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Abstract

This thesis investigates the die quench forming of AA7075 aluminum alloy sheet, including the
constitutive and friction behaviour at elevated temperatures. Experiments examining
characterizatiorof friction behaviour and models to simulate sheet formingevadeveloped for
conditions corresponding to the die quench thermal process window, comprising solutionizing of
the materi al at 480 C, foll owed by simultaneo

A modified version of the temperatdi@nd ratedependenZerilli-Armstrong model [136]
was developed and calibrated as part of this work. This model was fit to die quench material
characterization data for AA7075 from two sources, due to @trar[54] and Wanget al.[119],
designated the Omdit and Wangfit models, respectively. Both models captured the measured
constitutive data relatively well, with the worst fit condition for the Offiteasorresponding to the
470°C, 0.1 3 test with an Rvalue of 0.7798, whereas the worst case for the Wiangas the
400°C, 0.1 ¢ test condition with an Rvalue of 0.8992. All other tests conditions exhibited R
values closer to unity.

A numerical model of tensile testing under DQ conditions was developed using the tensile
geometry from Wangt al.[119] in conjuncton with the Omefit to perform a direct comparison
between the Omest al.[54] and Wanget al. [119] material characterization data. The tensile
model using the Omédit predicted a significantly higher hardening response when compared to
experimental masurements by Wareg al.[119].

A numerical model of limiting dome height (LDH) experiments, performed under DQ
conditions by Georget al.[130], was developed to assess the constitutive models comprising the
Omer and Wangfits. The Wangfit demonstratd accurate loadisplacement and strain path

predictions with slight ovesoftening at high forming strokes. The Orfiemodel demonstrated




significant overprediction of the loads, while having accurate predictions for the strain path at
lower displacemen The predicted thermal history and temperature distributions reveal a
significant temperature differential within the formed part between the centre of the punch (colder)
and the unsupported region (hotter) between the punch and die for the 25.4 né2anthivide
specimens. The temperature differentegulted inthese specimes localizing within the hotter
unsupportedregion. The 152.4 mm wide speen also exhibited a temperature differential
making theunsupportedegion the hottest part of the specimen. Howefegrthis geometrithe
unsupportedegion encompasses the full circumference of the punch. This lowers the stress in the
unsupported region, forcing strain localization to the punch tip.

Under DQ test aaditions, an average steadtate coefficient of friction (COF) of 0.02 for
the Fuchs Forge Ease AL278 lubricant versus 0.15 for the Bbtode was obtained in the Twist
Compression Test (TCT). The Renoform 10 [90] experienced early breakdown while the
Renoform 25 [117] experienced gradual breakdown for the DQ test conditions. For experiments
using tooling preheated to 200°C, all lubricants experienced breakdown in at least two of three
repeats, except for the Fuchk278, whichexperienced an averageady stat€€OF of 0.015.

The Fuchs AL 278 was tested with DLC coated cups at various tooling temperatures. The
addition of the DLC coating was found to increase the COF for room tempeatling to 0.09,
however, a2 00 and 300 C t thecadditiongpf D@ wap undtd decrease the

COF. Atatooling temperaturef 350°C breakdown oftie DLC coating starts to occur.
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Introduction

1 Introduction

1.1 Motivation

Greenhouse gas emission (GHGE) reduction is an ongoing goal for many governments around the
world. In Canada, as well as in the USA, vehicle manufacturers are expected to comply with
progressively stringent GHGE targets across their fleet of vehicles. The target values are measured
based on the footprint of the vehicle (Eq. Aigurel presents the target values in g of gi@r

mile for a given passenger vehicle footpiint? (ft?) for the years 2011, 2016, and 2025 [1].

O¢ £ 0N Q&6 VM Qa kg 1R
n

With an average footprint of 4.232n(45.5 f8) for all relevant (high volume) vehicles
manufactured in 2017, it is clear (Figure 1) that the averagee@@sion level must stay below
90 [MW1] g QO2/km (145 g CG@'mile) for a given manufacturer to comply with the 2025 target
levels. This requires an approximately 4% annual reduction ifn éd@ssions. The European

Union has very similar goals for GHGE

Passenger Automobiles

370 7 F —2011
Increasingly stringent

stand ards pursuant to the
Passenger Automobile and
Light Truck Greenhouse Gas
Emissions Regulations

320

270 ——2016

220 -

—2025

170 -

€0, Emissions Target Value (g/mile)

120 - . . . . .
35 40 as ) ss €0 65
Footprint sq. ft

Figure 1: CO2 emission targetalues(g/mile)vs.passenger vehicle footprint (sq,) fil]
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The EUCO27 and EUCO30 are two central scenarios developed by the October 2014 European
Council to reach 2030 targets, these targets include reaCldagemissions of 75 g Cf&km
(120.75 g C@mile) under EUCO27 and 70 g @®m (112.7 g C@mile) under EUCO30 for
passenger vehicles [2]. These increasingly strict regulations demand a high level of innovation
and ingenuity from vehicle manufacturéosmeet these targetdutomotive weight reduction or
lightweighting is one of the most effective methtwimcreas fuel economy and redeemissions

for a given vehicle footprintLl07-109]. Automotive lighweighting can be achieved by utilizing
alloys withhigh specific strength (high strengthdlow density) for vehicle structures. Aluminum

high strength alloyaregood potential candidates for this lightweighting objecthavever, they

tend to have lower ductility and are difficult to form at room terafure To overcome this
limitation, high strength aluminum alloys can be fornmedre easily at higher temperaturesng

the die quench process, a Asnthermal forming process. This thesis aimddwelopnumerical
simulaion techniques to moddhe de quench forming proces®r high strengthAA7075

aluminumalloy sheet metal for vehicle bodg-white applications
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1.2 Background

Automotive lightweighting is achieved primarily using materials that offer a high strength to
weight ratio. The mass of a vehicle body structure can be reduced by 40% drynubitzing
high-performance sheet metals sucthiagh strengtlaluminum alloyg3]. Among these materials

are the 6000and 7006series high strength aluminum allpyghich have seen extensive us¢he
aerospace industry [4]. Unlikenild steels, aluminum alloys have limited formability at room
temperature [&7]. For this reason, ghaerospace industry utilizes forming techniques such as
superplastic forming to help increase their formability. Superplastic forming for aluminum is
executed by heating the blank to about-$20°C inside a female die, after which inert gas is
pressurizd and used to progressively force the blank onto the femalsloldy taking its shape

[8]. While this procesbasits advantages, such as an excellent surface finish, high accuracy and
virtually no spring back due to annealing during forming,, ihasvever, very time consuming and
only feasible for lowvolume production [9]. One of the more recent higtume forming
techniques gaining traction is warm forming. Warm forming is a process that involves heating the
blank to an intermediate temperatabdait 153300°C) and isothermally forming the material.
Figure2 shows forming limit curves (the locus of limit major strain at necking during forming as
a function of miwr strain) for a range of forming temperatui@sAA5182. t is evidenfrom the
figure that warm forming can only offgyoodformability gains as compared to room temperature
forming [10]. An improvement ofapproximately 6% relative to roomtemperature is seen at
260°C. When applied to precipitation hardening allogsg(6000 and 7006series alloys), it is
important to note thawvarm forming conditions takes plaaé an intermediate temperatye&0-

230 C), the precipitates in the materake largely undissolved. Therefofetmability gains using

this forming process will be dependent on theexeived material temper.
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Figure 2: AA5182-0 temperature dependent FLD [10]
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1.3 Die Quench Forming Processes

Hot stamping or die quenching (DQ) has long been used to manufacture steel bodyastructur
members for automotive applications and is Wettumented [1-1.3]. The steeDQ process offers

a high degree of formability combined withrelatively short process tim [6]. This processs
illustratedin Figure3. For steelthe process starts by heating the blarthé@ustenitic temperature
(normally around 92@30°C) and holding it at temperatuomtil the material is homogenizedt

this point, he material is quickly transferred to the forming die, which is at room temperature,

whichit is simultaneously formed and quenched making this aisathermal forming process.

i 1

Blank Austenitization Transfer  Forming and
quenching

Figure 3: Hot stampingorocesq13]
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A somewhasimilar processan beconducted for aluminum alloyandthe DQ timetemperature

history used for DQ processing béat treatable aluminum alloys is shownHFigure 4. This
process was first introduced by Lét. al. [123-126]. The process begins with the solution heat
treatment (SHT) of the blank in the temperature range of5400°C, depending upon the alloy.
During solution treatment, the precipitates present in the matrix are dissolved and the material is
reduced to a singlghase. SHT nullifies the initial temper of theraseived material and increases
ductility by dissolving dislocatiommpeding precipitates and reducing the elastic modulus due to
the elevated temperature [18, 9]. Following SHT, the blank is quicklyamsferred to the die,

which is at room temperature; during thime, the material loses some heat. The blank is then
formed and simultaneously quenched in the die. If quenching is performed at an adequate rate, the
material enters a supersaturated sadidition (SSSS) state, for which it has a very high driving
force for precipitation [1719]. Heat treatable alloys have the potential to regain their strength post
guench through natural (room temperature) and/or artifagjeing(elevated temperature). &h
ageingprocess is performed to promote the nucleation of precipitates that strengthen the material

and achieve the desired temper [20].

SHT Transfer
(furnace to die)

Deformation
and quench

Temperature

Artificial Ageing

Natural
Ageing

Time (not to scale) "

Figure 4: Die quenching thermal cycle diagram
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The DQ process for heat treatable aluminuloyal has several process parameters that must be
characterized and controlled,gasurehe integrity of thdormedparts. These parameters are:

SHT time

SHT temperature
Transfer time
Quench rate
Ageing schedule

= =4 =4 -8 A

The optimum SHT temperatures for many 6088d 7006series aluminum alloys havevell
documentedtandards [2R3]. Typically, this temperature is below the melting point of aluminum

but above the solvus temperature of all precipitates that are present in the given alloy system. The
optimal SHT temperature for AA7075 is 470°C [23], on the other HandA6013 it is 560°C

[23]. The temperature for AA6013 is higher since the solvus temperature for the equilibrium beta
phase, composed of Mg, is around 530°C, and this precipitate is not present in AA7075 due to

the lack of Si [2425)].

Regarding the IS8T time, the available published data varies considerably, some publications
suggest a time of 5 to 10 min-}% 14, 26], others advocate around 30 min [9, 27], and some go as
far as 60 or 100 min [289]. A parametric study performed by Omer et al. [B@ked on measured
hardness after quenching following various SHT durations, reported that the minimum SHT time
for AA7075 is 8 min at the SHT temperature. This finding was consistent with previous work by
Boulis et al. [31]. The determination of minimum Blme is very important since it reduces the

processing time, which in turn reduces cost.

1.3.1 Transfer Time

The transfer time can be a critical parameter when designing stamping operation; this is
especially true foquench sensitivleat treatable alis. Figure5 shows the time temperature

property (TTP) curves for some 7066ries aluminum alloys. In general, TTP curves are used to

6
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indicate the critical time availéd before precipitation starts to take place at any specific

temperature. From these isothermal curves, it can be observed that foralratieys (except

AA7055) the transfer time is not critical if the material does not cool excessively below 400°C

prior to quenching [32]. Thigreventsdiffusion driven quencinduced precipitationfrom

occurringduring transfer of the blank fno the furnace to the die [33].

450 —
| fy ==
400{ 3 O\ e
O { 5 .=
°m. 3504 | N7 1- 705576
5 ] 2. 7175173
= 3. 707576
o 3004 4-7075T73
é_ | x 5- 7010776
oy e 8- 7050776
Q@ 2501 47 e 7- 7085776
] SN 8- 1933773
200 .
150 : : ———
0.1 1 10 100 1000 10000
time, s

Figure5: TTP for AFZn-Mg-Cu alloys [32]
1.3.2 QuenchSensitivity
The alloys shown in Figure 5 are numberiadsequenceaccording to their level of quench
sensitivity,with 7055 being the most quench sensitive. In gen#fralmore quench sensitive an
alloy is, the closer the nose of the TTP cusie the ordinate axigigure5 also helps to highlight
the critical cooling rate needed to avoid quemraduced precipitation for each alloy. Quench
induced precipitation typically results in precipitation of the equilibrium phase of a material system
[25]. The equilibrium phase is not a strengthening phase and the more of it formed during
guenching the lower the level of supersaturation in the matep@dtquench [3436]. This
reduction in supersaturatioaeduces the potential for strengthening during sub=@ggeingheat

treatmentsinceit depletes the solutes available in the matrix for precipitation of the strengthening

7
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phase. Omeet al. [30] identified the critical cooling rate faeveral alloys, including AA7075
which was 50°C/s [54] This characterizationwas done experimentally by attaching a
thermocouple to a piece of sheet metal and quenching it using flat dies. In a real formingrgperatio
however, it is very difficult t.kknow the local cooling rate, given that the cooling rate is primarily

a function of contact pressure, which can v@amsiderablyvithin a complex componenfor this
reason, accuratmodelingof the part must be performed to identify areas with critically low

cooling ratesthis approactwill be shown inChapter 2 of this work.

1.3.3 Ageing
After a blank is SHTaNnd then formed and die quenched, it will ba 86SS stateArtificial ageing

is performedto regain the strength that was lost due to SHT. The precipitation sequeac¢8d06r

series aluminum alloy is as follows:
SSSS Y VRC Y GPI and GPIlIIl zones Y (

in whichVRC are vacancy rich clustaitsatform during quenching, GPI and GPII zsstand for
GuinierPresbn zones which are a metastable, coheseeitr e ngt heni ng phase,
metastable strengthening phageich is semi coherentinnatueend d i s the equi | |
which results in coarsening of the materaal is incoheent [3839]. Coherency of precipitates

refers to the extent to which the lattice of the precipitate matches the lattice of the matrix material,

the higher the similarity in the lattices, the lower the interfacial free enéogyautomotive body
structureapplication, the goal is often to achieve a peak age T6 strength ogtresthstrength

possible posageing[7, 40]. A T6 temper is typically characterized by the pregof GPI and

GPI I zones as wel |l @tsal. [4lpas well ask @ ¢ 4n8 Bophy[4243] dr eat t

have shown that the corrosion behaviour of 76€fes alloys is dependent on microstructure,
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which is susceptible to change during heat treatment. Therefore, for better corrosion resistance and
paintability, Andreattat al.has showed that a T76 temper is desisat;eit is less susceptible to

exfoliation corr@ion. The T76 temper is gightly overagedcondition; for AA7075, the main
phases present for this tamwelastheqguwi Itihber isutmm edn g
[41]. Many ageingschedules are available to achieve a T76 temper with varying degrees-of over
ageing. As for T6, theusual schedule for most 708@ries aluminum alloys is 120°C for 24 hr [28,

44-45], however, proprietarggeingschedules are also thought to exist.

1.4 Finite Element Simulation of the DQ Forming Process

At the heart of everyinite element FE) forming simudation lies the constitutive modekhich
predictsmaterial mechana behaviourduring forming A complete constitutive model should
capturethe material stresstrain behavior undethe conditions experiendeduring the given
process. The DQ process for aluminum alloys requires a constitutive model that captures strain
rate dependency, temperature effects and material anisotropy. The model should also capture the
interplay between ttse parameterd o do this succesdly, tensile tests performed tharacterize

material properties should accurately mimic the real forming process parameters.
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Figure 6: Hot flow curves of AA792T4 a)differentstrain rates b) different temperatures [46]

Figure6 from Kumaret al. [46], displays the general trends expected for temperature and strain
rate effects on stresdrain behaviourln generalthere isa decreasenithe flow stress and an
increase in total elongation with increasing temperafugecrease in the total elongation and an
increase in the flow stress with an increase in the strain ratelafibe trendsare however
amplified in the lower temperatureegime(i.e. RT to 230°C). The trends in Figure $&rve to
highlight the advantages tifie DQ process over warm forminéprming at a higher temperature
requires a lower forming forgas temperature increases the average stress leps)and results

in higher formability (higher elongation prior to fracture).

As dften seen in literature, tensile tegischaracterize mechanical properties duhogstamping
applicatiors areperformed in the same fashion as in a warm forming apicathat is, the
tensile test specimen is heated to a certain temperature and then tested at that tempe&rasure, as

the case for the data Figure®6. In thestudy byKumaret al.[46], as well asvork by Zanget al.

10
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[47] Wanget al [48] and Belancet al.[49], the full thermemechanical history of the material

was not accounted fdn the real DQ process the material is Sktiithen quenched which results

in a SSSS material, howewe processing history considered4®-49] do notconsider a SHT

condition nor was the material quenched immediately prior to te§iggending on & temper of

the asreceived material, certain precipitates may not be dissolved prior to deformation at
temperatures lower than SHT temperature. In addition, SHT has other effects on the material such

as an increase in vacancies, which will certainly affie stresstrain behavior [5®2].

Generally, the lack of super saturation glosting will greatly affectamateral 6 s age har d

potential.

Another shortcoming in the literature [49,-53] is the onversion of engineering stressain to

true gressstrain by using equationsatd3 past the necking point.

-

- 11p - (Eq. 2)

., , I 1p - (Eq.3)

These equations are only true when volume constancy applies, which is up to the necking point.
The usage of thessuations past the necking point will result in a negative hardening response
as seemn Figure6. At elevated temperaturtheonset of localizethiecking takes place at very low
levelsof plastic strain 31% [54] therefore, a better approach isehed to compute the true stress

strain athese temperatures.

There are some publications [9, 55] oonstitutive modeling of 60@€eries aluminum alloys,
which do account for SHT as well as quenching effenttheir tensilebehaviour These studies
consider solutionizinghe material, quenahg to an intermediate temperature (35286°C), and

isothermally forming the parlthough, quenching and forming are not done simultaneously, as

11
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in the real forming operation, forming isothermally results in better experimental control and ease
of model fiting and implementation in FE software. However, the quencltoaisdered by Liu

et al.[55] is 20°C/swhich is toolow and could possibly result in formation of equilibrium phase
precipitates during tensile testimgnich would affect the mechanical behar. As for Delghaniet

al. [39], the quench rate was not mentioned. In additiom studies bjvlohammecet al.[9] and

Liu et al.[55] only tested the mechanical behavior for a limited number of temperater&s4);

this limitation means the software must interpolate to capture the behavimtween the
temperatures testggbsulting inpotentialinaccuracies in thpredictedconstitutive behavioMore
importantly, bothstudiesdid use equations 2 and 3 to compute theie strasstrain past the

necking pointvhich would likely result in errors

In the study by Liuet al. [55], a CowperSymonds[136 material modelwas usedwhich was
implemented in FE software apdovidedaccurate predictiorfer the neckocationwhen formirg

a B-pillar. Figure7 presents a comparison between the FE simulation and the actual formed part.
The model identifiesreas where rapid cooling ocsuwhich locally reduces the ductility of the
materia) the reduced ductility results in fracture initiation in those areas. When comparing the FE
model to the formed patit is clear that the locations that exhibited rapid cooling in the FE model
are thesame locations where fracture occurred in the real pathaaddition Liu et al.[55] found

that friction played a major role in thinning prediction. Therefore, accurate friction characterization
must be implemented to better model the forming proddss topic will be discussed in detall

laterin this chapter.

12
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Figure 7: Crack mechanism in hot stampingthoutlubrication comparinghe actuaformed part (on the lefgndsimulation
(on the right) [55]

Studies consideringccurate constitutive characterizatmfni/000series aluminum alloys for DQ
applicationarevery limited. Xiaoet al.[14] accounted for SHT and quench effectsheir study

and developea unified dislocatiordriven material model coupled with a multiaxcontinuum
damage mechanics model for AA7075. However, the plasticity model in this work failed to
accurately capture strestrain behavior at higher temperatures (500 and 525°C) and plastis strain
beyond0.6. Pasta plastic strain 00.6, the damagemodel helped to capture the stressin
behavior more accurately. Omet al. [54] characterized two 706€eries aluminum alloys
subjecedto hot forming. Intheirpaper, SHT was carried out on all tensile specimens, which were
guenched at a rate of aast 56°C/s to the desired testing temperaturetlaenltested. The
constitutive model used in this work consisted of a Modified Voce hardening modeBamdta

YLD 2000[121] yield surfac€Figure8). This paper alsmtroduceda novel area reduction method
(ARM) that captures localized necking by computing the instantaneous area of the tensile
specimen using digital image correlation @kechnology. Usinghe ARM the true stressgs.true

strain can be calculated pestcking often resulting in a positive hardening response. The
Modified Voce model in conjunction withthe ARM, capturel the stresstrain behaviour

reasonabhaccuratelyat most elevated temperatures as welltasom temperature

13
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Figure 8: AA7075 Flow curves for strain rates: 0.01, 0.1 and @-%usd temperatures: 25, 115, 200, 300, 400 and 470°C with a

modified Voce curve fit [54]

As an alternative to ARM, Rahmam d. [56] have shown that a shesiressstrain datecanbe

used toextend thaneasured stresstrain responskeyond the point of localized neckisgen in a

uniaxial tension test. The shear specimethat study[56] was adopted from Peieg al.[57-59];

this specimen geometry forces the materiaefmrm undesimple sheaconditionsup to fracture,

thereby supressing necking. If necking is supresedtrue stresstrain can be obtained very

easily for large vales of plastic strain. Since, the stress rdtiao between true stress in steeet

rolling (0) direction vs. true stress in any direction in the plane of the matef@l)most

commercially available aluminum alloys suas AA7075 maintain a fairly ostant value as the

material hardnes(i.e.

J

m). This isotropic shear assumption w@amonstrated b@meret

al. [54] and Rahmast al.[56]. Therefore, the shear strestsain responsean be converted to true

stressstrain response seen in unixial tension by virtue of plastic work equivalence.
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1.5 Formability

Formability characterization provides an importaeisigntool for effective selection of forming
process parameterhe specimen geometries used for formabitégting according to the
1ISO120042:2008[107] standardare designed to selectively achieve a certain strain path at the
necking point. When thierming limit curve (FLC)i s p | o tptleadn e np riAiinnc i p al
the figure is referred to as a foing limit diagram (FLD) The major and minor strain values prior

to instability (necking) for any specimen geometry are plotted as a point on the~jugz 9
shows an FLDn which a number of different strain paths #éabled along witha schematic
representatiorf the specimen geometries required to achieve them. This diagram for a given

materal becomes an effective tool to use when analyzing sheet formability

T Plane Strain
|| p=0,a=05

Simple Tension Streich Forming
p=-0.5,2=0 Tre Major Strain
€

1

- ol

Biaxial Tension
p=1,a=1
Pure Shear
p=-1,a=-1

Forming Limit Curve (FLC)

€ E

2 2

True Minor Strain
Figure 9: FLC schematid60]

The strain exibited during formability testing is obtained by analyzing the geometrical changes in
a given test specimethis can be achieved in multiple ways with differing levels of accuracy.
Traditionally the strain was obtained with the help of circular g&] or square grid§64] etched

on the test specimen, which would alter geometrically during deformationddfbemedgrid

15

st



Introduction

would then be compared to the origirgdometryand thus the logarithmic strain can be
determined The etched grichpproachallows forthe strain to bemeasured once peBacture,
unless inturrupted testing (test is stopped at specific times)niducted consequentlythese
methods tend to have lower accuracyl do not reveal changes in strain path during deformation
Digital image corelation (DIC) is thanost commorturrent approach for analyzing the strain field
in a laboratory setting. Dl@nalysisutilizes a sterea®pic camera system making fikld 3D
image analysis possible [69]ypically, ecimens are painted white in theuga region, followed

by a layer ofrandomblack speckles. The image analysis software then tracks the eelativ
movement of every speckle to compute the fitlganic strain. This, DIC analysiprovides the full
strain history of the specimen as opposed to a single strain value at frabichealso allows for

a higher level of accuracy atige possibility of compiting the strain path and straiate history

The latter becomes very useful when exploringedifit forming limit detection methods.

1.5.1 Forming Limit Detection

One of the most important topics with regard to formability characterizatibe criteria ged to
define the forming limit or initiation of necking. One of the first methods used to determine the
forming limit is the ISO 120042 parabolic fit method. This method records strain values on either
sideof a crack along line slices orientpdrpendialar to the crackWhile omitting strain values
directly adjacent to the crack, thejor and minor straias.location on the specimen are fit using

a parabolic curve. The peak value of the parabolis tiiten used to deduce the forming limit strain

value at thenecklocation,asillustratedin Figure10.
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Figure 10: ISO 120042 parabolic fit for limitstrain determination for HX260 steel with 1 mm sheet thickness [106]

One of the issues with the ISO method is that the forming limit strain measurement is dene post
fracture and nan situduring the test. However, with the arrival of DIC technolagysitu strain
measurements are possible, thus allowing for more complex and accurate methods of necking or
forming limit detection. There are many other approaches foutitkilterature thatackle this

issue. 8me are based on strain rate or timg rate stabilityas proposed by Vol al.[66]. Other
approachesiselocal curvature evolution as an irw@dtorof necking onsefDiCeccoet al. [127-

128], Wanget al.[67]), or predictive techmjues, which utilize test data to create an ieicgd or
numerical model that can predict limit strgias proposed by Danckert al[62], Swift et al.[68]

and Horaet al [69-70].

Volk et al. [66] developed a time dependent method for identifying the point of instatity
which the onset of increased rate of thinnofighe sheet materiaé adoptedas an indicator of
instability. The thiming rate is defined by equationidwhich Dy, 2, 3are the eigen values of the

deformation rate tens@;.

- Vs 0O 0O (Eq.4)
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As the sheet metal starts to netthe througkthickness strain rate increases dramaticiB).

Figure 1l displays thehinning rate as a function of the frequency of DICadatquisition. It is
noticedle that the thining rate increases dramatically past th€ B8C image at a constarate
meanwhile prior to thighe thiming rate is very modest but again remapproximatelyconstant.

The onset of instability is taken as the intercept of two straight lines fit to the thinning data, as seen

in theFigurell.
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Figure 11: Time dependent FLC method. Number of picture vs strain rate [66]

The previous forming limit detection meth@lfocused on the local strain rate (thinning rate)
within the necking regiarMartinezDonaireet al.[71] looked at the unloading or drop in major

strain rate { ) seen in regions adjacent to the neck. Whensthain rate increases locally at the

neck, regions adjacent to the neck start to unload and the strain rate in those regions decreases.
This decrease can b@nitored and used as a criterfonforming limit detectionFigure12shows
experimental results of the evolution of major strain rate at different positions in the specimen. It
can be observed that the strain rate at the border of the neck regi@ighificantly drops past

the127 second mark. One of the major advantages of this mettit ® additional processing

of the DIC images is needed, sirtbe DIC analysisalready provides the evolution of.
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Figure 12: MartinezDonaire Strain rate unloading methaoftrain rate vs time of points adjacent to crack locus [71]

Another, method ofimit strain detectionconsiderghe curvature evolution of the test specimen
during deformation. Theotal curvature of the sheet material changes as necking takes place. This
method was explored HyiCecco et al. 127-128 and Min et al [72], who observed a sudden
increase in the surface curvature given by a 2D curvature fit alomgpecimen surface.
Figurel2 describes the geometrical location of the line fiBAhat goes across the neck region as
necking progresses on a given test specifgure 13 shows the awature evolution along line

A-B (C @), the material used is AA6022 utilizing a Marciniack punch. The curvature is seen to
increase notieably past the 34.5 second mark. The M&Rurve represents the mean square root
error describing the quality of the fit. As it is observed the error associated with the curve fit
increases as the surface topography gains complexity cheaking.MartinezDonaireet al.[71]

also usdthis approach as a comparison to the strain rate unloagprgacldescribed previously.

Both methods produced similar results with the maximum deviations asgl&ai0% from the

average value.
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Formability testing for aluminum in warm forming applicatdmas also been presentedthe

literature [5, 7374]. However, similar to constitutive modelinthe current literature lacks

formability testing that mimics the same thermal cycle presemlienquenchingParamedrs

specific to the die quenching process rostesh agesting of the material in&HT condition and

the effect ofquench rate have noeceived attention within thérmability characterization

literature with theexception of studies byiDeccoet al.[129] andZhenget al[136]. Formability

testingshould be performed usirilge same thermal processingit®as usedn real industrialie

guenchingprocesses. This gap in the current literatsi@ key focus of the current research
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1.6 Role ofFrictionin Sheet Metal Forming
1.6.1 Background

In total, about 23% ofie wor | ddés tot al energy consumption
the science and engineering of interacting surfaces in relative motion. It has diverse implications
in the sheet metal forming worldffecing localized thiming, forming force, forming temperature,

tool life and process cost.

Accuratecharacteriation and controlof the friction response becomes paramount in any sheet
metal forming operatiorand is equally important for robust FE forming simulation development.
In order to effectively control the friction responeae must considerldhctors that make up the
tribological boundary conditiorKim et al.[76] summarizd these factors fanigh speed steel, as
seen inFigure 14 which clearlyhighlights the complexity of the interactions that make up the
tribological interface state. The factors that can be alt€reeeded, are the production conditions,
lubricant and the forming tool. The wopkdece on the other hand is a fixed variablehis t
framework since it is suppligtependent. Allof these factors amount footential sources of
tribologicalrelatedfailures in sheet metal formindLubricant failure is the least severe tribological
failure and it simply describes the point at whioh lilbricant used in a particular forming process
is considered ineffectivd_ubricant ineffectiveness 3ot concretely defined and is application
specific, different methods of lubricant failure determination will be explored in this section of the
chapte. Galling is an adhesive wear mechanismwvhich sheet metal is deposited on the tool via
adhesion, this deposit then hardens which causes scabragivewear) of subsequent material
being formed [77]. Finally, since the majority of sheet metal fornoipgrations are done in an

industrial setting, tool life is often a major concern with regardhddeasbility and cost of the
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process. Therefore, mild galling that may not present a direct threat to the formed padgemay

time, result in shorter tol life.

Production conditions
« Stroking rate
¢ Ram speed
« Humidity / temperature
( N * Machine characteristics 4 \
Workpiece (Sheet metal) W Forming tool
=~
* AHSS L,\ ) - s » Die material
-Flowstress/UTS [ ) Iribological Failures - Hardness
- Surface finish "/ in Forming Galvanized AHSS - Surface finish
- Thermal properties : @ - Thermal properties
* Lubricant failure &
« Surface coatings + Galling (adhesive wear) 3 « Die coating
- Micro hardness * Scoring of workpiece o - Micro hardness
- Chemical composition * Tool life reduction 2Ll - Thermal properties
- Thermal behavior \r7 J - Adhesion strength
« Geometry (thickness) Lubricant « Geometry
\ J Viscosity \ J

Film thickness
Pressure stability
Temperature stability
Pressure/Temperature
additives

Figure 14: Tribological factorsthat affect a formingrrocesq76]

1.6.2 Friction Theory

There have been many theories over the years that aim at explaining the fundamental physics of
friction present between two bodies having relasliding. Figure 15 showsthe progression of

friction theory over time. Ddinci was the first to study friction systematicalh8] andAmontons

[80] explained that the magnitude of the friction force is influenced by the degree of mechanical
interlock between convex and cave mutually fitted surfaces having relative sliding. Coulomb

[ 81] subsequently, built on -Gowmombtlaw which statesr k t o
that the friction force is propbonal to the compmssive force (normal force) used to push two
surfacegogether. Desaguliers [82] was the first taroduce the concept of adhesfvietion. He

studied the friction force for finely polished material (smooth surfaces), and postulated that some
surfaces can be polished to an extent as to increase the adbhetsieen them, hence increasing

the friction force as they slide past eaither. Bowden and Tabor [83] shed some light on this
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concept of adhesion proposed by Desaguliers, by making the important distinction between

apparent and true contact area.

Relevant

Davinci Amontons Desaguliers ‘gchglars Coulomb Bowden Hutchings Who?
15 century 1699 1734 [nterim 1785 1945 1977 Now
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. . g Mulufactor
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Figure 15: Evolution of friction theorypvertime [79]
|
)
\ r N r~ "’/ A 4 -
N ~C LR -/r ik ~ ~ ~ ,"
o N, £ B v
A A 7
./ h /\)‘/‘1\ .-\‘ '/ /\L‘.
T L j \'\/‘\ | \'\/\\
b 4 - Lo A
FN =0 N
|
Fn%0

Figure 16: Schematic ofurfaceasperities [84]

The true contact area is in actuality a fraction of thgagent contact aa. Figure 16 illustrates

this concepthe points in contact between the two surfaces are called junction points or asperities.
Bowden postulated that due to the small surface area of asperities, intense interface pressures will
act under compressive load), thus, plastic deformation will take place when the surfaces in
contact slide relative to eacther. In this case, the frioh force can be describdy Eq. 5[81-

82].

"0 "O- (Eq.5)
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whereFy is the normal forces is the shear strength of the softer material ldnd its hardness.

This theory sheds light on some important concepts regarding friction phenomenon, however, it is
not comprehensive enough to explain the interfacial complexities seen in sheet metal forming. For
instance, it only considers plastic defotmoa and ignores possible elasgilastic deformation.
Depending on the surface condition, material hardness, temperature, normaktoysmme
percentage of aspity deformation may be purely elastic. Suh [85] developed a more
comprehensive theory thaccounts for elastiplastic deformation of asperities amongst other
things as well atheabrasive plowing effect seeamFigurel7. Abrasiveplowing is exhibitedvhen

the asperities of a harder material plow through the softer material which is an important factor to
consider when analyzing wear mechanisims. So tfa interfacial interactions discussed
(plastic/elastic deformain of asperities and plowing fe€t) do not include the additiorf o

lubrication and its effects.

Figure 17: Plow modefor abrasive wear [79]

1.6.3 Lubrication Regime

Generally, lubrication is used in sheet metal forming operations to reduce friotimprovethe
surface condition of the part post forming daadeduce tool wear. Lubrication adds another layer
of complexity to the interface boundary condition. There aregaararylubrication mechanisms
or regimes between two contacting surfa@sssummarizedn Figure 18. The dy condition is

encountered when no lubricants are used in the forming operations, the friction boundary condition
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in this caseis reduced to the mechanisms discussed above. Some forming opendtiohs
consider asimple geometrysuch as bending of staeding materials with high formability, do not
require lubricard to ensure the integrity dhe surface condition post formin@.he mundary
lubrication regime is one of the most prevalent in sheet metal forming operations. In this regime
the interfacedad is carried through contact between the asperities of the blank and the tool. Direct
metakto-metal contact is however prevented, due to the lubricanbflimgtightly adhered to the
surface, preveirtg adhesion between the asperities of the conggartners [87]. Mixed film
lubrication also occurs in sheet metal forming operations. In this regoe&ets of lubricants

form in the valleys of the conting surfaces in these regiosgch thano direct contact occurs
between the worlpiece and theobling and the friction becomes a function of the lubricant
properties the asperities in this case however, still experience boundary lubrication. Thus, as
sliding occurs fresh lubricant can supplied from the valley to the tip of the asperity [76]., Lastly
hydrodynamic lubrication is very mly seen in sheet metal formingxcept for solid film
lubricants such as boron nitrid@ this regime no direct contact is exhibited between the work
piece and the tooling and the friction force becomes entirelgcibn of lubricant properties such

as viscosity and shear strength.

The curve seen iRigure18is coined the Stribeck curve [88hdplots the coefficient of friction
as a function of the viscosityof the lubricant, relative sliding velocity, and pressute, at the
interface Theviscosity and velocity are invealg propational to the coefficient of frictionwhile
the interface pressure is directly proportiorialgeneral a more viscous lubricant will have a
thicker film, resulting in greater prevention of metiametal contat at the asperitie$n addition

a higher velocity does not allow enough time for adhesion of asperities to take place, while, a
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higher interface pressure results in an increased true contact area and thus increased friction

coefficient.

Coefticient of friction, p

Film thickness
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1.6.4 Die Coatings

Boundary lubrication
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Hydrodynamic or full film lubrication
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Figure 18: Lubrication regime schematic [86]

Die coatings are used in many forming operations to improve the surface condition of the forming

tool and reduce wear. Generally, a harder surface is desired for the tool netiicdes the

compliance of the surface asperities thereby reducing their plastic deformation and limiting

adhesion between asperities of the tool and the wte [91].The hardness of the tool steel

substratds also important, as demonstated by Erikssoal. [92], who reported thaa hard die

coating on a soft steel substrate will result in coating failure. Wadng. [93] analyzed the

performance of some canon industrial die coatinghethods Figure 19 illustrates the effect of

thermoreactive diffussiofT D), physical vapour depositio?{/D) andchemical vapour depositon

(CVD) coatings on tooling wear rafEheTD coatingwasthe best performeinceit had the lowest
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wear rate, it can also withstand temperatures of up to 1875°F (1024°C) [94] which makes a viable

option for die quenching of aluminum.
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Figure 19: Wear rate performance of TD, Pvdnd CVD coatings [93]

Diamond like carbon (DLC) is another good candidate for the end preoessit can also
withstandelevated temperatureRiahi et al.[95] compared the tribological performance of DLC

and TiN coatings for hot forming of AA5182. Maspecifically, the study investigated the strength

of adhesive junctions formed between tool and vpeeke at blankemperature 420 °C and 25 °C.
Figure 20 shows the tangential force required to break junctions made between aspsrities
sliding distane at 25°C (a) vs 420°C (b). The experimental setup featured a counterface steel ball
on a rotating platform which enabled measurement of the tangential égudead to break juction
between the ball and sheet specimEme force increase due to temperature increase is dramatic
for all coating conditions. DLC is the best perfornserceit has the lowest force and sliding

distance required to break the juncgon

27



(a)

(b)

Introduction

35 35
25°C 420°C s « Fuma
3 3 L
.v'.’
Z 25 25 -
=z f Steel
© /
(=] r'
% 2 2 ]
@
9 /
& /
|
5 15 15 j DLC
€ |" .
@ | p
2 f / .
| 1 ——
= ™ (N
TiN ]
05 |~ 05 -~
[ bLc
v steel
0 : 0 :
0 5 10 15 5 10 15

Distance (m x 10%)

Distance (m x 10)

Figure 20: Sliding distance vs tangential force to brgakctionfor DLC, TiN coatings and bear tool steel a) 25°C b) 420°C

[95]

Riahi et al. [95] also performed a second set of experiments using @iedilsc tribometer to

obtain the coefficient of friction of the interface for different die coatiagshown inFigure21.

Again, the DLC coatingvasthe best performer hawy a coefficient of friction less thamehalf

of the TiN coding for the 25 °C temperature condition. As for the 420 °C temperature condition

the DLC coating showed better overall stability and lacked the fluctuations in COF seen in the TiN

andbare steel conditions, for high sliding distancesto@bout 1100 mm. The behavior exhibited

is expected since the tangential force necessary to break the adhesion is muchtborsslgr,

stick effectis less pronounced.

28



Introduction

a **
25°C
a2l
c
-]
B16}
[
S 1.2 ﬂl
L I\ A
.g | \J/\,Ul AN ) A AlS! 52100
=2 v / AN A mdlAm A N [ "
E os} m&"‘fv\?f\}(\f\ VYA NATN S P A LA |- /)
‘g \,/kf Wf\fl\f
o |
0.4}
%w’\ﬁwmwwwmc
n 1 L L L 1
0 400 800 1200 1600 2000
Sliding Distance (mm)
24
b
) 420°C
2 -
g |"' Iflll W
- v A AISI 52100
B 16 |"'lUI || IM "'I"'l
& ;ll | I HJ l M
TR .
s L ! \ rl'"””'k | [ ll.'p*“' J'Ll_* Wi Lq-"'.‘." (i N "'._ ,’1' v1 r\lﬂ TiN
=12 | ! T ' e
£ i P | | |I | P W |j J‘JI.I
g [, W | ' Ui
"Nﬂ' I I ;
E 0.8 i ! oLC
] |
S | A
M.
0.4 w
n A ]
0 n 1 " L L L i 1 n L
0 400 800 1200 1600 2000

Sliding Distance (mm)

Figure 21: Sliding distance vs coefficient of frictioba(l-on-disc tribometer) for DLC, TiN coatings andre tool steel a) 25°C
b) 420°C [95]

Podgorniket al. [96] investgated different test methods for evaluation of gajlittgs gudy
contained an imesting comprison between available die coatings seen ifrigure22. The DLC
coating offers the lowest coefficient of friction out of etlatings as well as the highest critical
load for galling resistance. The DLC coating was also on par with the VANADIS 6 coating in
terms of sliding distance prior to galling. For this reason DLC will be the coating of choiae in th

currentwork.
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Figure 22: a) Normal force vs coefficient of friction for different coatings (cylinder on cylinder tribomédecyitical load prior
to galling for different coatingf96]

In effect, a realistic boundary condition between the vpeeke and the tool will likely resemble
thatin Figure23. In general, whemll of the friction and slidingnechanisms discussed above are
present, a very complex systemill result, that may prove difficult to model. Therefore, most
availablecommernicalFE codes use a simplified boundary condition tisatnainly routed in
Coulomb friction theory[79]. In appications wherethe tribological boundary condition is a
sensitive parameter, accurate multifactor models can be used sachlable inTriboform [97]

developed athe University of Tventeand implemented within AutoForm® software

F(Total friction) - Direction of motio& N( External pressure)

Die A(The adhesion area)

\—Lubrication film
Sheet metal\_)

B(Boundary lubrication area) C(Ploughing area) D(Lubrication pond area)

Figure 23: Schematic of realisticontactboundary condition [79]

30



Introduction

1.6.5 Experimental Characterization of Tribological Phenomena

Thereexistsa wide rangef tribological tests aimed at quantifying and urstiending interface
interactions as well as andj in the selection of process parameters such as lubricant, die coating,
forming speed and temperature. Two general types of tests exist, simaladipeocess tests.
Simulative tests mimic certain aspects of the end process without actually performingréas

process tests perform the exact process seen in the end application on a smaller or full size scale
[98]. Since, the end application inetlcurrent researchs die quenchingthe tribology tests
considered altequiral elevated temperature capability. To ursiend the pros and cons of the
various availablesimulative tribological tests, a set of additional criteria are considerkdlp

ensurethat representativenterface physical parameters aagptured The ideal tribological test

should:
1. Operate in th&oundary or mixed lubrication regime
2. Have the capability afitilizing the actuatooling material as well material coatings
3. Include some fion of deformation of material
4. Measure sliding friction and not rolling friction since, this is the dominant frictional

mechanism seen in sheet metal forming applications.
5. Be a closed systemmeaning no fresh lubricant can enter the local interthewill ensure

proper characterization of lubricant

The first tribological simulator is the famous fin-discfirst patented by Kobayashbt al.[111],
which is a simulative tesasseen inFigure24. The ball or pin (d)representative of the tooling
material is placed perpendicularly on a disc ({batrepresergthe sheet metal material intended
for the end process. The disc is driveamd rotates abouits axis while the pin applies a normal
force This test meets criteria 1, 2 addand lacks all other criterendcan be modified to include
elevatedemperature [99]. In addition, the contact area is very small in this test allownirgal

asperity interaction.
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F=Normal force on the pin
d=Pin or ball diameter
D=Disk diameter
R=Wear track radius

w=Rotation velocity of the disk

Figure 24: Schematiof pin-on-disc tribometer [91]

Another friction characterization testthe strip draw orét die test, shown iRigure25. The flat
die test works by drawing a strip of sheet metal at a constant speed, through a furnace and a clamp
(representative of the tooling) applying a norrimeite The drawing force is tmemeasureénd

the coeffient of friction is computed Eq.6.

§ 00 — (Eq.6)

This test operates in the mixed lubrication regithereby fulfilling criteron number 1. It also
fulfills 2 and 4. This test was used to characterize the friction response of two steel alloys in dry
and lubricated condition by Yanagidtal.[100] The relationship between the compression load,

drawing tension, coefficient of frith and drawing distance were obtained for different

temperatures.
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Figure 25: Schematic of flat die test tribometer [100]
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The twist compression test (TGEeen inFigure26, is another laboratory test aimed at measuring
the cofficient of friction though the resistance torgiiés aparatus was developed around 1960
by Schey{110] at the University of Waterlo®oderet al.[101] performed friction measurements
using this aparatus to masure the interfacial friction for aluminum alloys under warm forming
thermal cyclesThe TCT functions by applying a normal force aieotatingtest cupacting onthe
lubricatedsheet specimewhichis constrained not to rotattherebygenerating a reactidorque
betweerbetween the cup and the sheet. The resistance tdriguaeasured and the coefficient of

friction is calculated using Eq@ [101],

600 —— (Eq.7)

wherei is the mean radius of the test cBps the contact pressure and is the aparent contact
area.This apaatus operates in the boundary lubrication regime and fulfills criteria number 1, 2,

4 and 5 This makes the TCihe only test that does not allow fresh lubricant into the interface
making lubricant breakdown and associated performance measurements possible. This tribological
test actually imposes harsher coratis ttan seen in a real formingperation due to criteria 5,
sincenew lubricant isusuallyallowed to flowontothe interface sincthe tooling does not slide

over the same surface repeely. Despite the lack of plastic defortram, the TCT is the
tribological test considered indtcurrent researckue to its fulfilmentof the rest of thdest

criteria.
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l Normal load

Bortomyview test cup

o

a) Methodology b} Geometric dimensions
Figure 26: Twist compression tribometer ajethodology) geometry of cup contacting surface [101]

The deep draw tesshownschematically ifFigure27, is a process tesinceit mimics an actual

part being formed. This test uses a flat punch to form a circular blank which is clampedtdier

with aknown interfacepressure allowing material to flow into the die without wrinkling. This test
fulfills all the criteria mentioned above since it is a representative test, however, there is no way
of directly measuring the coefficient of frictiphowever, it is possible tofer the severity of the
tribological condition through parameters such as the punch force and binder load. The severity of

the tribological condition can be controlled through the die entry radius, blank diameter, forming

speed, binder load, and tempera.

I
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; <
|
| ]
Motion of the die
Ry = 20 mm and blank holder
Punch
(Stationary) P, (Biank holder
_|_, pressure)
D,=152.4 mm
r (Frictional

- ;‘ shear S'ress)
"R, (Initial radius of blank)=152.4 mm CL

Figure 27: Schematic of deep draw test [76]
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Pradip et al. [102] found that surface roughing of the workpieceincreased with plastic
deformation and this resulted in a lower coefficient of friction dwedmcrease irthecontact area

of asperitiegsherebysuporessing adhesion.

There are no standardized methods for measuring tribological perfornvarcder Heide [103]
identified in his thesis titledfiLubricant failure in sheet metal forming processds¢e wear

meclanisms:

1. Cutting modd; material is removed from the soft surface in the form of long ribiken
chips;

2. Wedge formation mode; a wedge of material flows in front of the asperity;

3. Ploughing mode; material of the soft surface is displaced to the riddke wfear track

and no material is removed from the surface.

A failure criterion for lubricant and galling initiation was added to his frictional heating model.

The criterion stated the following:

in which Tt is the flash temperature (temperatat local interface of an asperignd Te; is the
critical temperature of the lubricant. However, the flash temperature is not measurable
experimentally and can only be estimated using additional parameters, thus, rendering this method

complex and unfesblefor implementation.

Andreaseret al [104], on the other hand, used surface roughness measurements with 2D and 3D
profilometers to quantify the amount of galling exhibited in strip dngwand deep drawn cups

respectively. Andreasen identified five categories for surface condition:
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As received
Smaoth
Scratched
Lightly galled

o~ wnN e

Medium galled

where as receivedrefers to the wdeformed materialsmooth is forming done under well
lubricated surface conditian whichthe only interfacial interaction is the flattening of the work
piece asperities and conditions3 are different levels of galling. By analyzing the surface
roughness of the cup wall, the surface condition can be assigned to a category. This method is very
useful in assessintipe lubricant and die coating lifecycle in andimstrial settingjn which the

surface condition of formed parts can be systematically checked to predict when lubricant
reapplication will be needed. This method can be used for cup drawing tribological assessment

performed in this work.

Hanna [105] presged an experimental method for determining the onset of teetaétal contact

in a lubricated simulative tribological test. This was done using contact potential measurements
(between tooling and specimen) in conjunction with friction coefficient measunte The
significance of this work is that metal-metal contact is only exhibited if lubricant failure has
occurredthus, a criterion for lubricant breakdown canré®ined, which caguantitativelyinfer

the level of asperity interactiofthe experinental setup and results for this method are shown in
Figure 28. As made evident b¥igure 28 b), the sudden drop of electrical contact potential is

accompanied by a significant increase in the coefficient of friction
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Time to Contact (TTC)
Figure 28: a) Reciprocatingribometer b) Time vs COF (left axis) and contact potential (right axis)][105

1.7 Summary of Literature Review and Scope of Current Work

The foregoing literature review has served to highlight the potential benefits of utilizing 7000
series aluminum alloys in automotive structural companenteduce overall vehicle mass.
number ofprior studies have demonstated that hot forming in a solutionized state followresl by
die quenching (DQ process) can result in increased formatiilihese alloysbutthatsubsequent
ageingis requiredto achieve peak strength. The P@cesdss known to be sensitive to process
parametes, such as quench rate and solutionizing time, whicist be controlledvhen forming
these materials in a high volume production setiiihg. onstitutive modeling literature has shown

the importance ofesting specimens in solutionizd condition that must beaccompaniedy
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guencliing rapidly to the test temperatuf@llowed by immediate testingand that methods of

avoiding negative hardening rates for high temperature tensile teutstgoe employe

While forming limit detection methods habbecomemore sophisticated with the advent of DIC
technologyvery little attention has been given in the published literaturtquench formability
characterizationas well as the developmentraimericalmodelsto simulate the DQ process. In
particular, there exists a need to further refine and validate the existisgjtutivemodek and
formability criteriacurrently available to simulathe DQ process. Lastlglevated temperature
tribology studies ave beerreceivingmore attention recently due tbe key role of friction in
warm and hot formingf aluminum alloyshowever, most studies focus on room temperature or

intermediate temperature (:200°C) conditionsand donotconsider the fullysolutionizzed high

temperature conditions corresponding to DQ forming

To address these shortfalls in the published literathis,thesis addresses teanulation of
AA7075 under die quench procass conditions.One bcusof the thesis in expeimental
friction characterization and lubricant selection, highlighting the effects of temperature, tool
hardness and die coatinfhe second focus is on improved constitutimedeling for DQ
conditions. Finally, the improved friction and constitutiveatneents are implemented withén
numerical modedf a series of aviable DQ formingexperiments performed by Georefeal.[130]

that are used for model validation

The key objectives dhe study are
1 Characterization ofriction behaviourand COF determination fkA7075 usingcoated

and uncoated toolsinderelevated temperatuf2Q processing conditions
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1 Development of a metal physibased temperature andastrrate dependertonstitutive
model
1 Development of a numerical model for tie quench processd validation of the model

against availabléormability experiments.

The research presented herig part of a larger project undertaken by the University of Waterloo
in collaboration with Honddevelopment & Manufacturing of Americdronatek Research
Centre and Arconic Ground Transportation Group. The overarching goal girtéestis to
support the implementation of high strength aluminum alloys irfahecation of automotive

structural components under high volume production.

The balance of this thesis is organized as follows. Chapter 2 presents the experimental methods
used inthe friction characterization experiments. Chapter 3 disesishe experimental friction
characterization results. Chapter 4 presents the developfemew constitutive model for DQ
forming operations, while Chapter 5 presentsimerical model used to simulate the formability
experimentgerformed by Georget al. [130]. Chapter 6 shows the numerical predictions and
comparison to the formability experiments as part of the model validation process. Lastly, Chapter

7 provides the conclusions and recommendations stemming from this work.
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Experimental Friction Characterization

2 Friction Characterizatn - ExperimentaMethodology

This chapter presents the experimentalugefor the friction characterizatiorexperimentghat

focusedon die quench forming process conditicarsdwere performed as part of this research

2.1 MaterialSelection

The materiatonsideredn this studyis 2 mm thickAA7075 highstrength aluminum alloy sheet.
The asreceived material conditionorresponded ta T6 or peak aged temper, with treom

temperaturenechanical propertigd31] and chemical composition shown in

Tablez.

Alloy Mechanical Properties Chemical Compositiofwt. %)

Cly UTS
(MPa) | (MPa) | G | Mn | Si | Cr [ Mg | Ti | Cu| zn | Fe | zr

7075 503 572 11 0.04|0.08|0.19| 2.27| 0.03| 1.38| 5.63| 0.15| 0.01

Tablel: Material Mechanical Properties and Chemical ComposifiaB81]

2.2 FrictionCharacterization Experiments

The friction characterization of AA701Eder die quenchingonditionswas conducted using the
TCT apparatus available #te University of Waterloo. Hergéhe TCT gparatusis described,
followed by the choice oflubricants, tooling coatingsand process parameters that affect the

tribological response.

2.2.1 TCT Apparatus
The TCT appratus was firstleveloped at the University of Waterloo around 1960 by Schey [62]

anda modified version of the apparatwss used in theurrent study. The modifications were

developed byseorgg150] and Nodeet al.[101]to incorporate heated tooling and a solutionizing
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furnace for elevated temperature friction characterizatiosciematioof the test apparatus is

shown inFigure29.
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Figure 29: TCT apparatug(left) and the CAD drawing for the apparatus (middle) bottom of the test cup (right) [101]

The TCT apparatus uses an annulardap, which is pressed on a piece of lubricated sheet metal
that is clamped by the specimen holder. Once the desired clamping load is applied, the test cup
then proceeds to rotate at a constant sliding speed. The test cup applies an axial force downward
on the sheet specimen, while the rotation of the cup produces a torque reaction load due to friction.
The resistance to sliding (the reaction torque) obtained from the torque load)callysed to
calculate the COF based on the mean radiusdf thetest cup, the test cup contact aféa )

and the interfacial pressuré)(measured by the axial load cell, as giverEboy8.

600

(Eq.8)
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Thetest cup ¢hadeded) in Figure29is held in the cup holder (pink) by a setscrew, which prevents

it from rotatingwithin the holder under the action of theactiontorquedue to friction The
specimen holder (green) holdsetsheet metal specimen in place and prevents it from rotating
during the test. Thgimbalassemblyblue) has a seliligning mechanism, whiognsures parallel
contact between the test cup and test specimen. The axial load applied during the testésl measur
by a 2270 kg capacity load cell (black), while the torque load due to the resistance to sliding is
determined usin@ 45.5 kg capacity load cell (browahd torque armadiusof 114.58 mmThe
specimen holder and the cup holder can be heated usingdéebeartridge heaters for test

conditions corresponding to elevated temperature forming conditions.

2.2.2 Lubricants

Severallubricants were considered for AA7075 die quenglapplication. These lubricantse
intended toensure a low frictiorcoefficient between the tooling and the sheet metaile
tolerating the elevated working temperaturie lubricants testadlerethe Fuchs AL27839], the
Fuchs Renoform 2B.17], the Fuchs Renoform J00] and boron nitrid¢112]. Lubricant details,

apdication method and specimen preparation are discussed in the following section

2.2.2.1 Fuchs AL278 Forge ease

The FuchsAL278 is a synthetic elevated temperature lubricant primarily targeted for warm
forming applicatios. The lubricant isapplied as a liquid o the test cupThe recommended
dilution ratio is four parts lubricant and one part isopropanol or water depending on whether fast
drying is a priority. The service temperature of this lubrigantatedup to 350°C, although
lubricity can be compromiseat temperatures above 275°C, which is the melting temperature of a

wax ingredient [01], [116]. Replacing water with alcohol resulted in a more even wetting of the
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blank [101]; this is desirable since it will ensure lubricant reaches all locations oblahk

Therefore, a dilution ratio of four parts isopropanol and one part lubricant was used.

2.2.2.2 Fuchs Renoform 25

The Fuchs Renoform 25 ALWF is a watssed lubricant for hot and warm forming of aluminum.
This lubricant can operate in temperature range206fto500 C; it also enhances die cooling
during hot and warm forming [117]. The recommended mixture is 4:1 to 9:1 parts water to
lubricant [117]. Again, for better wetting and faster drying isopropanol was used instead of water

to dilute the lubricant.

2.2.2.3 Ruchs Renoform 10

The Renoform 10 ALWF ia concentrated watérased lubricantzecially made fometal flow in
warm or hot forming of aluminum faemperature ranges of 200 to 8G0 The recommended
mixture is four parts water and one dalricant [107]. Again, for better wetting and faster drying

isopropanol was used instead of water to dilute the lubricant.

2.2.2.4 Boron Nitride

Boron nitride is a synthetically produced crystalline compound with chemical formula BN. The
crystalline structure ofhis compound is hexagonal. ZYP Coatings is a boron nitride lubricant
manufacturer, which provided the boron nitride lubricant used in this study [112]. The product

name is the BN Lubricoat, which has a maximum operational temperature 6€1000

2.2.3 Tooling ad Specimens

The annular test cups used in this study are made from Dievastéaplwhich is specifically
intendedfor hot took and elevated temperatui@ming applicatios. Thecups werdardenedo
a hardness of 52 HR®ollowing hardeningthe cufs were prepped using a specific polishing

proceduredescribed irSection2.2.3.1to ensure surface roughnessamsistentAfter polishing,
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some cups were shippéar coating these cups received a diamdiie carbon(DLC) coating,

which is intended teenhance tool durabilitpy reducing pickupPickup is a phenomenon that

takes place during high temperature forming of alumiratrtemperatures close to solutiortiaa,

the aluminum becomes very soft and as a result can adhere easily to the tool and die. When pickup
takes place over many production patte tool surfaces start to wear quicldgd part defects
become apparenfThe $eet metal surfaceughness was also measured to account for possible
variability andassesshe surface condition of the-asceived material. Details of the roughness

measurement process are highlighted in the following section.

2.2.3.1 Cup heat treatment and surface roughness

To ensure the repeatability, prior to coating, all cups received the same polishing treatment. The
cups were polished using the Struers TegralPchutomated sanding wheel with 220, 500, 800,
1000 and 1200 grit wet sandpaper. Each cup was held carefdiljtsvéinnular surface parallel to

the sanding wheel and light to moderate pressure was applied with frequent turning to ensure even
polishing of the test cups. Test conditions usingoated cups also received gane polishing
treatment iFbetween testt reuse cups. After polishing, the surface roughness of the cups was
measured using a Taykbtobson Surtronic 3+ profilometer, the results of which are shown in
Table2 for two representative cups. Each cup was measured 6 times at different locations of the
cup face; results of both cups were then averaged to get a nominal surface roughness for the
specified polishing sequence. The surface roughness values presérablkihare the Ra which

is the arithmetic mean of surface heights measured across a surface, the lower the number the
smoother the surface. The average surfacehmess value in Ra for both cups was 0.08 pum with

a standard deviation of 0.012 pum; this value corresponds to -&BN&pping surface roughness

grade number [114].
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Roughness (Ra){m)
Cup 1 2
0.12 0.1
0.1 0.1
0.06 0.08
0.06 0.08
0.06 0.08
0.1 0.06
Average
(Ra) (um) 0.08 0.08
Standard 0.02
deviation

Table2: TCT cup surface roughness (Ra) measurements after polishimg in

The cups sent for coating received the same polishing sequence moatitey as the uncoated
cups.

2.2.3.2 Sheet surface roughness

The sheet specimen surface roughness was also measured. Two categories of specimens were
identified: smooth and scored. The smooth specimens had smooth andfsemsthfaces based

on visual inspeatin; on the other hand, scratched specimens had mild scoring on the surface due
to handling. Three surface roughness measurements were taken in both the rolling (RD) and
transverse (TD) directions of the sheet for both categories of specimens. The TEagesallvas

slightly rougher than the RD. The average of all measurements was® (Rla), which was taken

as the nominal surface roughness of the as received material, with a standard deviation of 0.02,

45



Experimental Friction Characterization

this value is higher compared to AA7075 ubgdNode et al.[101], whichhad a surfaceoughness
of 0.061um. However, it is still much smoother th#ére value forAA7075 reportedby Schey

[110] of 0.23 pum.

Material AA7075
Smooth | Smooth
Specimen state RD TD Scored RD| Scored TD
Repeat 1 Ra(um) 0.08 0.12 0.12 0.1
Repeat 2 Ra(um) 0.08 0.12 0.1 0.14
Repeat 3 Ra(um) 0.1 0.1 0.12 0.14
Average 0.09 0.11 0.11 0.13
Standard deviation 0.01 0.01 0.01 0.02
Average RD/TD 0.09 0.12
Standard deviation
RD/TD 0.02 0.02
Average of both
conditions 0.11
Standard deviation all | 0.0191

Table3: AA7075 sheet metal surface roughness (Ra) for scored and smooth sarpfii8s in

2.2.4 TCT est parameters

In this work theblank is not lubricated directlinstead, the test cup is sprayed with the appropriate

l ubricant at the manufacturerds recommended
testing. This approach mimics hot stamping practice in which the tooling is lubricated instead of
the blank gnce these lubricants tend to smoke or burn at the solutionizing temperature. Each test
cup receives four passes and is left to dry. The lubricant dried evenly on eadtecuyhich the

cup is attached to cup holder via a setscrew.
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The twist compressiotest procedure startsy heating the sheet specimen to the°C7/@HT
temperature in a small convection furnace adjacent to the TCT apparatus. The specimen is heated
for 15 min including heat up time of 8 mins [54]. The sheet specimen is quickly takehtbeat o
furnace using a pair of metal tongs and is placed securely in the specimen holder. The transfer time
was under five seconds during which time the specimen cooled by ab@®&0The TCT
apparatus begins by using the annular test cup to apply ana@ad on the sheet specimen, the

load curve for the applied axial load is showrrigure30. The TCT test cup is either at RT or set

to a specific temperature asrghe test condition, the load curve takes 8 seconds to get to the full
clamping pressure. Then, rotation of the test cup on the sheet specimen takes place. After full

rotation is reached, the test cup is lifted from the sheet specimen and the cupcandrspare

removed and inspected.

6.00E+03
5.00E+03
4.00E+03

3.00E+03

Force (N)

2.00E+03
1.00E+03

0.00E+00
0.00 2.00 4.00 6.00 8.00 10.00 12.00
Time (s)

Figure 30: TCT Loadcell Force vs Time Profile

The parameters used for most tests conducted are as follows:

(0 The sliding speed was 30 mm/s, the maximum sliding speed possibleawbideng

damage to the torque load cell.
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(i) A normal pressure of@@VIPa was adopted which is the highest axial presber@ CT
apparatus can apply.
(i)  The sliding distance was cadependentit was used as a lubricant characterization

parameter, rather than an operational parameter for a target process.

2.2.5 Characterization of Test Temperature

For tests requiring heated tooling, the cups are mounted withireetied cup holdemnd requird

abou 15 min to reach steady state. The cup hatgeétemperature wafset+ 20°C hotter than

the required tool temperature for the given test condition, ensuring that the temperature at the
contacting face of the test cup is at the nominal tooling temperdthe required temperature
offset ofthe specimen holder is ontyl0°C. These offsets were determined by measuring the cup
and specimen temperatures direetlyile incrementing the input temperature until the measured
temperaturematched the desired lu@. Figure 31 shows an instrumented specimen, used for
temperature validation testing for AA7075 friction characterization with RT and heated tooling.
The design waachieved by milling a 1Imm degp4.7 mmlong slot that stops at the mean radius

of the test cup when it is placed on the center of the sheet specimen. A National Instrument DAQ
(USB-6000) was used for temperature data acquisition with a sampling freqoerdckHz.
Figure 32 shows the temperature time history of the instrumented specimens for various tooling
temperatures. Each temperature designation reféheteolutionization temperature and the set
tooling temperature, for example 4360°C corresponds to a solutionization temperature of

470°C and a tooling temperature of 380
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The transfer time of these instrumented specimens was under 7 seconds for all cases, which is

slightly longer than the time to transfer the sostrumented specimens due to manual

thermocouple manipulation. Almoall the timetemperature curves have the same characteristic

shape withfour distinct sections:

1 First highlighted in blackvery low cooling rate for about 7 seconds.

1 Second highlighted in dark purple:low linear cooling ratefor about twosecong at the

beginningof clamping

9 Third highlighted in reda higher cooling whickcontinues for about 2 seconds while

decreasing slightly past the mid point.

1 Fourthhighlighted in green: cooling rate increases slightly just past the second section then

continues to decrease a decaying fashion.

Considering a clamping time ofght seconds,Table 4 displays the average temperature the

friction test was performed at for each test condjt@dong with cooling rates for section greo

and threeof the time temperature curves. The cooling rate was obtained by taking the linear

average ofhe temperature vs time thie appropriate section.

Temperature Average Test Section One Section Two Section Three
Range (C) Temperature ( C) Cooling Rate Cooling Rate Cooling Rate
( Cls) ( CIs) ( Cls)
47025 90 7 36.4 73.2
470200 240 7 19.0 54.6
470300 320 7 13.0 33.8
470350 400 7 6.0 4
Tabled: Cooling rates of sheet specimen for

tooling
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The cooling rates for both sect®2 and 3 of the curve decrease with increasing tooling

temperature due to the reduced undercooling.

2.2.6 TCT Test Maitt
The TCT test matrix for AA7075 is presentedTiable 5. This test matrix presents the testing

completed in this study. Each test condition comprises a specific temperature and lubgcant,
470300 C + Fuchs AL278 indicates a solutioniza
TCT tooling temperaturefo 300 C al ong with the Fuchs AL278
a minimum of 3 repeats. All test conditions had a sliding speed of 30 mm/s and an axial pressure

of 25 MPa, except for select conditions, which were teste@ MBa.

Fuchs Fuchs Fuchs Boron Unlubricated
AL278 Renoform 10 | Renoform 25 Nitride
4704 00 3
470350 3
4703 00 3
470200 3 3 3 3 3
4708 0 ¢ 3
4702 2 ( 3 3 3 3 3
Total 42

Table5: TCT test matrix includingemperature condition and lubricant selection

The test procedure of the study highlighted able6 is similar to the test procedure Table5
exceptthetooling remains at room temperature for all conditiand Fuchs AL278 is used for all

conditions. However, the pressure and the speed are varied.
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Speed
5 mm/s 30 mm/s
Pressure| 10 MPa 3
30MPa 3 3
Total 9

Table6: TCT test matrix, testing different teslocities and interface pressures, with Fuchs AL278 lubricant and room
temperature tooling
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3 Friction CharacterizatidrResults

The presentation of the friction testing results starts with the dry unlubricated friction
characterizatiofollowed by acompaison ofthe performance of different lubricants for uncoated
TCT cups at room and elevated temperature. The best performingahtlis then characterized

using DLC coated cups at different tooling temperatures.

3.1 Dry Unlubricated Baseline COF

Testing began by measuring the friction response of an unlubricated cup with no coating to
establish a baseline from which comparisomslmmade. Three tooling temperatures wareed

from room temperature (RT) or Z& to 80°C and 200C, to measure the friction response at
different temperaturesFigure 33 shows the unlubricated friction response for the three

temperatures mentioned above.
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Sliding speed: 30 mm/s
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Figure 33: Unlubricated,uncoatedT CT friction results with solutionized blanks and varitasling temperature

For the unlubricated cups, adhesion between the test specimen and the cup takes place early in the
test, which causeas very high initial coefficient of friction for all temperature conditions. This

bond is broken as the cup starts to rotate, hence theti@d in the coefficient of friction. The
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steady state friction level for the unlubricated condition is between 0.4 and 0.5 for all three
temperature conditions. This value is quite high as compared to a lubricated surface; however, it
is typical of alumnumon-steel dry sliding contact [115]. At these friction levels, excessive

amounts of gallingvereobserved on the test specimen for all temperature conditions.
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3.2 LubricantPerformancec Uncoated Tools

Lubricant performance was initially tested withadie coatings andising room temperature
tooling. Figure 34 shows the results for all lubricants tested. Each lubricant had a minimum of
three repeats per test cotmin. The worst performing lubricant is the Fuchs Renoform 10,
although its initial COF was rather low and lay between the Fuchs Al 278 and the boron nitride
values. The best performer (lowest COF) is the Fuchs Al 278. The boron nitride, along with the
Fudhs Al 278, had a relatively stable COF over the entire sliding distance, generally indicating that

no breakdown of the lubricant occurred.

Pressure: 25 MPa

0.9 Sliding Speed: 30 mm/s
) Tooling Temperature: 25 °C

0.8
507 |
'S
206 |
= —Fuchs A1278
=
o 0.5 —Renoform 10
g Renoform 25
=04 L
b ——Boron Nitride
- p—

Unlubricated

Sliding Distance (mm)

Figure 34: TCTresultsof different lubricants for solutionized blank and room tempeeatiooling

Figure35 summarizes the average COF for each test condition along with the measured standard
deviation over the repeat tests. The average of the unlubricated condition was taken using data
from sliding distances of 6 mm or higher to avoid the initial static frighieak values. The boron

nitride and Renoform 25 seem to offer similar levels of friction response for the first 10 mm

(Figure 35). The Renoform 25 then experien@sontinuous increase in the friction coefficient

55



Experimental Friction Characterization

over the sliding distance (COF=0.13 at 5 mm and COF= 0.33 at 48 mm), giving rise to the higher
standard deviation value seenHFigure35. The Renoform 10 has the highest standard deviation
due to early lubricant breakdown. The boron nitride and Fuchs Al 278 have the least variability in
the data with no signs of lubricant breakdown. However, the Fuchs Al 278 prodnces
exceptionally low average coefficient of friction about 0.02; 7 times lower than that of boron

nitride.

0.50
0.45 Stding Spesds 30 m's
- 0.40 Tooling Temperature: 25°C
2035 ® Fuchs Al 278
% 0.30 = Renoform 10
8 0.25 Renoform 25
g 0.20 Boron Nitride
E_a 0.15 I ® Unlubricated
= 0.10 I
0.05
0.00

Figure 35: Summaryof lubricant performancéor solutionized blank (47C), RT tooling, 8 MPa pressure and a sliding spd
of 30mm/s

Figure36 shows the lubricant performance for a tooling temperature G20@hich results in a
lower cooling rate, compared to the rotamperature tooling conditiqiseeTable4). As a result,

the temperature of the lubricantigherduring the testcompared to the room temperature tooling
tests Theboron nitride experienced lubricant breakdown at this tooling temperature and resulted
in a coefficient of friction higher than that of the unlubricated condition at large sliding distances.
The Renoform 10 performance was somewhat superior to thattexhior initially RT tooling,

but it did experience a progressive breakdowntfar of the threaepeats. The Renoform 25
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resulted in an initial coefficient of friction of 0.1 ftwo of the threeepeats, whicklrops at about

7 mm sliding distancehut then increases agaend somewhat stabiks after 20 mm sliding
distance at a COF equivalent to the unlubricated condition (~ 0.45). The Fuchs Al 278 experienced
a 25% drop in the average COF to about 0.015 with the tooling temperature sétQptRid0is

similar tothe behavior reported by Noder [101] for this lubricant at €70
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Figure 36: TCT test results of different lubricarfts a solutionized blank antboling temperature of 20@
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3.3 Effect of DigCoatingon LubricantPerformance

The friction characterization experiments utilizing the DLC coating primarily considered the Fuchs
AL278 lubricant, mainly due to the excellent performance obtained using the uncoated cups. The
results for the Fuchs AL278 lubricant wiDLC coated cups at room temperature tooling are
shown inFigure37. While the experiments exhibit a fair level of noise, it is evident that the Fuchs
lubricant + DLC interface exhibited a gradual rise in friction from 0.038 to 0.075 over the duration
of sliding. This increase is attributed to the cooling of the specimen during the test, as seen in
Figure32 andTable4 in Section2.2.5 which indicates th average test temperature to be(0
Interestingly, the average coefficient of friction increased from a value of 0.017 without coating
to 0.055 with added DLC coating. Averages were taken from 6 mm of sliding onwards to avoid

the including the static efficient of friction in the averaging.

0.1
Fuchs AL278 + DLC
0.09 | Pressure: 25 MPa
Sliding Speed: 30 mm/s
0.08 Tooling Temperature: 22°C
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Figure 37: Friction versus sliding distance for DLC + Fuchs AL278 coated cups & Z®oling Temperature and a
solutionizing temperature of 470
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Figure 38 highlights that the lubricant remains intact for a tooling temperature 6f 28 made
evident by the layer of white film on the cup surface in the micpsamage (bottom left). The
surface of the test cup looks largely unchanged after the test is conducted. Only some minor burring
on the edge of the cup occurs. Very minor scoring is exhibited on the sheet specimen, this is likely

due to an imperfect cup g€, the dry white film on the test cup is characteristic of this lubricant.

Figure 38: DLC + Fuchs AL278 coated cups at 22tooling temperature and a solutionizing temperature of @76heet
specimen after testing), testcup optical microscope photo after testityy &nd test cup after testing)(

Figure39 presents the friction response for DLC coatads with Fuchs lubricant and a tooling
temperature of 20@€. The TCT apparatus was slightly misaligned for this test condition causing
some oscillatory measured frictional response; nonetheless, the measured friction coefficients

remain very low. When thtooling temperature is set to 200 the average test temperature is
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240C as seenn Table4 in Section2.2.5 The elevated test temperature reduces the friction
coefficient compared to thatrfdhe RT tooling, since the Fuchs is primarily a warm forming
lubricant and performs best at intermediate temperatures nea PIEB]. Similar to the non

coated tooling, the average coefficient of friction for this test condition is about 60% lower than
that with the room temperature tooling. For uncoated cups the decrease in COF between room

temperature tooling and a tooling temperature

0.1
Fuchs AL278 + DLC

0.09 | Pressure: 25 MPa
Sliding Speed: 30 mm/s
0.08 Tooling Temperature: 200°C
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Figure 39: Friction versus sliding distance for DLC + Fuchs AL278 coategascat 200C Tooling Temperature and a
solutionizing temperature of 470
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Figure 40: DLC + Fuchs AL278 coated cups at 2@0Tooling Temperature and a solutionizing temperature of @TCT
Friction Response; sheet specimen after testipgést cup after testing (bdestcup microscope photo after testirg ¢)

As mentioned above, the lubricant is most effective at this temperature condition. The optical
microscope of the cup surface sea Figure40di spl ays a fAsmearingo eff
According to Fuchs [101]this smearing is a physical indication of lubricant activation. The

misalignment of the equipment caused some scaninipe sheet specimen.
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Figure41 presents the friction response for DLC coated cups with Fuchs AL278 lubricant and a
tooling temperature of 30C. At this high toling temperature, lubricant performance is
compromised and unstable for two of the three repeats. This lack of repeatability indicates a
transition point to instability somewhere between tooling temperatures of 200 i@l Bller

et al. [101, 133] repded this transition temperature to be Z3@fter 21 mm of sliding under
warm forming conditions. e DLC coating didhowever,prevent aluminum adhesion almost
completely as seen ifrigure42for the somewhat stable test condition (light blue curasdpnly

minor adhesionwvas exhibitedon the edge of #t cup face Note that higher levels of adhesion

were exhibited for the breakdown cases
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Figure 4L:Friction versus sliding distance for DLC + Fuchs AL278 coated cups aiG3000ling Temperature and a
solutionizing temperature of 470
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Figure42: DLC + FuchsAL278 coated cups at 30D Tooling Temperature and a solutionizing temperature of @TCT
Friction Responseestcup (a), testup under microscope (bxheet specimen after testing, testcup under microscope (d)

Figure43 presents the friction response for DLC coated cups with Fuchs AL278 lubricant and a
tooling temperature of 38C. A complete breakdown of the Fuchs AL278rloant is exhibited

for this test condition. The average friction coefficient is about ten times that seen with RT tooling.

A higher amount of aluminum adhesion is seen on the cup specimen, especially on the edges, as
made evident irfrigure 44, in which aluminum is easily identifiable due to its high reflectivity

(circled in red).
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Figure 43: Friction versus sliding distance for DLC + Fuchs A&coated cups at 350 Tooling Temperature and a
solutionizing temperature of 410

Figure44: DLC + Fuchs AL278 coated cups at 380Tooling Temperature and a solutionizing temperature of @TCT
Friction Response; Sheet specimen after teghgestcup microscope photo after testing énd test cup after testing)(
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Figure45 presents the friction response for DLC coated cups with Fuchs lubricant and a tooling
temperature of 40C. Someadhesion of test cups to the sheet specimen was exhibitied) this

test the cup would stick momentarily on the shaetithen break freeThe friction coefficient is
completely unstable and rises to an average value of 0.78 at 50 mm sliding distance. Excessive
amounts of aluminum pickup are seen almost everywhere on the cypifpoe46c) as well as

possible DLC coating failure.
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Figure 45: Friction versus sliding distance for DLC + Fuchs AL278 coated cups atCA060ling Temperature and a
solutionizing temperature of 470
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Figure 46: DLC + Fuchs AL278 coated cups at 4@0Tooling Temperature and a solutionizing temperature of @TCT
Friction ResponseSheet specimen after testira), (testcup microscope photo after testing énd test cup after testing)(

Figure47 serves to summarize the effectlo¢ test temperature and die coating on the tribological
response, comparing the average COF of the Fuchs lubricant with and without the DLC coating
on the cup for different tooling temperature conditiolse COF was averaged from 6 mm of
sliding distanceonwards.The scatter bands correspond to the standard deviation between all
repeats of each test condition. The COF values with room temperature cups with and without DLC
coating are almost identical, with the DLC coated cups having a slightly high&ciemgioverall.

At 200 C tooling, the COF for both coated and
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cups having a noticeably higher COF. As the tooling temperature increases beydddhz00

Fuchs AL278 lubricant loses lubricity (wax meltingiqto 275°C) resulting in a higher COF. Up

to 300C, the DLC coating provides additional stability by maintaining a relatively low COF at
higher temperature by reducing adhesion to the cup. AC35bth the coated and uncoated cups
perform similarly, withuncoated cups having a slightly lower COF. In general, the die coating
increases surface hardness, which reduces affinity for adhesion of the aluminum to the die surface
thereby increasing tool life. This, however, does increase the likelihood of anpatvanism
becoming operative, which means at low temperature, the cups with DLC coating will have a
higher COF. The plow mechanism occurs when a tool surface is hardened. The asperities on the
hardened surface are less likely to plastically deform wheringpmito contact with asperities of

a softer surface. Therefore, the asperities of the hardened surface will plow through the softer
surface. At high temperature, the adhesive mechanism for wear dominates and the addition of DLC
coating will prevent the CBfrom increasing dramatically as comparedingoated cups up to a
threshold temperaturé&loder [101] als@eportedsimilar conclusions.

05 Pressure: 25 MPa
Speed: 30 mm/s

| [

0.4 0.1
="
0-3 0 - _ I- DLC + Fuchs
02 25 200 l?llfc%?sSALZ'f'S
0.1 I
I
0 . I-

25 200 300 350
Tooling temperature °C

Friction Coefficient

Figure 47: Influence of die coating on the coefficient of frictfonsolutionized blank, tooling temperatures 25, 200, 300 and
350C, 25 MPa contact pressure and 30mm/s sliding speed.
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3.4 Effect of Interfacial Pressure and Sliding Speed

To expand thdriction characterizatiofior numerical model implementatiptine effectof sliding
speed andontactpressuravere also consideregsince, in a real forming operatidooth of these
parameters are variabl@his subsection demonstrates the effect of contact pressure and sliding

speed on tribological response.

For this sebf experiments, the sheet specimens were solutionized &€ 48015 min and then
quickly transferred to the TCT, as was done for the experiments reported above. The tooling
temperature was set to 3@ The cups used for this study were uncoated. Tahestffect of

axial pressure, two axial pressures were used//Ra and 8 MPa. On the other hand, to test the

effect of sliding speed, the sliding speeds used were 5 mm/s anoh/30

In any given forming operation, the interfacial pressure betweeni¢hand workpiece varies
greatly, therefore, it is important to know the effect this has on tribological respogsee 48
shows the COF response fartooling temperature @00 C and contact pressure o MPa
compared to @ MPa. All three repeats of each test condition are also showigime48. Both
the 10 and @MPa conditions start at similar COF values duiaittal static coefficient of friction
The 3 MPa test condition has a relativadgnstant, highCOF as the sliding distance increases.
On the other hand, tH@OF for thelO MPa test condition initially drops frof5 to ~ 0.28 as the
cup starts to rotate¢hen it increasesteadilyuntil it reaches the COF level seen in tldvBPa case

at around 70nm sliding distance. The lower pressure results in a smaller true contact area, which
delays lubricant breakdown and reduces the effect oftribelogical adhesion mechanism,
therefore resulting in a lower initial COF. As the test progresses, adhesittmafium to the cup

starts to build up and the COF rises.
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0.6

Fuchs AL278 + DLC
Sliding Speed: 30 mm/s
0.5 Tooling Temperature: 300°C
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Figure 48: Effect of interface pressure on the coefficient of friction for a pressure dPha

Figure49 presents the effect of sliding speed on tribological response, for sliding speeds of 5 and
30 mm/s. Similar to the lower pressur® (@Pa) test condition seen Figure48, alower sliding

speed (10 mm/s) results in an initial drop in the COF as the cup overcomes the static friction
coefficient. The initial static coefficient is 0.34 arfetCOF drops to 0.22 shortly after sliding
commencesThe COF then steadily increases at a low rate until it reaches an average value of
0.32.At 30 mm/s the friction response is significantly elevated with a COF that fluctuates around

0.42.
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0.6 Fuchs AL278 + DLC
Pressure: 30 MPa
0.5 Tooling Temperature: 300°C
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Figure 49: Effect of sliding speed on the coefficient of friction for a sliding speed of 5 and 30 mm/s with Fuchs AL 278 lubricant,
tooling temperature of 30€ and Pressure ofBVIPa
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3.5 Friction Characterizatn - Summary

Friction characterizatiorunder die quench conditions usitige TCT apparatus has revealed
breakdown othe Renoform 2&andRenoform 1(bothexhibitedpoor performance at 200°Che

boron nitride showed good performarat@00C toolingtemperature, but with an elevated friction
coefficient. The Fuchs AL278 had the best performance with an average COF of 0.05 for tooling
temperatureof 200C. The Fuchs AL 278 was tested with DLC coated cups at various tooling
temperatures. The additiorf the DLC coating was found to increase the COF for room
temperature tooling; this trend is reversed for tooling temperatu80and 30CC, whereasor

tooling temperature of350C breakdown occursAt 300C tooling temperature, lubricant
breakdown oaarredfor two of three repeat triglsvhile at tooling temperatures of 350 to 400

mild to excessive aluminum adhesion onto the test cup was exhibited.

Variation of contact pressure study showed that a low contact presEMvEPé) results in an
initially low relative COF, which increases monotonically over the sliding distance. A high
pressure (@ MPa) produces a high COF with oscillatory behaviour. Variation of sliding speed
showed a low speed (5 mm/s) results in a low COF which increases monotorsctily test

progresses whereas a high speed (30 mm/s) results in a high COF with oscillatory behaviour.
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4 ConstitutiveModel forSimulation oDQForming

The experimental tensile test results used for fitting the constitutive model were obtainegdrom
separate studiegported byOmeret al. [54] and Wanget al.[119]. Both data setsomprised a
series of elevated temperature tensile tasts range ofstrain ratesThis chapter begis by
presenting the constitutive fits put forward by Oreeal.and Wangetal. Thisis followed by the
introduction of gporoposechew constitutivemodelintended to capture the behaviour of AA7075
during die quenching. This model is first applied taHé Omeret al.[54] datasetdesignatedhe
AOmerfitd. A tensile test FE model is presented nextich allows the direct comparison between
the two experimental data seandhelpsto identify differences in the hardening behanetween
the two data setkastly,the proposed constitutive fit for the Wangatadt designatedhe iwang

fito, is presented.

4.1 Previous Constitutive Characterization and Modeling Efforts

4.1.1 Omeret al.Constitutive Characterization Effort

The constitutive data acquired B@mer et al. [54] utilized a novel posprocessing technique
refered to as the Area Reduction Method to accountHeminimum true crosssectional area
when calculating the true stre€@meret al. [54] also utilized DIC technology to compute true
strain locally rather than over the entire span of the gdngentrastWanget al.[119 obtained
the engineering strain frorhe crosshead displacement of the ten&iblame and obtained the
engineering s&ss from the load cell data. Ttrae stressstrainvalues were thenomputedrom

the engineering valuessing Eq2 and Eq. 3
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In this manner,the Wargfald at aset should be viewed as a
average true strain withithe gauge length of the specimen, whertbesOmer et al. dataset
corresponds to the local true strain and stress at the minicnosssection. This distinction
complicates direct comparison of the two datasets, as addressed in &&cfiddmeret al.[54]

fit a modified Voce modedb their true stresstraindataof the form

y 0 0 0 - zZp Qwno (Eq.9)

whereA, B, C and Dare phenomenological manetersThe coefficients in EgO are generally
taken as constants for a given temperature and strain rate. Inbwddkneret al [54], each
coefficient was replaced with @olynomial functionto capture the temperature and strain rate

sensitivity, as shown ifable7.

Parameter AATOTS

A (MPa) 154.1 — 235.2T, + 487.2T2
— 381.7T3
B (MPa) 164362 — 961¢ + 186 +

(83.8Inég + 3.2)T, +
(—404.8¢ + 209.2)T?

C (MPa) 251.3 — 142.5T, — 113.5T?
D (mm/mm) 17.6 + 43.2T,

Table7: Coefficients for Modified Vocgonsttutive Formulationby Omer et al[54]

4.1.2 Wanget al. Constitutive Characterization Effort

Wanget al.[119 used a similar approach fto model theirdata, utilizing a modified Misiolek
constitutive model with embedded temperature and strairdegtendent polynomialshown in

Eg. 10 andin which C, m and n are equation coefficients,

£ #R A @br (Eq.10)
which can also be expressed as:

11K )Yy# T11#& 1Rr(Eq.11)
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Parameter Equation

i TA i # 4 # 4 # 4 # 4 #a4 #

i I € 4 € 4 € 4 € 4 g4 1
i I a 4 a 4 a 4 a 4 a 4 |

A 6 O6RrR OR OR O

r I &R &R &R ¢

Table8: Coefficients foModified Misiolek constitutive formulatiorl]19

4.1.3 Accuracy and Validity of Previous Constitutive Models

The use opolynomialexpressions to capture temperatamed strain ratelependence, ggoposed

by Omeret al.[54] and Wanget al.[119, offeredgood correlation between the constitutive fit

and the experimental resultsowever,the use of polynomial functions in phydigaioblems can

be misleading at times, especially if the model is extrapolated to other temperatures and strain
rates, which is often the case in FE simulations. Another reason to consider a different constitutive
fit is to extend the plastic strain ranfpe which the model remains accurate; the modified Voce

fit along with polynomial coefficients lacks accuraag made evident iRigure50.

350

300

—Omer 200°C 0.5
—Experiment 200°C 0.5
—Omer 300°C 0.5
—Eperiment 300°C 0.5
—Omer 400°C 0.5
—Experiment 400°C 0.5

250

Stress (MPa)
o]
(=
(=]

—_
wn
(=]

00 | ==

50

0 0.1 0.2 0.3 0.4 0.5 0.6

Plastic Strain

Figure 50: Modified Voce fit performed by Omer et f34] for 200, 300 and 400°C at 05 strain rate [54]and corresponding
experimental data [54]
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4.2 NewConstitutive MdelandOmekfit

In the current work, a morghysically basedonstitutive model was developethe proposed
constitutivemodelis derivedstarting witha version othe Zerilli-Armstrong mode[135), which

wasoriginally proposedor HCP materiad, given byEq. 12.

, 0 o6 6 - Agbpo o611 Y o6-T (Eq.12)

The Zerill-Armstrong model is a physically derived modeivhich Co presents the contribution

due to solute contenand initial dislocation density; the termdé 6 - Qown 0

0 & & "Yisderived based ahethermal activation energy needed for dislocation motion. This

model features fixed value coefficients, which amounts to a single equatiwhich strain,
temperatures and strain rates imaependent variables from whithe flow curve for a specific

conditionis predicted

A modified version of the ZerilArmstrong model wasleveloped, as given biq. 13. The
modificatiors completely decouple the yield stress compor@éntrom the initial hardening
componentCp, by multiplying each coefficient with a separaerm of the formQwn 0

0 a & "Y term(the subscriphis aplaceholdesince this term is repeated multiple times in the
constitutive equation)Additionally, the exponent of the plastic strain in the tekm ¢ -

from Eq.12, which is responsible for initial hardening response, is switched from 0.5 and made
temperaturelependentLastly, the prolonged hardening respqmiseminated by the ternd - [ in

Eq. 13, is also made temperatudependentthis modification was first introduced Burukuri et

al. [134] for a magnesiunalloy (ZEK 100.
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, 6 86A@PS 811 Y §- -~ Agpo 811 Y
0 07Y-T (Eq.13)
Coefficient Value
Co(MPa) -1.711E+06
C, (MPa) 1.711E+06
Cz (MPa) 6.079E+02
Cs (1/K) 1.126E07
Cs (1/K) 1.126E08
Cs (1/K) 6.932E04
Cs (1/K) 1.386E05
C: (MPa) 3.441E+02
Cs (MPa/K) 9.046E01
Co 3.646E01
Cuo 2.193E01

Table9: Coefficients for modified ZerilArmstrong constitutive formulation

A subset of theéemperature conditiononsidered byDmeretal. [54] wereused for the modified
Zerilli-Ar mstrong constitutive fit, namely the
The range oftemperature conditionsonsidered was reducethce at low temperaturéhe rate
sensitivity reverses signs abeécomes negative due to tRerteviri Le Chatelier(PLC) effect.
Under specific conditions of strain rate and tempeegtthe PLCeffect appears as an unstable
plastic flow during tensileessting As the PLC effect takes place, the plastic strain locatises

bands that move in a variety of ways along a specimen gabgechange in rate sensitivity

200

complicates the constitutive fitting unnecessarily since material deformation in the DQ process

occurs in the range 2004 7 0. The resulting constitutive fits are seen in

Figure51; this constitutive fit will be referred to as the Onifigiin the subsequent text
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400
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200°C
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Figure 51. Modified Zerilli-Armstrong constitutive fits for Omer [54] experimadata

Tablel0presents theesults of thdR-squareckerrorfor all test conditions to highlight the goodness
of the fit. Good correlation is exhibited between the Oxfiteand the experimental datasexcept

for the 470°Ccaseat a strain rate of 0.0fbr whichthe R value is 0.7798

Temperature
200°C 300°C 400°C 470°C
StrainRate |0 . 01 0.9982 | 0.9902 | 0.8776 | 0.7798
0.1 0.9876 | 0.9962 | 0.9556 | 0.8721
0.5 0.9983 | 0.9981 | 0.9820 | 0.9379

Table10: R-squared residuals of the Om#irvs. experimental data for all temperature and strain rate conditions
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4.3 Model Validation an®ataset Comparison

Since the straiand stressneasurement method diffdoetween the constitutive data reported by
Omeret al.[54] and that published bwanget al.[119, thehardening response is not directly
comparableWanget al.[119] averages the strain over the entire gauge length whereaseDmer
al. [54] measures the local strain using DIC and uses tualted ARM method which corrects
the strain and stress measurenpat uniform elongation. The datasets also use different tensile
geometries.Thus, to enable direct comparison of the hardening response betineedwo
constitutive datasetsa finite elementmodel of the tensile testsvas developedutilizing the

specinen geometry ithe experiments performed byanget al.[119.

4.3.1 TensileFE ModeDescription

The FE modeltilizes theOmekrfit to simulate the material constitutive behavibutmodek the
specimen geometry from Wargg al. [119. The tensile model shown iRigure52 is a quarter
symmetry isothermal tensile moddlhe nodes at the specimen grip section are pulled in the
posi tive masymmeiryrb@uodary conditioms are applied at the symmetry planes. The
model has a first order quadrilateral mesh, with a 0.5 mm elemerdargizesedully integrated

shell elementsThe model utilized the BarldLD89 yield surfacg120], in conjunctionwith the
Ometfit constitutiveresponseThe FE model was run for three temperatunesnely 200, 400

and 480C, and three strain rates at each temperatiaenely 0.01, 0.1 and & These
temperatures and strain rates match those tested byavaing 19] and areclose to the conditions

considered by Omeat al.[54].
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— Dy, Rx, Rz=0
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Figure52: IsothermalTensile Quarter ¢mmetry FE Modelnfodelledafter Wanget al.[119] tensile geometry)

4.3.2 Comparison to experiment

The predictedhardening respondeom the FE tensile model with tH@metrfit is compared tthe

measured experimental data dueManget al [119 for temperaturesf 2 0 O , 400, 480 (
strain rates 0.01, 0.1 and 1Rigure53. At 200°C, the Wanget al [119] experimental data shows

a negative rate hardening tremtiereaghe Omelet al.[54] dateset and the FRredictions exhibit

a positive strain rate sensitivity (the Onetral.[54] does not show negative rate sensitivity until
temperatures drop below this levellhe measuredstress levels inthe Wanget al. [54]
experimental results is significantiywer thanthe predictions using th®mekfit, althoughstrain

rate sensitivityis similar for the two datasetsor t he 480 C andngére, C tes
the softer hardening response from the Weingl.[119] experimers result is expected since the

strain is averaged over the entire gauge length while at high temperature the locabstchiye
considerabhhigher that the average stramerthe specimen gauge. Since the stress is calculated

based on & 9b, an under predicted strain measurement will result in an under predicted stress
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calculationdue to an undeestimate of the area reductiorhe difference between the two data

sets is further examined in Chapter 5 in which predictions are compaméasured load

displacement data fromQ LDH experiments
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Figure 53: Stress strain curves of tt@merfit at temperatures 480, 400, 4&8and strain rates of 0.01, 0.1 st compared to

the Wanget al.

[119] experimental stresstrain curves
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4.4 Current Constitutive Modépplied toWang Dataset

As an alternative to the Omeéit, amodifiedversion ofZerilli-Armstrong formulationshown in
Eq. 14, was fitto the Wanget al.[119 data set.A small difference existin this equation versus

that used to fit the Omaest al. [54] datasetwhich isthe removal of thesecondpowerlaw
hardeningterm 60 O "Y-[ which was not needed since thealaget had little to no positive

hardeningatelevated temperaturk addition, the experimental approdekenaveraesthe strain

over the entire gauge lengtlwhich may exhibit a significant strain gradient at elevated
temperatureAveraging the strain over a gauge that has a significant steadiregt could result in
underpredicting the hardening rate, meaning the material will appear softer than it is physically.

The coefficients resulting from the fitting process are giveFainle11.

, 0 06Qwnod o6a& Y O-  Qwono o6as Y
(Eq. ¥)

Coefficient Value
Co(MPa) -6.064E+02
C: (MPa) 9.924E+@
Cz (MPa) 2.254E+09
Cs (1/K) 5.045-03
Cs (1/K) 2.330E-05
Cs (1/K) 3.36F-02
Cs (1/K) -2.386E-05

107 245701

Table1l: Coefficients for modified ZerilArmstrong constitutive formulatiothe Wangfit, to theWanget al. experimental data
set[119]

Nearly all temperatureonditionsdescribed in Wangt al.[119] wereused for the modified ZeriHi

Armstrong constitutive fit, namely the 200, 3880, 440and 80 C t emper atThe e ¢
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280 C temperature condition was the only condition omitiadesit exhibiteda highly negative
hardening rate for a large portion of the flow cuwhichwould have affected the constitutive fit

and caused additional problems with the FE model. The resulting constitutive fits are seen in

Figure54.
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Figure 54: Modified Zerilli-Armstrong constitutivets for the Wanget al.[119] experimental data

Temperature
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200°C | 360°C | 400°C | 440°C | 480°C
StrainRate |0 . 01 0.9979 | 0.9403 | 0.9506 | 0.9843 | 0.9350
0. 1] 0.9955| 0.9233 | 0.8992 | 0.9620 | 0.9933
1 s| 0.9963 | 0.9556 | 0.9555 | 0.9855 | 0.9779

Tablel2 presents the Rquarecerror valuedor all test conditions to highlight the goodness of the

fit. Goodto moderateorrelation is exhibited between the Wditgand theexperimental dataset

Temperature
200°C | 360°C | 400°C | 440°C | 480°C
StrainRate |0 . 01 0.9979 | 0.9403 | 0.9506 | 0.9843 | 0.9350
0. 1| 0.9955| 0.9233 | 0.8992 | 0.9620 | 0.9933
1 s| 09963 | 0.9556 | 0.9555 | 0.9855 | 0.9779

Table12: R-squared residuals of the Watfiggvs. experimental data for all temperature and strain rate conditions
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5 Numerical Simulation of Elevated Temperature Limiting Cidenght
Experiment; Model Description
To assess and validate the constitutive neogeesented in the previous chaptetevated
temperaturdimiting dome height (LDH) experiments performed by Geoegel. [13( were
simulatedusing a finite elemenmhodelincorporating the constitutive fits. The predictions of load
displacement responsimperature historgtraindistribution and strain historguring the LDH
experiments for a range of forming conditions were dsedalidation of the constitutive model
This chapteopens bypresening the experimental set ®ection0) for the DQ LDH testing by
Georgeet al. [130. The chapter closes with a degption of the FE modebf the LDH DQ
experimers (Section0). The model predictions and comparison with the experimental data due to

Georgeet al.[130] is given in Chapter 6.
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5.1 Limiting Dome Height Experiments
This sectiordetailsthelimiting dome height (LDHexperiments performed by Georgfeal.[130

to characterize the formability of AA7075 aluminum alloy sheet under die quenching conditions.
This testing was not done as part of the current resdavatever, the experiments were miee

as part of the validation effgdo an overview of thexperimetal methodology is presented here.
The formability was assessed using temperadegendent forming limit diagrams, produced via
Nakazima hemispherical dome testigjngtooling that adheres tdhe Nakazima test standard
[119]. This task was completed ngithe automated fast form system at the University of Waterloo
with in-situ Digital Image Correlation (DIC) technology used to evaluate strain. In the following
text, the test set up will be presented first, followed by the specimen geometries usedt and t

parameters adopted and the rational behind the choices made.

The toolng utilized for the formability experiments ishown inFigure55. Theblank is clamped
betweena pair of flat dies with &6 mm innerradiusand a die entry radius of 8 mm. Tfieed
Nakazima hemispherical punch has0e8 mm radius,resultingin aradialclearancef 3.2mm for
a 2mm blank. The binder usaspringloadedlifters that hold theart abovehe binderuntil the
die mowesdownwardsto clamp the blank against the bind#rs significantlyreducesheat loss

during the clamping stage.
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Upper spacer for Camera View to Punch

camera access

Die Cavity
Punch

Binder

Load cell on punch

Punch (fixed)

(cross-section)

Specimen

Lifter springs

Cooling channel

Cooling channel
valve

Figure 55: CAD of tooling assembly in isometric viea) {130], cross section of CAD of tooling assemlidy[(30], closeup
CAD isometric view of diassemblyc)

The dies and punch are made frbir13 steel with a measured surfda@ednes®f 50 HRC.The
upper die is mounted to the press upper ram, while the upper spacer provides clearance for the DIC
camerastheupper ram is mounted to the inner slide ofsber/o hydralic press. Cooling chanrsel

are embedded in the diginder,and punch assembly in which L2chilled water circulates.

The tooling is mounted withiaMacrodyne 900'on hydraulic forming press. The press capacity
is 900tons, whichcomprises a main 66@n cylindricalactuator an@ 300ton outeractuator (not

used for the DQ LDH testingThe main actuator can operate at-600 capacity for lowspeed
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approach or @ton for a fast speed approaathich was used for the LDH experimental-spt
Pressure transducers anstalled in the cylinders and measure fluid pressure that, based on the
cylinder crosssectional area, allows calculation of tool foréae binder is connected to a 150

ton hydraulic cushion, which provides the clamping load required to prevenirddhthe flange

region of the part during forming. The displaceremtrolled die has a fast approach speed of

254 mm/s, which is superior to the test speed of 64 mm/s. The die speed is then reduced to test
speed, which operates under oj@op control. Oncehe diecontactghe binder, the binder force
operates undalosedloop control with a hydraulic actuator located beneath the press. The die and
binder continualownwardsand the punch is fixed such that the sheet is formed over the fixed
punch. Thepurch reactionforce is measured using a load cell locataderthe punch mounting

point The binder load chosen was 356 kN which saificientto eliminate drawin.

Press

Formed part
offload area

if applicable...
(ifapp ) Solutionizing Furnace

Lube station
(behind off-load)

Blank Loading Area

Figure 56: Fast forming set up with press robotic arm awdutionizing furnac¢130].

A Deltech industrial convection furnace is used to solutiothieblanks For rapid and repeatable
transfer times, an ABB IRB 6700 industrial robotic arm was used, shofigune56. The robot

arm uses an attachment with two gripper systems on opposite ends of the arm. Thishallows t
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robot to handle hot and coldarts. @Id parts going into the furnace are handled using
pneumatically controlled suction cups, while hot parts coming out of the furnace are handled using

a mechanical gripper that engages the edges of the blanks; both are shuneis?.

Mechanical

grip
Pneumatic

grip

Figure 57: Robot Arm with Mechanical and Pneumatic giig0].

Strainmeasurementduring LDH testing were performed usistereo digital image correlation

(DIC) technology A pair of Photron AX100 FastCarameras attached to a pailtof mm Nikkor

lenswith a blue light filter and a blue LED for illuminatiomereused for image acquisin. All

DIC analysis was done using Vic 3D [11], a commercial DIC softweekage The basic
parameters used within the Vic 3D softwased for analyzing the DIC datacluded a step size

of 4 pixels, a strain filter of 5 pixels, and a subset of appnaxely 35 pixels. Based on the physical

test setup, the pixel resolutiovas 10.5 pixels/mm Figure 58 shows an example of a speckled

dome specimen used for DIC straneasurement he strain limit detection was achieved using
thelSO 120042:2008[106] method.The specimens were first bead blasted to create a matte light
background to contrast against the black speckle pattern. The black speckled pattern was produced

using the VHT Flame Proof higiemperature black thermal paint [120].
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Figure 58 Example of speckled LDH specimen for DIC strain measurejh20}
5.1.1 SpecimerGeometry
EachNakazimaspecimen geometry is designed to have a different strain path, which leads to a
different strain state anéorming limit. The strain path and forming limit are controlled by the
aspect ratio of # gaige region of the specimeRigure59 displays the test geometries used in
this study. The specimen geonmesrfollow modified versions of thi0120042:2008standard

with gage widths: 25.4, 76.2 and 152.4 mm.
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Figure 59: Specimenestgeometrie$130].
5.1.2 Lubricant

The lubricant usethy Georgeet al.[130 was a combination of five layers of Teflon sheet with
Vaseline applied between layers. The lubricant used in the forming trials differs fronugiease

in the friction characterization efforfThe friction characterization workonsidered high
temperature aomercial lubricants and die coatings, which work well in aviglume production

setting. For the formability characterization effort, which was a low volume study, the Teflon
sheets proved an ideal choice of lubricant choice. Future starkldinvestigae the commercial
lubricants and coating presented in this thesis using deep drawing experiments for which the extent

of material sliding is much higher
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5.1.3 Temperature history validation

LDH specimens were instrumented with thermocouplesseorgeet al. [130] to measurghe
temperaturgime history during heat up and manual transfer of the specimens. Robotic transfer of
instrumented specimens was not possitilerefore, instrumented spe®ns were transferred
manually from the furnace to the tooling to measure convective cooling during tr&ingiee.60

shows the heat up timtemperature history dhe LDH specimen. The furnace temperature was

set t oThedh@alu pC.t i me required to achieve a unifo

min.
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Figure 60: Timetemperaturehistory of LDH specimen during heat [430].

The temperature drop due to convective cooling during blank transfer from the furnace to the
tooling can be seen Figure61. The rate of convective cooling of the blgfttke slope of the first
portion of the curve) while on the furnace ra
second portion of the curve corresponds to the convective cooling rate of the blank during transfer
whi ch i s ab ouming® cotrespoi@/tosa.manudl easster process. Given the robot

transfer timeof 5 secondsnd the two cooling rates shown, the approximate temperature of the
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bl ank at the beginning of Thisovalumwas gsed irsthedigite i mat ¢
element simulations as the initial temperature at the beginning of the DQ forming operation, as

described in Sectio®.2.4
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Figure 61. Robotconvection cooling rate transfgt30].

5.1.4 Formability test procedure

The test procedure begins with robotic transfer of the cold blank into the Deltech furnace to be
solutionized at 48@ for 15 min. The hot blank is then transferred onto the spoaded lifters

on the binder; the transfer is complete in 5 seconds. The die set and punch amelatketo

12 C. Once the die is 25 mm from contacting the blank, th& aequisition system is initiated,

and the die speed is reduced to 64 mm/s for the remainder of the forming stroke. Once the die
contacts the blank, it is pressed against lher, whichprovides a constant resistance to
movement (356kN) under closedoop control. The die, blank and binder continue moving
downwards and the blank is formed over the hemisphgrizadh, whichis fixed in position. Once

the forming operation is completed, the cushion actuator raises the binder to the starting position,

which completes the cycle.
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5.1.5 Formability Test Matrix
The test matrix for the formability experiments perfornbgdGeorgeet al. [130 on AA7075 is

presented infable 13. The test highlighted ifable 13 includes a hot solutionized blank with

chilled die (12°C) and punch andastforming speed of 64 mm/s

DQ + chilled tooling + 64 mm/s
Geometry 25.4 mm 3
76.2 mm 4
152.4 mm 3
Total 10

Tablel3: DQ Formability Test Matrix
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5.2 Numerical Model of the DQ LDH Test

A numerical model of thelie quenching (DQ)imiting dome height(LDH) experimentswvas
developed using commercial FE expliditnamiccodeLS-DYNA. This section documents the
numerical modelhich considered the two constitutive fits developeGhaptert. A comparison
between the predictions and the measured data from Getoaty§13( is given inChapter6 and

is used to assess the two constitutive fits

5.2.1 Discretization

The threedifferent blank geometries were implementdte mesh used to discretize the model
with the 76.2 mm geometry is shownkigure62. The model compris@beblank, purch, binder,
and die. The model is orguarter of theotal geometry; thigeductionwas possible due to the
symmetryaboutthe X and Zaxes, whiclreducedthe computational time. Symmetry boundary

conditions were enforced to maintain full geometry defoionabehavior.

Figure 62: Quarter symmetry model tooling agb
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