flow response

assumptionswhich may not be applicable to allaterials

Chounget ald Fr4] correction factor, to be multiplied with the ARM stressis presented

in Eq [9].

- < : Eq [9]
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in which, ¢ is the powedaw work hardening exponent T BT 1@ ¢ XU
MUENTR wgand T VU ® ¢ P8t ¢.These relations are valid for materials with an n

value 0f0.107 0.30.

2.3. Formabilityof 7000seriesAluminumAlloys

The Forming Limit DiagrantFLD) is atool to determinehe intrinsic extent of deformation
of a specific material (or temper this study overa range of loading conditior{strain states)
from drawing to stretching76]. The FLD is used to mark the limgtrains duringnetal formirg
in order to avoid nowniform thinning,i.e. necking, local thinning of the material leading to

fracture, olin some case&xcessive surface roughening

Major Strain, &,

Forming Limit Curve

lane Strain, &, = 0

—& Minor Strain, &, +&,

Figurel6. A representation of a forming limit diagram (FcbBjrespondig to different loading conditior§7].

A forming limit curve (FLC), consequdut is the curve thaemarkghe boundary between
uniform straining and localized neckirgp(id curvan Figure 1§. The workhardening and strain
rate (-) sensitivity exponentgn and m, respectively) are knawas representative parameters
influencing the formability response of material3he power lawequation modified to

accommodate the strain rate effectdafined as:

i 03 O Eq [10]
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Considenng a powedaw model, Hill [78] showed that the lettand side of FLDdgs
controlled bythe material workhardening exponensg¢eFigure 17. Thestrain ratesensitivitycan
vary forming limits by influencing the speed at winilocal necks can grow. A positive stragte
sensitivity (i.e. positivem) results in the extension of deformation after the ultirbatsile
strength (UTS) point and, therefore, improves formabikigure 17shows schematally the
effects of then andm parameters othe FLC. As can be seen, the higher thandm values are,

the higher the material formability is.

&4 &4
High n

»
»>

v

Figurel?. The effect ofvork-hardening indexn) [left] and the strain rate sensitiviggxponent (m]right] on the forming limit
curve.[79]

Moreove, another majorparametercommonly affecting the formability behaviouris
temperature, as discussed $ection 2.2Bagheriaslet al [80] evaluated thevarm formirg
respamse of the AA303 brazedsheet with an AA404%lad layer They found a 229%
improvementin formability at forming temperatures of 25G compared to room temperature
forming. Bobaet al.[81] also foundsignificant improvementéof nearly tenfoldl for the AZ31B

alloy, with more complexorming mechanisms due to redugrdmber ofslip planes

Further Li et al [82] have compared the warfforming responseof two automotive
aluminumsleetalloys AA6011-T4 and AA573 (seeFigurel8), andhave highlighted the reduced
formability gains at highetemperatures for th€000-series alloyDiCeccoet al.[83] have also

confirmed thisbehaviouron theAA6013-T6 sheet alloy shown inFigure 18. This response can

24



be attributed to the age hardening characteristics of the s alloys, which a@bset in the
3000, 4000, and 5006series aluminum alloy84].
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Figure1l8. Warm forming response of 5000 a6@00-series aluminum alloy§2], [83].

While the 7000seriesaluminum alloysshow a lower formability aRT, an increased
potential for warm formindpas been observéBigurel19) in the studies of Pishyat al [85] and
Sotirovet al [29]. Such findigsdemongratethe higheilgenerathermal softeningffectsonthe 7000

series alloyscompared to that of th@000 seriesaluminumalloys.
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Figurel9. Warm formabilityof high strength aluminum alloys, [LeRR7075T6[29], [Right] AA7050r6[85], as a function of
forming temperature.

Other factors influencingthe generd formability response of metaisclude but are not

limited to imperfections within the matrix of the alloy and the fracture behaviour of the material.
2.3.1.EvaluationMethods ofFormability

The early methods of the visual evaluation of formability csiesl of etching (circular or

square shaped) grids on the test specimen and then estimate their local strains based on the physical
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measurement of their initial and final siz&uich methods have been standardized using various
test apparatus including tiNaekazima[86] and Marcinial{87] forming tool setsand are used to

capture local instabilitieas opposed to a global instabilitythe case ofleep drawig.

More advanced methods incorportite use ohorintrusive data acquisitions methodach
as image capturing and analyd@ recordng the full history of deformation during the forming
procesg488][89]. TheDigital ImageCorrelatian (DIC) technique is one of these methods ties
led to the development o¥arious necking detection methodsith far greater accuracgnd
precision.A representation of the strain distribution obtained using the DIC method is presented
in Figure20 [Left].

Figure20. The major strain distribution using DIC [LEF], and strain extraction method as outlined in 1ISG42R:2008
[Right][91].

Conventionally, twanainschools of thought exisin the field of necking detection methods.
ThelS0O120042:2008standardutilizes a spatial analysisn whichthe strainvs. specimen length
is fit usinga parabolic equatiorgndthelocal peak straimpoint (within the parabolajiefines the
maximum major straif9l]. The second method utiliga temporal analysisin which the rapid
growth of thestrain rate or thinning rate of He material(amongst other temporaletection
methods)defines the initiation of localized neckinf®2], [93]. However,a comparison study by
Min et al.[94] concluded that methods combining both temporal and spatial analysis provide the
most robust outcomesincethe necking is a material instability resulting from both of these factors
[94].

26



In recent yearsDiCeccoet al. [83] andMin et al. [95],[96] explored a surfacgeometry
characterizatiomethod to detect the initiation of localized necking given the instantaneous change
in the specimersurface curvatureuring Marciniak and Nakazima tests. Waagal [97] also
developed a spatitmporal methodn which a sudden increasm the height ofthe specimen
surface topologyindicated bythe througkthickness strains at tHecation of neckng versusa
point in the neighbouring uniforrdeformation regiorduring the forming processlefinesthe

localized necking initiatiopoint

Most recently, Nodeet al.[98] exploreda cost and time efficiergtressbased forming limit
prediction method utilizing the constitutiveehaviour of the material under analysis, which has
led to an accurate and universal analytical prediction mdt. prediction model was initially
proposedy Stoughtoret al.[99], [100] as a method afircumventingheinaccuraciesaused by
complexnontlinear strain pats) independent of the load path

Furthermorewith the emergence of artificial intelligence, new algorithms have been trained
to predict the forming limits of an unknown and untrained forming condition. Examples of which
include the work of Elangovaet al [101] and Kotkundg102].

2.4. Summary oliteratureReviewand Objectives o€urrent Study

The formability of the fgh strengtlraluminumalloy AA7075 has beethetopic of previous
researchdue to its excellenstrengthto-weight ratio, for use in complesshaped automotive
components. A review dhe existingliteraturehasrevealed that the formability of this matéria
cansignificantlybeimproved at elevated temperatures; however, if a peak aged specimen is warm
formed, overaging can occur,resulting indeterioraton of the final propertiesOf particular
interest, recent work has demonstrated toaining of this naterial in so-called pre-aged
conditionscan result in improved formability under both room temperature and warm forming
conditions[31], [32]. It has also beedetermined thasubsequent heat treatment siepgch as
introduction of an autootive paint bake cycle can also result in gfiodl propertieswithin the

asformed part

To date, however, there has been only limited study of the warm constitutive behaviour of

preaged AA7075 during the actual warm forming process. In additiore tiees been very little
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systematic study of the formability of this alloy and temper under warm forming conditions. Both
of these topics require attention in order to support numerical simulation of warm forming of pre
aged AA7075; the current thesis aims address these gaps in the published literature
Additionally, the postPBC properties of a selection of optima&arm formingconditions are

evaluated to address thbjective of achieving a high final strengthtemper
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3. Material & ExperimentalProcedire

This chapterpresents the material arnle experimental procedures used in this research.
Section 3.1 presents the alloy and composition, while Section 3.2 describes the overall test matrices
and the ranges of theramechanical processing routes coesatl. Thevariousmechanical testing
apparatus are documented in Sections 3.3 to 3.5, which include the individual test settings. Some
additional information on theest settingsand equipment validationare alsoprovided in

Appendices A and B, as alsdeeenced in the appropriate sections in text.

3.1. Material Properties

The materialconsideredn the current study was AA7075 aluminum allslyeet a heat
treatable and workardenable alloy with the chemical composition listedable 1 The as
receivedsheet materiawith a thickness of 2 mnwasmanufacturedy Kaiser Aluminumand

received in the T6 temper condition.

Tablel. AA7075 Chemical composition as measured

Element Mn Si Cr Mg Ti Cu Zn Fe Zr Al
Weight % 0.04 0.08 0.19 227 003 138 5.63 0.15 0.01 090.22

The typical mechanical properties tife alloy are presented inTable 2 The O temper

(annealed condition) is also listed in addition toTegpeak aged) condtin, for reference.

Table2. The typical mechanical characteristicsAA7075[103].

Temper  Tensile Strength (MPa) Yield Strength (MPa) Elongation (%)
O 227.5 103.4 18
T6 572.3 503.3 12

Furthermoredue to the rolling process grioyed during the manufacturing process of this
sheet materialanisotropy in the crystal structure (rolling texture) caudiéferencesin the
mechanicabropertieswhen the material is tested in different (rollimg transversgedirectiors.
This anisotopy is commonly dfined by the Lankford coefficient-ralue) and is obtained from
Eq [11],
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P — Eq [11]

in which- and- are the true width and thickness straiinsing uniaxial tensile testinghe r
value d AA7075 ranges fron.78to 1.34[57]. Lower rvalue materials are commonly expected

to have lower resistance to thinning in a forming process.

The anisotropy bthe AA7075 alloy was shown to remarelatively unchangetbr various
pre-aged conditions (except the @mper) asleterminedy Leacocket al.[104]. This behaviour

is graphically presented Figure21.
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Figure2l. [Left] the yield strength of various tempers of AA7075 versus the test orientation] [Righiniaxial anisotropy-(r
value) of the different tempers as a function of test orientatibime heat treatment temperature was set to 12(q204].

3.2. ThermeMechanical Processing Routes

Severabpre-agingheat treatment schedules weamsidereat temperaturesf 80 °C, 100 °C
and 120 °Cfor heat treatment periodsf either 1, 2, or 4 hoursAn additionalasquenched
conditionwith a subsequent natural aging period of two dagsyell as thasreceived T6 temper
werealsoevaluatedo determinghe mechanical response of this alloy between the extremes of

the nearly agjuenched condition and the peak ageddition

The experiment al program was divided into
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1 Stage I Preaging followed by room temperature tensile and formability testing;

1 Stage 2i Preaging of selected processing routes followed by warm constitutive

characterizatin at various temperatures, heating rates and strain rates;

1 Stage 3i Preaging of selected processing routes, followed by warm formability

characterization at various temperatures, heating rates and forming speeds;

1 Stage 4i Paint bake processing of seled asformed specimens, followed by

hardness characterization.

The initial scopén Stage Wwas quite broad, howeverdownselectiorof material conditions
wasundertaken to redudée consideredempers and test conditions feachsubsequenstage
with the general objectives of improving formability, forming stability (absence of PLC effect),
and achieving a peak final temgsetrength) The testing performed in each stage is outlined in the

following text.

The heat treatment process for all tensidg-done specimeng{gures30and36) used in the
constitutive characterization experimemtasperformed in a fluidized (sand) furnace. However,
due to their larger overall dimensiotise plane strain spegnens Figure32), usedto evaluate the
warm formability response, were heteated in a separate convection furnace. Studies of the
thermal response for the two furnaces are presented in App&n8ectionsA.1 andA.2 . After
heat treatment, the specimens were storedyincg within alow temperaturdreezer(set to-40
“C) to minimize the precipitatiokinetics of the specimens between theepging and testing

processes.

3.2.1.Stage I PreliminaryRoom Temperature Temper Evaluation

The process schedule adopted for the first stage is sindwgure22. As illustratel, the as
received T@emper specimensgerefirst solution treated at approximately 4712 for 30 minutes,
followed by waterquenching whichplaced the specimen aSapersaturated Solid Solution State

(SSSS). The specimens weeihen allowedo naturallyage for two day$§2 day N.A). This period
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represents a nominal material handliimge in industry andpromotesthe growth offine and
closely spaceP zonesas observed bleeetal. [32]. Somespecimens werplaced in dryice
for testing at this specific aging statéhelremaining specimensderwentthe artificial aging
procesesat the aforementioned peging temperatures and duration. These specimens were then

placed in dryice until tested at room temperature (RT).

A summary of all conditions evaluated in tlstsge is givenin Figure23, andinvolved a
pool of 9 preaged conditionsas well aghe T6and 2 day M. tempes for referenceThis range
of conditionsservedto providea general understanding of constitutive behavamd formability
limits as a funtion of preaged conditionThe mechanical testing forigfirst stagevasperformed
at room temperaturand comprisetensiletesting at a strain rate of 0.01'sandNakazima dome
testing with a punch speed @&.5 mm/s Each test condition includeddr repeats to evaluate the
repeatability of the resultsThe testing methodologies for the room temperature tensile and

formability experiments are given in Sectidh8.1and3.3.2 respectively.
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Figure22. Preliminary(Stage 1)AA7075 preaging heat treatment and room temperature testing process parameters.
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Figure23. Stage X; preliminaryroom temperature temper evaluatidest matrix

aging temperatures
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The erminology used to refer to each one of these PA temper condgioasprised ofhe
aging temperature followed by the aging time at this temperater@Z0C1h refers to the temper
aged at 120C for the duration of 1 hour).

3.2.2.Stage2 i WarmConstitutive Characterizatioof Selected Tempers

Stage 2 comprised the warm constitutive characterization of selected teimpkisstage
thepre-aged tempenwere limited to a hour preagedurationat either 80 o.00 °C(the rationale
behind these choices Wbe presented in Chapte).4Here, amore comprehesive constitutive
characterization studyas undertake(Figure24) at multiple forming temperatur¢$50, 175 and
200°C), heating rate€20 ~ 0.83°C/s) and deformation ratg9.01, 0.1 and 1.0% corresponding
to typical warmforming conditiong. Thetensileexperiments werperformed ora Gleeble 3500
thermemechanical simulatand he Gleebletest matrixis presented ifrigure25. The details of
the methodology for these experiments are given in Se8tibA Similar to theStage ltests at
room temperature, eadbstcondition wasrepeateda minimum offour times to evaluate the

repeatability of results.
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Figure24. Stage 2/3(GleebléWarmNakazima ¢ AA7075 preaging heatireatment and constitutivformability
characterization process parameters.

Elevated Temperature Tensile Tests (Gleeble 3500)
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Figure25. Stage Z; Gleeblgest matrixfor the warm constitutive characterizatioexperiments

In the Stage2 experimentstwo heating rates wemxaninedto evaluate theffect ofaging
during heatingorrespondingo a slowerconventionaheating methodnda newly available fast
contactheating methodutilized in the Nakazima warm forming experime(isage 3, Section

3.4.2. The slow heating parameters were obtained from-axisting test apparatus, whiased
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the heated tool and dget to graduallyheatup the specimensn an averageéime of roughly 3
minutes. The new fast heating methadascapable of achievinlgeating times as low ass@conds
to reachthe maximuntestingtemperature of 208C. Thereforeaconservativéneating rate of 20

°C/s wasadoptedor the fast heatingrocesswhich was used faall warm tensile tests

The Gleeble apparatus was progrdn@mimic the twoheating rate under consideration
The fast heatingxperimentsncluded adwell periodof approximately 10 secondd the warm
forming temperature® simulate thesample transfer and clampipgriodin the warm forming
procesgdiscused inSection3.4.2. Moreover, this added tinrssoservedas astabilizationperiod
allowing the Gleeble test specins#n achieve anoreuniform temperature distribution across the
gauge regionThe dwell peiod was not considered necessary for the slow heating chicte.

detailed thermal cycle for the Gleeble testsillustratedin Figure26.

Fast heating thermal cycle

Ve

" Tensile deformation at

Heg(tjlzgtgttﬁg Etl;: 0;20 Dwell period of 10 s at the target test
tem eratureg elevated temperature temperature and
¢ strain rate

Slow heating thermal cycle

Heating to the target temperature in 3 Tensile deformation at target test
minutes temperature and strain rate

Figure26.Thermal cyclesn the Gleeble tests.

The abbreviationdor these test conditions (or process routeshprisethe corresponding
test temperature, followed by the temper, the heating rate, and lastly, the strain rate, in this specific
order. For example, 150200C4hF-0.01 corresponds to the test performedtio@ 100C4h
temper, fasheated to 150C andtestedat a strain rate (SR) of 0.0%.s
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3.2.3.Stage 31 Warm Fornability Characterization

In the third stagef the experimental progrgm narrowed selection of the Gleeble testing
conditions wereadopted to perfon warm forming experimentsusing plane strain Nakazima
specimens in ordeo assess the effect tdfmperforming temperaturand heating rate, and punch
speedon warmformability. The thermemechanical process history for tlselectedforming
experimentss common to that considered in the Gleeble experiments in St&gguPe24), with
the exception that punch speed replaces strain rate in the di&ggane27 showsthetest matrix
corresponding tthe Stage3 experimentsin whichthe differentpunchstrokeratestemperatures
and heting ratedor the three temper conditioase outlinedThe motivations for thselectionof
these test conditionis presented isection4.2 Up to four repeats were done for each condition

(only threerepeatsf the first three experiments exhibited gaegeatality ).

Elevated Temperature Formability Tests
(Fast Forming System)

R
{ B ER ’ 173 -l o0 20 °C
1mny/s B8 1 mnv/s Linavs [ )i 1 s | [ 1 mu's | 1 maw's 1 1 mu's B8 1 mavs
63 muny/s 63 mm/s 63 mu/'s
63 mm/s 30 mm/s
Initial temper condition 63 mm/s
Test heating rates and temperatures T SIQWHCHDS rate
Punch stroke rate 1 s |
6 '

Figure27. Stage X, warm formingtest matrix.

Similar abbreviationsvereused to describghe test conditions of this stage, except the strain
rate designation was replaced byaippropriate stroke ratBor instance, 17580C4hS-1 (mm/s)
refers to thNakazima formability test performed ora (planestrain) specimerwith an80C4h

temper slow-heated to 178C and tested at a stroke rate of 1 mm/s.



3.2.4.Stage 4 FinalHardness Following®BC

As thefourth and finalktage of this investigatiphardness tests were performedsetected
pre-and postpaint bakedvarm formedspecimensextracted fron the flange and formed Q%
strain) regions of th&lakazimasamplesThe process diagram ardst matrix for this final stage
are shown inFigures 29 and 28, respectively The paint bake @le comprised a single heat

treatment step attemperature of 177C for a duration of 30 minutes.

Further, the specimens were exposedriadditionabne day of natural aging prior to the
micro-hardness testing. This period at room temperatereespads to thecuring time of
specimen holders (epoxy pucksgcessary for mounting the specimen on the test apparatss.
aging step, however,can be neglectediven thefindings on thestability of similar tempers

evaluated byDsterreicheet al.[56] (discussed ifsection2.1.3.
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Figure28. Staged ¢ Process diagram of the hardness evaluation tests following the warm forming process
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Figure29. Stage 4 final hardnesgest matrix

3.3. Room Temperature Mechanical Testingtlods

3.3.1.MTS TensileTesting Apparatus

Room temperaturéensile testingor the Stage 1 experimentgas performed oa 100 kN
MTS Criterion %4 senvo-electric tensile framequipped with a 3D DIC system, stsown inFigure
29. Note that the DIC system is described in Sec8dn
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Figure 30. Room temperature tensile frame.

The standard ASTM E8 geome{y05] was utilizedfor room temperature tensitests. This
geometry is displayenh Figure 30 Therolling directionwasoriented along the tensile straining
direction as specified ithe ASTMstandardThe crosshead speed tbe MTS tensildrame was

adjustedo achieve amominalstrain rate of 0.01's

12.7 —
)

25.4
| t
1

6.4 —T R12.7

58.9 |

69.9 ; 63.5

1443 ,
203.2

Figure 31. ASTM ES8 tensile specimfr05] used for theoom temperature tensilpgeriments in Stage 1.

3.3.2.MTS Dome Tester Apparatus

Theroom temperatureormability studieqStage 1were performed on the MTS formability
press(dome testeryhownin Figure 31 A 3D DIC system was alsavailable wih this hydraulic
apparatuso extract thdull field strain distribution on the formed specimen
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A Nakazima86]punch with a diameter of 10 1eafl) mm
die-set with binder and diepeningdiametes of 116 mm and 105.6 mm, respectively. The die
entry radius was approximately 6 mfnclamping brce of 640 kN was input into the supervisory
(LabVIEW) software, and the punch speed was set to 0.5 mm/s.

— = Irrr
| 3D DIC cameras |W f ﬁ,‘

]

. !

H_H B W=

Figure 32. MTS dome tester apparatus.

The planestrain (PS) loading stateprmallysignifying the limiting statflowestformability)
of a typical forming procegssillustratedin Figurel6), along with the standard 1SO120242008
[91] necking detection method, were selected to compare the formability of the diffenpetse
and forming conditionsTo reduce friction, four layers of Teflon sheets with Vaseline lubrication

between each layer was used between the punch surface and the blank.

The adopted specimegeometry shown inFigure 32 wasutilized in accordance withhe
ISO 120042: 2008 recommendation§91], and was used to capture the plane strain loading
condition Thisdesignwasoptimizedto achievamprovedgeometrical stability, avoidintailure
at the dieentry radiusasverified by experimental resultBurthermore, the specimemajor axis
was selected to k®ignedwith respect to theansverselirection,sinceexperimental results from
DiCecco[106] and Pishyaet al.[85] demonstradthatthetransverse directiowasthe limiting
direction.
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R112.7
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Figure 33. Nakazimalomespecimen geometr{referred to as thé B a t @ d@eometry[91].

3.4. Elevated Temperatuidechanical Testing Methods

3.4.1.Gleeble 3500rensle TestingApparatus

Elevated temperature tensile test{{&tage 2) considering a range of testitgmperaures,
heating rates and strain ratessperformedusing aGleeble 3500 thermomechanical simulator
This apparatusutilizes aclosedloop electricd heating circuit with the capability of rapidly
increasing the specimen temperatimeaddition to achievea moreconstanstrain rate, the high
pressure mode was activated for all of the tests performed on thisHetuBleeble apparatus is

shown inFigure 33.
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Figure 34. The Gleeble 3500 with the DIC system.

The Gleeble apparatus utilizesesistive heating methad which AC current flowsnto the
specimerthroughthe cooledgrips This gripping and heating arrangement, along with the high
thermal conductivity of thealuminum samples, introducean undesirablethermal boundary
condition resulting in a significangradient in temperaturalongthe length of the specimen
Typically, the temperaturat the centre of the specimerraaighly 20°C higher than at the grip
regions as shown irFigure34 1 left hand graphThistemperature gradiemesults ina lack of
strain uniformitywithin the gaugesectionof the specimen. Therefore,modifications to the
boundaryconditions(grippercontactswere madesesulting in noticeablanprovements as shown
in Figure 34. The details of the corrective measures diseussed in fdher detail in Appendix
B.1.

Initial Temperature Gradients Corrected Temperature Gradients
50

45
40
35
30
25
20

15
10
5

0

Temperature (°C)

20 22 24 26 28 30 20 22 24 26 28 30
Time (s) Time (s)

Figure35. The difference in temperature between the/desiredtemperature(which is achieved at theenter of the specimen)
5 mm away from the center (Orangend the furthest end of the gauge region (Grey). inffrovedtemperaturedifferencein
response to the boundary condition modificati@me displayedn theright-handgraph
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Given the adverse effectsthietemperaturgradient along the length of the specinoerthe
resulting strain distribution,the Area Rediction Method ARM) was implementedto obtain
localizedstraindataat the centre of the specimdrnis implementatioand validation of the ARM

strain measurements greesentedn AppendixB.2.

Additionally, given thethermal softeningffect presentedn Chapter4.2) andtheresulting
high sensitivityto minor setup misalignmeg)ta modified version of the standardni JIS (MJIS)
tensile specimen was desighi@ collaboration with Ly107]. Figure 36displaysthe dimensios
of this modified JIS geometry.The methodology for ensuring representative data is further

discussedn AppendixB.
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Figure 36. Modified JIS geometry utilized on the Gleeble apparatus.

3.4.2.Warm Forming Experiments

The elevated temperature formability experimd@tsge 3 experimentsitilized the warm
Fast Forming $stem(FFS)that was receit developedat the University of Waterloby George
[108], shown inFigures 37 and38. This systenwas used to evaluate tharm formability of a
rangeof pre-agedtempes and test conditiondisted inFigure27. Two furnacesare availabldo
achieve different heating rates, namelgonventionaDelTechconventiorfurnace and a CaBng
platen (or contact) furnacBurthermorean ABB robotic armwasusedto rapidly and consistély
loadunloadthe specimens intut of either furnace, andsubsequentlyoad irto to the heated

forming tooling
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Figure 37. Theautomated warm forming/stem Georgg108].
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Figure38. [Left] Furnaces and the sample transfer system. [Right] Forming and data acquisition s@tengg{108],
DiCecc{il06].
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Thewarm formingtooling (Figure39) utilized a heatedNakazima punclwith adiameter of
1016mm4 o), that mat c h essdintthereomgaempecatur®dS damedeister r
setup Bection3.3.2. Theplane strairspecimengeometry Figure 32, was alsacommon to the
room and elevated temperatuferming expemments The die and bindespeningdiametersvere

both112 mm with aie entry radius of 8 mm.

The tooling is actuated with a high speed hydraulic press (manufaetilyy Macrodyne).
The press has a 600 Ton main shkael a 300 Ton outer slide. The outer slide was not used in the
current experiments-or the current experimentsiet main slidevas operated ia fast approach
mode that can achieve a closing speeappiroximately 170nm/s at 60 Ton maximum forc€he
adted closing speed for the faster experiments was limited to 63 mm/s to ensure a nearly constant

velocity.

A clamping force o#0 tons(~392kN) is applied via a hydraulic cushi@vailable on the
large Macrodyn@resssystento fully clamp the specimdoetween the diand binder toolingind
avoid drawin during the forming processA selection ofpunch speedsrangng between
approximatelyl mm/s and 63 mm/svere used tevaluatethe rate sensitivity of the specific
tempes and test conditias for compaison withthe data obtained from the Gleeble apparatus
(Stage 2 experimentdh all testsa lowfriction condition was achieved using four layers of Teflon
sheets between the punch tip and the blbiokvaseline wasitilized between the Teflon sheets in
these experiments avoidanysmearedesidues on th®oling, especially giverthe insignificant

improvements it offergdas determined by experimental results

All tooling components(binder, punch, andipper die)were heated to théarget test
temperaures, simulating an isotherm&rming condition, with temperature feedbacksing
embeddedhermocouples placed close to the contact surface with the blank. The punch tip
thermocouple location imdicatedin Figure 39. Additionally, a pyrometerintegrated into the
warm forming systenwas utilized to validate thgtartingblank temperature immediately before
triggeringthe forming stepAll temperature settings arntdermalvalidationstudies are presented
in AppendixA.3.1
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Figure39. Heated tooling and the specimen positioning on the FFS, GAOgje

The punch wamounted on atationarypost while the die is mounted on thress mairslide.
The binder is mounted dhe hydraulic cushion which operates under load control to clamp the
sheet metal specimen to the (éhile translatingduring the press isike. Further, pring loaded
lifters (or positioners¥yerve to position the blank and hal@bovethetooling surfaceprior to die
closure. The specimeis firstclamped against the binder and then formest thestationarypunch
due to the motion of th press slideand die(see Figure 41). One advantage of this tooling
arrangement is that the punch position is constant suckhth&bcaldistance between thig of
the punch (and specimen) andmeralenses (also stationaryjs constant, maintaining image

guality over the entire forming stroke.

CAD imagedisplayingthe tooling in isolation and the motion during tleenfiingcycleare
shownin Figure40. The key process parameters forwem formingteds arepresentedh Table
3 anddisplayedgraphically inAppendixA.3.2. Thetemperature profilesverthe duration of the
tests achieved by théwo furnacesand the heated toolizgvere plannedto roughly reproduce
those of the Gleeble tests.

However,some inherentariationsexistedbetween théwo setupsThe specimememoval
time fromthefurnaces (roughly6 s, corresponding to botturnaces)specimeriransfer timsfrom
the furnaces to the diget positioners(roughly 6 s), and die closure period® to 13 seconds
corresponding to the different test speed#joduced the largest source of differenthe time
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required foithe robot taetract andlear the forminglie-setwas roughly 2 secondsjais included

in the die closure perioth the duration ofthese stepshe specimenwereexposed to convectional
heat transfe(to ambient aiy for 14 to 25 s (4 to 15 s longer than what the Gleeble specimens
experienced)As listed in Table 3 and shown graphicallyin Figures93 - 96, the specimen
temperaturg immediately before the clamping stadead droppedbelow thetarget forming
temperaturegup to roughly D °C), especially for the slower stroke rate tests (although the blank
temperatures woulthter increassomewhatfter contacwith the heated dieduring forming.

Also, the Gleeblesystem utilized a constant heating rate of@®& (whch translates t@.57 10 s

of heatingtime for the different forming temperatures), whereas the FFS was programmed to
achieve thevarmforming temperatures in approximately &cross allesttemperaturesThese
differencegepresent a potentiaburceof error when validating the constitutive models ughng

numericalmodels presented in Chapter 5 of this thesis

Specimens transferred to one of
the furnaces and heated:
* 3 minutes — Slow Heat

Specimen transferred
to heated dies in ~6s

Top die closes and
clamps specimens in:
¢ <13s,forthel

Clamped specimen
pushed down on
the punch at speeds

* 8s—Fast Heat

mm/s stroke rates
* <25, for all faster
stroke rates

up to 63 mm/s

Transparent Die
- i el

Figure40. Isolated Fast Forming proce&eorge[108].

Figure41ldemonstrates thi®fming process in more detailsewed from the section planes

Specimen resting on spring
loaded lifters/positioners prior
to die closure. Resting time is
from 2 — 13 seconds, depending
on test speeds as discussed in
Figure 40.

Top die closes, pushing the
spring loaded lifters/positioners
in, and clamps the specimen
with a force of roughly 150 tons

Section
(Center)
Plane

Specimen is pushed down on
the punch at the prescribed
speeds

Figure4l. Detailed section &iv of the forming process.
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Table3. FFStestparametersThe listed values correspond to a representative tesiaidn
process routeand are rounded to the nearest integdf.other parameters are common to all
warm forming tests, performed on this apparatus amdincluded in the text (above).

Forming Heating | Stroke | Die and Punch Blank Die closure period (s] Blank
temperatured period rate Binder temperaturgl temperature | (starting from the temperature
(°C) (s) (mm/s) | temperaturey (°C) when placed | placement of immediately
(°C) onpositioners| speimen on before die closurg
(°C) positioners) (°C)
1 22 21 20 13 20
RT N.A.
63 21 22 20 2 20
8 (Fast 1 150 152 156 13 145
Heat) | 63 150 151 150 2 149
1 156
50 180 1 150 156 13 144
(Slow 10 150 156 149 3 145
Hea) ™3 150 153 153 2 149
1 175 178 181 13 168
10 175 178 178 3 175
8
175 30 175 179 178 2 175
63 175 179 175 2 171
180 1 175 180 180 13 168
o 1 200 205 201 13 190
63 200 204 204 2 200
200
1 200 207 208 13 195
180
63 200 210 191 2 189

The approximate distances between the specandrihe tooling is presentétgure4l.

gv
R
—

Figure42. Relative positionf the specimen from the tooling surfac€eorge108].
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3.5. DIC Analysis

3D digital image correlation (DIC) systamprovided byCorrelated Solutions Inavere
utilized thioughout this study to obtain full field strain measurenoeetthe duration ofhetess.
This nonintrusive technique tracks thmotion of high-contrastspecklepatterns ordeforming

specimen surface during a test, to determine local deformation, abeddry Suttoret al.[88].

Random higkcontrast sped& patternsasshownin Figure42, wereobtained by spraying
black paint on top of a white backgrourdhe specimens tested at room temperature were painted
with the Paint erdspmy paimawbile the 3peciPens ted at elevated
temperatures were sprayed using the VHT FlameProof Coating. Two layers of whitevgrain
applied, allowing approximately 5 minutes for drywmigeach layerThe black speckles wetleen
sprayed on from approximately 20 cm awag illustraed in Figure 43, with the nozzle
perpendicular to thepecimens laid flain a paint booth(spray paintstanding upwardsn paint

booth surface

Figure 43. A tensile sample with black speckles on aevbackground, used to track the deformation of the gauge region using
DIC.

Figure44. Speckling the“t'\énsﬂe specimens with the black spray paint.
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3.5.1.Cameraand LightingSetups

The MTS Tensile and Dome Tester apparatustiized a pair of mid-speed FLIR
Grasshopper series cameras, captunmagesat rates ofup to 150fps with a resolution of 5 MP.
The FFS employed two high speed Photron AX100 cameras, capturing images at a maximum
frame rate of 750 fps with a 10241024 pixel reslution. Lastly, the Gleeble apparatus used a

pair of 2.2 MP cameras recording at a maximum frame rate of 280 fps.

The DIC systememployedon the Gleeble an@FSutilized a blue lighting technique which
is commonlyused along with a blue light filterto maintain a higkcontrast monochromatic image
in the presence of blabkdyradiation, emitted from specimens at higher temperatWhse the
currentwarm forming temperatures will not induce any additional light (glow), the blue light

techniqueservedo increase contrast, anehstherefore utilized in this study.
3.5.2.Quality of DIC Strain Measurement

In order to develop a standard evaluation metric for the quality of DIC measurements, the
Virtual Strain Gauge Length (VSGLYliscussedby Rahmaaret al. [109], was employed. The

VSGL is an indication of the resolution of strain in a given DIC setubiscalculated as:
O Y'OUYQI ¢ & é WM HQVEME 6 Q1 WD VA VQAD Qi Q Eq[1Z]

The resolution of the region of interest is measured as the average size (in mm) of the region
divided by the corresponding numlrpixels, inthe longitudinal and transverse directions. The
Step size ad Filter size are variables used in the DIC software to extract the smoothed local strain
values. Typical VSGL values for standard tensile and dome formability tests are withamglee
of 0.57 1 mm and * 1.5 mm) respectivel\j106], [110]

The VSGL values of the DIC systems, employed on the Mé&Bsile and Dome Tester
frames were set to approximately 0.86 mm and 1.4 mm, respectivalyher, avSGL valwe of
1.0 mm was utilized for the strain measurements on the Gleeble ertF$hTable 4 list all

relevant DIC settings for each test apparatus.
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Table4. DIC settings for the different apparatuses.

Step size | Filter size | VSGL (mm) | Subset
MTS Tensile 3 5 0.8 19
MTS Dome Tester 5 5 14 35
Gleeble 4 5 0.% 27
FFS 2 5 al 21

3.5.3.Necking Detection and Strain Extraction Methods

The 1SO120042:2008[91] necking detection methagas utilised to evaluate the forming
limits of the plane strain Nakazima tests. It should be noted that although the d&&iyre
specifically caters for room temperature tests, this failure detection method was utilized at a variety

of warm forming temperatures, as wellfasthe RTexperiments

Furthermoregiven the standard test geometry and procechirdse preliminay RT tensile
tests(in accordance with ASTMES [105]), and the resultant uniform strain distribuspthe

conventional strain extraction method (usindual extensometers) wasployed.

However, considering the namiform strain distributiosalong thegauge region oélevated
temperature (Gleeblegnsiletess, although reduced slightly as mentioned in Chapiérl, the
recommended standard strain gauge lengths were deemed unsuitable. Therefore the ARM was

employed for the local strain extractj@s further described i\ppendixB.2.

3.6. Hardness Measurements

Vickersmicro-hardnessneasuremestvere performen thewarm formedspecimens prior
to and after forming, as well as followiagubsequerpaint bake cycleThe measuremenigere
performed on a Wilson Hardness 402MVD Microhardnésster The applied forceon this
apparatusvas set tol kg with 15 second of dwell time. Four separate measurements were
performed on each test specinterensure repeatabilitfhe PBC heat treatments were performed

in the fluidized (sand) furnace.
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4. Results and Discussion

This chapter presents the resultstitd experiments based on the methodologies laid out in

Chapter3. The results are presented in order by Stage within the test matrix:

|

Stage 1 Preliminary Room Temperature Studies of Effect ofRge

=

Stage 2 Warm nstitutve Characterization dbelected Tempers

=

Stage 3 Warm Formability Characterization

=

Stage 4 Final Hardness Following PBC

4.1. Stage 1i Preliminary Room Temperature Studies of the Effect of
PreAge

4.1.1.Room Temperature Tensile Results

Figure45shows the room temperatwgrgineering stresstrain response for the range of-pre
aging conditions considered in Stage 1 of the test md&gu(es22 and23). In addition to the
pre-aged conditions, results for the-r@zeived (AR) T&emper, an aguenched (Wand an as
guenched + 2 day naturally age?l day N.A) temperare also shown foreference.The as
guenched temper is evaluated for the sole purpose of demonstrating the severity of its PLC effect.
For clarity, only the fAmedian curveso are plc
each thermal treatment. In general, the scatter in thevdateelatively low, as illustrated Figure

46 which shows the complete set of curves for twegged conditions.
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Figure 45. Engineering stresstrain curves corresponding to various gaging states.

From observation ofFigure 45, for longer aging times at higher temperatures, the yield
strengths approach that of the peak T6 temper, butielgece of workhardeningis seen to
decrease. Alsoat low preaging states, higher solved solute concentrations promote PLC
instabilities[48], as indicated by the observed serrated flblae PLC type appears to be of type
A, with therandom serrationgrowing more apparembwards the end of the strestsain curves.

The PLC effects are reduced with higher levels of aging, while the largest PLC serrations are

observed for the aguenched or \Wemper condition.
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Figure46. lllustration of the variability in engineering strestsain data for the 100C4h [Left], and 80C4h [right}-aged
tempers.
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The degree of work hardening, measured here as the difference between the true stress at the
uniform elongation (thstrain at UTSpand yield strength, and the total elongation are displayed in
Figure 47 a) and b) using the median curvesHigure 45 for each material condition. Both
guantties are of interest as potential indicators of sheet formability perforntavident reduction
in the amount of hardening and associated reduction in elongation are observed as the degree of
aging is increasedPlotting these quantities against each iotbieevery tempeif-igure47c), also

clearly demonstrates this response.

TGO |—
120C-4h
120C-2h
120C-1h
100C-4h
100C-2h
100C-1h
80C-4h
80C-2h
80C-1h
2 Day N.A.
As-quenched
0 50 100 150 200 250 0 5 10 15 20 25
a) True Stress at UTS - True stress at Yield (MPa) b) % Elongation
250
- f\ /—|As- uenched
230 80C-1h . ) quer
2 510 80C-2h " S 2 Day N.A.
g .
1; 190 100C-2h x\ 80C-4h
< 170 _}0(-41 P 100C-1h
= "N
S 150 N
% 130 \\\ ~120C-1h
E 110 o ~1120C-2h
Z o0 120C-4h
70 To
AT
50
12 13 14 15 16 17 18 19 20 21 22
C) % Elongation

Figure47. a) Extent of work hardeninfpr each temper. blpercent elongation ofachtemper. ¢) Extent of work hardening vs.
percent elongatiorfor each temper, grouped by aging temperatures
In assessing which of the under aged (PA) tempers may be beneficial in improving the
formability of AA7075, it is evident that the 80C page treatments offer the highest degree of
work hardaing and elongation. In general, the 80C tempers exhibit the highest formability
potential, in terms of these metrics, and the work hardening and elongation are highest for the
shorter aging durations. In fact, the W temper (as quenched) aNé 2dnditions exhibit the

highest work hardening and elongation. It is important to note, however, that low aging
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temperatures and durations result in tensile instabilities in terms of thenBu€ed serrated flow
evident inFigure45. The R.C behaviour also results in a reduced level of repeatability in the
stressstrain response that can be seen by comparing the results for the 80C4h conBigarein
46 [Right] versughat of the 100C4h temper [Left]. The 100G#ndition exhibited a muted PLC

effect, and intermediate formability potential (work hardening and elongation).
4.1.2.Room Temperature Formability Results

Figure48 presents the results of the room temperature Nakazima formabilityirerpés in
terms of the limiting major strain versus minor strain at onset of necking. It is evident from the
plot that the minor strains are slightly positive, indicating that the specimen geometry resulted in
strain states that were slightly more biaxfen a true plane strain condition (zero minor strain).
The measured variability in the major and minor strains are also shown, from which the
repeatability is seen to be approximately £ 0.015 strain for both components which is judged to be
acceptable. Téconditions closer to the peak aged state (longer aging times at higher temperatures)
display reduced scatter, at the cost of somewhat reduced formability. Fhgeatéempers all

exhibit a higher formability than the as received T6 condition.
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Figure48. Forming limit graph with approximately plane strain data points of evaluated tempers. The error bars represent the
standard deviation& and & are themajor andminor strains, respectively.

The effect of aging duration and tparature on the limiting major strain can be seen more

clearly inFigure49. In general, the major strain to onset of necking is not significantly affected
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by aging duration for the 80 and 100 preaged conditions (for the duratis considered and

observed scatter). The 12Q preage results in a loss of formability as aging duration increases

to 4 hours.

0.18
0.17
" | peva) | )| |

g 01 | !
0.14
0.13
0.12

0 1 2 3 4 5

Aging time (hr)
Figure49. Major true strain @) vs. Aging time at each temperature. The 2 day N.A and T6 terapealso included for

referenceNote: Although major strains are selected as the indicators of higher formability limits in this study, the minor strains
canalsorevealimportant thinning characteristicconsidering the plane strain loading condifion

In downselecting the prage tempers for consideration in the subsequent warm constitutive
characterization (Stage 2) and warm forming trials (Stage 3), it is evident tH&ttB8 C pre
aged tempedisplayed high formabilityKigure49), work hardening and elongatioRigure47)
with relatively mild PLC serrationg-{gure45), compared to the shorter duration aging periods at
this temperature. As a result, this conditicawsveelected for consideration in Stages 2 and 3 of this
research. In addition, theh - 100 C temperexhibited good formability, as well as a lower PLC
response and was also selectedure50 shows the original test matrix fdrd room temperature
trials in Stage 1, in which the two dowvgelected prege conditions are highlighted. Note that the
120 C pre-age conditions exhibited lower formability and were dropped from the subsequent
stages of this work. The forming limit straifor the two selected conditioase overlaid atop the
T6 FLC obtained by DiCecdd06] in Figure51. The tworeferenceaemperconditionsof T6 and

2 dayN.A. are also shown in this figure for comparison purposes.
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Figure51. Forming limits of the selected PA conditions plotted against the T6 FLC due to DiCecco [106]. The error bars represent
the standard deviations.

4.2. Stage 2 Warm Constitutive Characterization of Selected Tempers

Elevated temperature tensitsts were performeat different strain ratesn the reduced set
of preaged tempers, namely a 4 h4aige at either 80 or 10€. The ageceived T6 temper was
also included in this study for comparison purpo3é&® process parameters and the test matr
for this stage of testingreillustrated inFigures24 and25, respectivelyThe median curves were
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utilized for this comparison study, with the same reasoning as that discussed in Stage 1 (Section
4.1).

As described in Chapt&:2.2 the slower heating rate proposed in this study, corresponds to
the heating time required for the test specimens to achieve steady state temperatures in
conventionawarm forming apparatug\ limited number of tests were performed to examine the

constitutive response under conditions corresponding to the slow heating approach

Figure52 shows the effect of elevated temperatures on the tamnstiresponse of the three
tempers for the lowest strain rate of 0.G1and using the slow heating systdfigure52(a) serves
to show the reduction in yield strength of the peak temper (T6) condition with the increase of test
temperature. The T6 material also exhibits the early onset of diffuse necking (corresponding to the
UTS) at relatively low strain, as well as an increase in the p®St elongation relative to the RT
responseFigure 52 (b) and (¢ show the thermal softening that occurs for the twegyed
conditions. The reduction in strength with temperature for the twaged conditions is similar
to that exhibited by the T6 condition, however, thegged tempers exhibit strong work haraeni
at room and elevated temperature, indicating that the onset of diffuse necking at elevated
temperatures are significantly delayed relative to the T6 response. The differences in the work
hardening behaviour isvident inFigure 53which compares the stresgain response for each

alloy at the three different test temperatures.
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The strain rate sensitivity (SRS) for two initial tempers of T6 and 80C4h at theuwar
temperatures is examined usifigure54. Plotted are the true stress versus true strain curves for
the T6 and the praged temper, tested aariousstrain ratesand test temperatures. At room
temperature, the T6 tempdtigure54 [Left]) has a slightly positive SRS, which agrees with the
findings of Rahmaast al.[111]. With an increase in test temperature, the T6 condition exhibits a
strong positie SRS. Furthermore, a reduction in total elongation is observed with an increase in
strain rate Figure 54 [Right] shows the corresponding data for the 80C4h temper. Thagp
temper also shows a reduction in elongation wittarease in strain rate at elevated temperature,
although the increase in flow stress with strain rate is noticeably lower than that seen for the T6
temper.
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Figureb54. Effect of strain rate on the true stress versus true staimes for the [Left] T6, and [Right] 80C4h tempers, heated to
the test temperatures using conventional heating rates.

In an effort to quantify the strain rate sensitivities of the different tempers under the different
test conditions, the true stress ppaximately 10% plastic strain is plotted as a function of strain
rate for each condition. These flow stress values correspond to the vertical intercepts with the
orange line drawn at roughly 10% plastic straiRigure54. The esulting data is plotted iigure
55 which uses a logarithmic scale for the strain rate axis in view of the expected exponential
dependency of flow stress on strain [dtE2]. As seen irkigure55[Left], the T6 temper displays
a strong positive SRS at elevated temperatures. In contrast, thggaréemper exhibits a rather

low SRS at elevated temperatures (nearly zero) and a negative rate sensitivity at room temperature.
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Figureb5. The strain rate sensitivity of the [Left] T6, and [Right] 80C4h tempers at the different temperatures, heated using
conventional (slow) rates, measured by the true stress values at roughly 10% plastic strain. The errordsars thpr
maximum deviations from the median results.

The effect of heating rate on the engineering sts&sgn response of the three tempers can
be seen by examinirfggure56. In general, the T6 condition displays mild oaging in response
to the reduced heating rates, indicated by the reduction in engineering §8é§des the range
of conditions tested (Note that not all heating rates, temperatures and strameratéssted for
all initial tempers due to the large amount of testing that would be required). Faggaréunder
aged) tempers do show differences between the stiess response for specimens using slow
versusfast heating. The effect of fast heafiis to reduce the extent of aging while the sample is
heated prior to warm tensile testing which in turn reducesntirease iryield strengthduring
heating As a result, the fast heating straesin curves lie below the slow heating curves for the
sane temperature and strain rate. This effect is most pronounced for higher temperature testing
and is more evident for the 80C4h faged temperHigure 56 ¢) compared to the 100C4h
condition Figure56 b). In general, the reduction in yield strength and greater extent of hardening
for the fast heating conditions is expected to promote increased formability, as investigated in
Sectionl.3
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Figure56. Theengineering stresstrain curves of the three different tempers, demonstratingefiect ofheating rateon the
yield strength and subsequent hardening response

The thermal softening exhibited by the T6 temper using both heating rates (for comparison)

can be seem Figure57. The T6 temper exhibita low strain at UTS and extended post UTS

elongatiomat elevated temperatures, with only mild influence of heating rate, as discussed above
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Figure57. Tte thermal softening effect observed in the T6 temper, in response tofteeedt heating rates.

Figure58 serves to compare the thermal softening of all three tempers tested using the fast
heating approach. The results are simitathe slow heating test&igure 53), with the primary
difference being the enhancement of the hardening behaviour of Hageuetempers for fast
heating to elevated temperatures.

Figure58. The themal softeningesponse foall tempers, utilizing the fast heating approach.
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