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Chapter 1: Introduction and Theoretical Background

PROBLEM BACKGROUND

Aluminum alloys havelong presentedn attractivealternativeto steelasa
structuralmaterialin theautomobileindustry. Their high strength-to-weightatio
promisesa reductionin the massof vehicleswithout decreasingstructural
performancethusincreasinguel economyandsafety. For this andotherreasons,
automobilemanufacturersiave utilized aluminumin the productionof engine
blocks and evensomebody panels. Probablythe largestpotentialfor mass-
reductionandincreasedoerformancdies in the useof aluminumto makebody
panelsthe body-in-white. It is possibleto achievea decreasén weightof almost
50%, comparedto steel,while maintainingequivalentstructuralperformance.
However,aluminumis not as formableasits steelcounterparts. OWhilesteel
sheetmay provide up to 50% ductility in cold stampingoperationsaluminum
typically provideslessthan 30% ductility [2].0 As a result,more complicated
body-in-white geometriescannotutilize the benefitsof aluminum. Thus, if
automobilemanufacturersvish to extendthe useof aluminumto all bodypanels,
they must adoptnew forming methodsand/orinvent aluminum materialsthat
produce higher ductility.

It is first necessary to understand the operation and limitations of the
mechanismshat enablegreaterformability. Two methodsexistto increasethe

tensileductility of a materialby decreasinghe onsetof necking:increasingthe



strain-hardeningate or increasingthe strain-rate-sensitivityof a material.
Becausehereareonly limited possibilitiesto increasehe strain-hardeningate of
aluminumalloys, changingthe strain-rate-sensitivityholdsthe mostpromisefor
increasingtensile ductility. Deformationof strain-rate-sensitivenaterialsis
commonly governed by the equation:
I =k&" (1)

where ! is the true flow stress,k is a constantat constanttemperatureand
microstructure,& is the true strain rate, and mis the strain-rate-sensitivity
exponeni3]. Thevalueof m, which canrangefrom 0 to 1, controlsthe rate of
deformationlocalization,or necking,that takesplacein a material,eventually
leadingto fracture. It is very difficult to predictor modelthe onsetof neckingin
a sampleof uniform cross-sectior{4]. However,if one assumesan initial
sinusoidalvariation in the cross-sectionahreawith length, the growth of a
localizedneck exhibitsa strongdependencen m. As m decreaseghe rate of
neckgrowthincreasesignificantly,leadingto muchearlierfailure. Form=0.2a
theoreticalmaximumductility of about100%is calculatedwhile for m= 0.33
ductility of 500% andfor m = 0.5 ductility of 8000%havebeenpredicted[3].
Thus,in orderto get higherformability in aluminum,manufacturersnustfind
ways to increase the value of the strain-rate-sensitivity expanent,

By raising the forming temperaturehigher than 0.6 T, materialsoften
experiencecreepflow, especiallyat low strainrates. As aresult,scientistshave
increasedhe value of m in somealuminumalloys by processingat elevated

temperaturesappropriatemicrostructureganresultin superplastienaterialswith



extremelyhigh tensileductility. OSuperplasticitig the capabilityof certainalloys

to undergoextensive,neck-free,tensile deformationprior to fracture [3].0
However, superplastimaterials cannot be defined exclusively by their strain-rate-
sensitivity exponentMaterialscan be separatednto threecommonlyobserved
categoriebasedn the dominantdeformationrmechanismgrain-boundargliding

(m™ 0.5),dislocation-climb(m " 0.2),andsolute-dragm " 0.33). Thesearethe
mostimportantmechanismslescribingthe presencer absencef high ductility

in aluminumalloys at elevatedtemperaturesnd mustbe understoodeforethe

search for high-ductility aluminum can begin.
GRAIN-BOUNDARY SLIDING

Most materialswhich havetraditionally beenconsideregsuperplasticfall
in the categorygovernedy the deformationrmechanisnknownasgrainboundary
sliding, or GBS. During GBS grainsslide androtaterelativeto eachother,giving
riseto high stressest locationswheresliding is difficult, suchasgrain-boundary
triple points. Dislocationmotion at theselocationsenablescontinuedsliding ata
rate controlledby atomdiffusion. In this procesghe grain shapechangedittle,
leadingto a greatemumberof grainsin the tensiledirectionanda decreasén the
perpendiculadirection[3, 5]. Extremelyhigh ductility, in the rangeof 400%-
1500%,hasbeenachievedn manyaluminumalloys utilizing this mechanisnj3].
However, grain-boundarysliding only occursin very fine-grainedmaterials
obtainedby specialprocessing.Thelargestgrain sizeableto producea material
with grain boundarysliding is approximately20 um [3]. If grainsizeincreases

beyondthis size,GBSis greatlyreducedprimarily becausef anincreasen the
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numberof sitesalongthe grain boundariesvhich inhibit sliding. In addition,the
rate-controllingdiffusion processedend to limit GBS to low ratesand high
temperaturesMost superplasti@luminummaterialsmustbe deformedat a strain
ratelower than102 s [3], whichis too low for manyhigh commercialproduction
rates. As a result,the high costassociatedvith superplastidorming of these

materials has prohibited its use by automobile manufacturers.
DISLOCATION -CLIMB

In materialswith coarsegrain sizes,creepflow occursas dislocations
movealonginternalslip planesuntil theyencounteanobstaclesuchasa buildup
of dislocationswherethey mustclimb over the obstacle. For suchsequential

processes the overall creep rate is:
1 1 1

& 8 &

where & is the total creep rateg?é, is the strain rate contribution from glide, and

(2)

& is the contribution from climb. Thus, the slower process governs the rate of

creep. In dislocation-climbcreep,the rate controlling mechanismis the climb

process, which provides a creep rate approximately expressed in the equation:

e=xoft o

whereD, is thelattice diffusion coefficient,E is the dynamicelasticmodulus,and
n, the stressexponentjs about5. The stressexponentn, equalsthe inverseof the
strain-rate-sensitivityn = 1/m As aresultof this high valueof n, neckingoccurs
relatively quickly, limiting the ductility of the material. Materialsexhibiting
dislocation-climb creep do not exhibit superplasticity,having values for
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elongationto failure typically lessthan 100%. Creepof mostpure metalsand
manyalloysis governedby this processbecausehe glide processs typically far
easier,andfaster,thanthe climb processThis is true of high-purity aluminum,
wheren = 4.5 overawide rangeof strainrates,andsomecommercialaluminum
alloyswhich havea higherflow stressat equivalentemperatureandstrainrates.
It is possibleto decreaséhis valueof nto 2 in suchmaterialsusingGBS, butonly
by greatlyreducingthe grain size,which requiresspecialprocessind3]. Thus,
for materialswith coarsegrainsizes,oneshouldnot expectmaterialsin which the

dislocation-climb process governs creep to yield high tensile ductility.

SOLUTE -DRAG

With the addition of specific solute atoms to materials exhibiting
dislocation-climbcreep,onecandecreaséehe stressexponentn, from5to 3. In
this processcommonlyreferredto assolute-dragcreepor classl creepbehavior,
the soluteatomsslow downthe movingdislocationsn the glide step,causingt to
be the rate-controllingstep. Weertmanprovidesa good descriptionof this

behavior in several solid-solution alloys by the equation [6]:

_ap. KT g #
E&= ADs CezE‘;éL/@E'.' (4)

whereA is a constantfor eachgiven material,D, is the diffusivity of the solute
atoms k is BoltzmannOsonstantg is the concentratiorof soluteatoms,e is the
sizemisfit betweerthe solventandsoluteatoms,andn, theinverseof m, is equal
to 3. Mostimportantin this equationis the valueof n = 3, which leadsto much

slower neckingand larger elongationthan those producedduring dislocation-



climb creep. In fact, materialsexhibiting solute-dragcreephaveachievedensile
ductility of upto 325%[7]. Furthermoregquationd is independenof the grain-
size of the material. This meansthat manufacturersnustperformno additional
processingo achievehigh tensileelongationby solute-dragcreep,aswould be
requiredfor materialsexhibiting grain boundarysliding. Another important
factorin equatiord is the valueof e, the sizemisfit factor. It shouldberelatively
large (greaterthan15%)in orderfor the soluteatomsto significantly slow down
the glide process,making it rate-controlling.Finally, becauseequation4 is
dependenbn the diffusion coefficientof the soluteatoms,the activationenergy
of creepshouldbe similar to that of diffusion of the solutespecies. If it is not,
anothersoluteor mechanismmay beresponsibldor the overallmaterialbehavior.
Therefore,if solute-dragcreepis presentn a material,it could providethe best
combination of tensile elongation and processing ease.

With the large ductility solute-dragcreeppromises,it is importantto
considerthe atomicmisfit sizefactor, soluteconcentrationstrain-rate/temperature
regions,andcavitationthatlimit its use.Table1 showsthe valuesfor atomicsize

misfit in aluminum, as calculated by King [8]:

element| Ag Ca Cr Cu Ga Ge Li Mg

#4(%) | +0.12| +177.1| -57.23| -37.77 | +4.94 | +13.13| -2.10 | +40.82

element] Mn Pb Si Sn Th Ti V Zn

#4 (%) | -46.81| -53.63| -15.78 | +24.09| +156.6| -15.06 | -41.42 | -5.74




Table 1:  Atomic size misfit factors in Al, according to King.

Becauseghe atomicsizeof the soluteatomsshouldbe eithersignificantly largeror
smallerthanthe solvent,oneshouldexpecta greatnumberof the elementdisted
in Table 1 to demonstrateéhe possibility of causingsolute-dragcreepin an Al
matrix material. However,dueto solubility, reactivity,and otherconsiderations
only aluminumalloys containingMg, Ge, Cu, andZn havedemonstrategolute-
drag creep[3, 9]. Of these,magnesiumhasthe most pronouncedmpactin
creatingsolute-dragcreep. Furthermoreit is importantto notethatthe valueof n
doesnot alwaysdecreasdinearly with soluteaddition. In previousstudies[2, 7,
10-16],increasinghe concentratiorof magnesiunbeyondapproximately3 at.%
did not affect the creepbehaviorof aluminumat a given temperatureand creep
rate,within the solubility limit. Converselydecreasinghe concentratiorof Mg
below2.2 at% canresultin the disappearancef solute-dragoehavior becauset
low concentrationghe drag effectis weak. Similarly, Mostafaand Mohamed
haveobservedhe disappearancef solute-dragoehaviorin Al-Zn alloys at Zn
concentrationdessthan 10 at% [9]. Although theseobservationsseemto
contradictthe dependencen concentratiorasindicatedby equation(4), this is
becausalislocationdbecomecompletelysaturatedvith soluteatomsat low solute
concentrationg16]. A further limitation on the occurrenceof solute-drag
behavioris the rangeof temperaturesind strainratesin which it is found. It is
possibleto comparedatatakenat differenttemperatureby normalizingstrainrate

with diffusivity and plotting it as a function of flow stressnormalizedby the

dynamicmodulus. Diffusivity of Mg in Al is expresse@s D = Doe! (Q/RT) with



D, = 5 x 10° m¥s andQ = 136 kJ/mole,the activationenergyfound for creepin
binary Al-Mg, which is very closeto 142 kJ/mole,the valuefor self-diffusionin
Al, and136kJ/mole,thevaluefor Mg diffusionin Al [7]. Above& D =7 x 10?
m?, power-law breakdownoccurs, greatly increasingn and, thus, limiting
ductility. In purealuminum,this valueis aboutl x 10" m?. Foracommercially
viable strainrateof 1 x 102 s* this would meana temperaturef approximately
330 C is necessaryor solute-dragcreep. Therefore the achievemenof solute-
dragbehaviornecessitatethe useof high temperatureandrelatively slow strain
rates. Thefinal limitation on the useof solute-dragoehavioris the occurrenceof
cavitation,primarily causedy precipitatesandproeutectigproducts. Evenif the
solute-dragnechanisnoccursin a material,cavitationcancausdargereductions
in elongationandweakenthe material,makingits subsequenisefor engineering
applicationsvery risky. In studieswith ternary alloys of Al-Mg-Mn the
manganesé&ndedto form particleclusterswhich causeccavitationin the parent
materialin proportionto the Mn content[7]. Thus,the presencef precipitates
andproeutectigroductslimits the benefitsof solute-dragcreepin aluminumand
must be consideredalong with the other limitations mentionedabove,before

assuming a material is suitable for high strain forming.

SCIENTIFIC OR COMMERCIAL ALLOYS

Although solute-dragcreep promises high-ductility with minimum
processing,its applicationto the automotiveindustry dependson whether
commerciallyviable alloys can provide both large elongationand low cost.

Binary, low-impurity alloys of Al-Mg consistentlyachieveelongationover 200%
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without significant cavitation. However, these alloys require special processing to
preventimpurities, making them too expensivefor applicationsin the auto
industry. Commercial, 5000-serieaaluminumalloys containingMg satisfy the
costrequirement®f the autoindustry,but containexcessmpurities,which lead
to greatercavitation and lower elongationthan low-impurity material. An
important question is: OHow much will the greater cavitation decrease
formability?O Will solute-dragcreepbehaviorin commercialaluminumyield
high enoughductility for its applicationto body panelforming? Doessolute-drag
creepbehavioroccuronly in Mg-containingcommercialaluminum,or is it also
foundin alloys containingZn? This thesisinvestigateshe creepbehaviorof five
commercialaluminumalloys andone customalloy to determinethe presenceof

solute-drag creep and evaluate each alloyOs applicability to automotive forming.



Chapter 2: Experimental Setup and Evaluation Techniques

TESTED MATERIALS

The materialsusedfor this investigationwere aluminum alloys 5754,
5182,5182cc,7150,6111,6022,andAl-5.1Zn. Compositionsof thesealloysare
givenin Table2. Thethreeimportantfactorsevidentin Table?2 arethe effect of
Mg content(5754vs. 5182),the effectof 5 D6 wt.% Zn (7150andAl-5Zn), and
the effect of Si content(6111 and 6022). It is importantto note that the
compositionsof Al 5182andAl 5182ccarethe same. However,Al 5182ccis a
continuouslycastalloy andyieldeddifferentresultsthan Al 5182 during tensile
testing. All of thesematerialsundergono specialprocessingstepsbeyondthose

used in commercial production to reduce or homogenize their grain size.

Alloy Si Cu Mg Ti Fe Mn Cr Zn

5754 040 0.10 3.0 - - 050 0.30 0.15

5182 009 009 430 <001 023 035 004 <0.01

7150 012 220 240 006 015 0.0 0.04 +6.40

Al-5Zn - - - - - - - 5.10
6111 090 0.70 0.75 - - 030 0.10 0.15
6022 11 0.04 050 0.02 0.1 0.07 0.02 <0.01

Table 2:  Composition in wt. % of each alloy studied.
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TENSILE TESTS

In determiningmechanicapropertieseachmaterialunderwenta seriesof
tensiletestsusingan ATS (screw-drivercross-headyiniversaltestingmachineat
temperaturefrom 225 C to 50C° C. Figurel showsthedog-bonesampleswith a
gagelength,L, of 50.8-mmandawidth, W, of 0.235@ 0.0030. The thicknes,
of the samplesvariedaccordingto materialasfollows: 5182,5182cc,and5754
sampleshada thicknessof 0.0630AI-5Zn and 7150sampleshada thicknessof
0.106111sampleshada thicknessof 0.0400and6022sampleshada thickness
of 0.0360.Theradius,R, of eachsamplewas assumedaonstanthroughoutthe
entiretestfor easeof measuringhe elongation. This resultedn elongatiornthatis

slightly greater than the measured elongation, but this difference was very small.

JL—*-P— ol |

Figurel: Dog-bone sample dimensions

The grips usedto hold the sampledn placewerewedge-typegrips with a pin to
preventcompleteslippage.After a samplewas securednto the clamps,oneK-
type thermocouplevasattachedo thetop, andonewasattachedo the bottomof

the sampleto monitor the temperatureof andthe temperaturelifferenceacross

11



the samplethroughoutthe test. A three-zoneresistivefurnaceheatedthe test
clampsandspecimerto the desiredtemperaturgorior to eachtest. This furnace
was controlledby manuallyadjustingthe proportionalconstantof a PID power
controller,andtook a minimumof 45 min. to achievea stabletemperature.Once
the desiredtemperaturevas reached constantmonitoring and adjustingof the
proportional constant kept the temperature the same witHiC.

With the sampleand thermocouplesat the desiredtemperature the
operatorchoseto run a strain-rate-changéSRC)testor an elongation-to-failure
(EF) test from the control software. A SRC test was usedto measurethe
relationshipbetweenplasticstrain-rateandflow stressusinga seriesof constant
cross-headpeeds.An initial prestrainstepof 15% plasticstrainwasimposedto
stabilizethe microstructure. Subsequentlyten different, sequentiakross-head
speedwariedthetrue strain-rateéfrom approximatelysx10° to 2x10? s*, resulting
in a plastic strain of approximately2% for eachstep. When this test was
complete theresultingstress-straiturvewasanalyzedo constructa plot of the
variationof stresswith true strain-rate. A power-lawfit to the datawasusedto
determinethe stressexponentn, for eachmaterialat a specifictemperatureand
rate. By dividing the true strain-rateby the diffusivity of the material,and
normalizingstressby the dynamicmodulus,the datafor all testingtemperatures
convergedonto one powerful graph, displaying the range over which the
controlling creep mechanism operated.

A further useof the dataprovidedby a SRCtestis the determinationof

the value for the creepactivation energy, Q,., to establishwhich diffusion
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mechanismwas responsiblefor the creepbehavior. Previously,equation(4)
includedthe dependencef the strainrateon diffusivity. Diffusivity is found by

using the equation:

_ Q
D =D, ex@‘0 =] 5)

whereR is the universal gas constant and T is the temperature. After inserting
this into equation (4), taking the natural log, and rearranging, the resulting
equation is:

&AKT . )"

— QC -
In&=- =—=+nin$——*—" |
n A& +nlin ZE + (i (6)

Thus, a linear equation of the forgn= mx + b, results If a vertical line is drawn
through the plot ofn & vs. In( /E), as shown in Figure 2, it is possible to plot the
values ofln & vs. 1T at constant /E, as shown in Figure 3. The slope of this

resulting line is QJ/R.

$, > 3% > 3

In &
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Figure 2: Sample plot of& vs. (! /E)

 Qc
In & "R
T
Figure 3: Sample plot of I8 vs. 17T to determineQ,

Taken at a number of different values for! lfif), a number of different values of
Q. can be calculated and the average taken.

An EF testobtainedthe ductility of a materialat one specific strain-rate
andtemperature.During this testthe monitoring softwareheld the cross-head
speedconstantuntil the materialfailed. Following failure the elongationwas
measuredandresultsat numerougemperatureandstrain-ratesvereplottedonto
one graphof EF% vs. & D, showing the aluminumOs transition into its high-
ductility region. Someslipping of samplesoccurredin the grip during theinitial
portionsof the tests,leadingto errorsin the computerOseasuremenof strain.
This was compensatetty manualmeasurementsf samplelengthtakenbefore
andaftereachEF test. The appendixshowsthesedata,alongwith the conditions

of each test.
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Chapter 3: Test Results and Discussion

SRC TEsTS

Datafrom SRCtestsof 5182,5754,5182cc,6111,andAl-5Zn areshown

3 I T T T T T T T T I
i 250° C  Al-5182 poH 1
10°F o 3
) : 45 :
S B e ]
/ [ ° ]
1
( 10°F E
O [ ]
10* - S
10‘5 1 1 1 1 ol 1 1
10* 10°

in Figure 4 through Figure 8. For each material, data are plotted as rate of plastic
Figure 4: Data from SRC tests on 5182 at various temperatures.
strainagainstmodulus-compensatdtbw stresson dual-logarithmicscales. The

value for the dynamicmodulusis calculatedfrom the dataof KSster for pure

aluminum using the polynomial fit [17],
15



E, = 71,781 D 29.93D 0.0308% (7
WhereE is the dynamic YoungOs modulus/fiRa andT is temperature ifC.
Figures4-8 indicatethe operationof two differentcreepmechanismssolute-drag

creep and dislocation-climb creep.

3 [T 1 T L L L ]
) 306°C Al-5754 ]
s , O 349°C
[ 100 F o 400°C E
1 - 1
( i ]
! i _
10° F 9 E
; V / :
10'4 — 1/ —
= ad 3
s / ]
= <{ -
i 1 I 1 1 1 ]
10"
Figure 5: Data from SRC tests on 5754 at various temperatures.
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T T T T T T LI | I T T T
i 250° C Al-5182cc /f> 7
10°F O 300°C .
) F ©  350°C .
s [ & 400°C ]
/ -+ 450°C * ]
1 10°F 1 -
L . ]
= + -4
10_4 3 + =
S ;

10‘5 1 1 1 1 ool 1 1 1

10* 10°
[1] /E
Figure 6: Data from SRC tests on 5182cc at various temperatures.
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Figure7:

Data from SRC tests on 6111 at various temperatures.
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T T T T T T LI I T T T
, 301.5° C  Al-5Zn
107 E o 4 -
) F ©  400°C % 3
s - ,, ]
L Fod i
/ | / ]
1 ¢
S L / -
( 107 4 E
- / / ]
S i ¢ ]
- (\/ -
_6 | / _
107 F d E
10'7 1 1 1 1 A | 1 1 1
10° 10
n /E
Figure 8: Data from SRC tests on Al-5Zn at various temperatures.
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The 5182 and 5754 alloys, shown in Figures4 and 5, have a stress
exponenslightly largerthann = 3 at high temperatureandlow strainrates. This
value indicatessolute-dragcreep, as has previously beenreportedin Al-Mg
alloys. Theminimumstressexponentsneasuredy polynomialfit aren = 3.3for
5182 and n = 3.6 for 5754. At high strain rates and low temperatures,
correspondindo a valuefor strainrate compensatedyy diffusivity of 1x10° m?
andgreater power-lawbreakdowroccurs. Figures9b13which containplots for

each material of true strain compensated by the diffusivity of Mg in Al versus

3
1016 -
Al-5182
1015
m 10% I;_
2 g
D 10" F— — — — — — — — — — — — — —
A F
10% ¢ V
1011 ;E
1010 i 1 1 1 1 L1 1.1 I 1 1
10* 10°
"IE
Figure 9: Data from SRC tests on 5182 plotted@® against’ /E.
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modulus-compensatedtress,demonstratethat the majority of tests were
conductechearconditionsof the classicallydefinedpower-lawbreakdown. This
is the reasonthat the value of the stressexponentin Figures4-8 increaseswith
increasingtemperaturendstrainrate. It is interestingthat the 5182, with 4.30
Mg wt.% displayedlower valuesof n than5754,with 3.10wt.%, eventhough
additional amountsof Mg past approximately3 wt.% are not expectedto
significantly enhancethe solute-drageffect. It is possiblethat the additional

alloying elements in the commercial material inhibit some of the solute-drag

3 1015 - | 3
; Al-5754 3
10" — —
m i ]
2f 10— E
D [ ]
el ]
1011 E_ _E
1010 L L 1 1 IIIII L 1 L L 11 11

10* 103 107

n /E

Figure 10: Data from SRC tests on 5754 plotted&@® against’ /E.
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effect. It haspreviouslybeenhypothesizedhat,dueto the nearnes# value,but
oppositesign of the volumetricsizefactors,(Table1l) oneMn atomactsasa sink
for one-Mgatom,reducingthe effectiveconcentratiorof Mg [7]. This hypothesis
could also be appliedin a limited capacityto Silicon, which hasa ©15.78%
volumetricsizemisfit in Al. 5754 hasa higherconcentratiorof both Mn andSi,
limiting the effective Mg concentrationavailablefor solute-dragto about2.5

wt.%, according to the above hypothesis.

LI I
Al-5182cc

FRRTTT M RTTT MRt |

=
OH
o

||||I'ITI'| ||||I11l| ||||I'ITI'| T 1T

[EnY
%

= =
Or—\ OH
||||I'I'I'I| |||||I11'| ||||I'I'I1'| ||||I'I'I'I'|

Figure 11: Data from SRC tests on 5182cc plotted&b against’ /E.
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The 5182ccmaterialdemonstrated minimum stressexponeniof n = 3.9,
greaterthan either the normally cast5182 or the 5754 aluminum. This is
somewhatsurprisinggiven the fact that the alloy contentof 5182ccand 5182
shouldbethe same. Onepossiblereasorfor this resultliesin the differentcasting
processesf thetwo materials. Continuouscastingis arelatively newtechnology
that doesnot consistentlygeneratdow amountsof impuritiesin a billet. As a
result, the tensile specimensmay have different amountsof impurities and

particulates, which would tend to form cavity stringers during the rolling process.

5 10

11 1111

oL - - - - - - - - -

T T T 11T
L1 L1l

LR |
1 lIIIllII

. D
[EEY
%

=
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[

T IIIIIIII
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1 Illlllll

=
=)
A

10*
"IE

=
o
a

Figure 12: Data from SRC tests on 6111 plotted&® against' /E.
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In addition,the 5182ccsampleswere cut with the tensileaxis perpendicularly
orientedto the rolling direction of the sheetmaterial,which may tendto link
cavities across the cross-section, causing earlier failure.

The SRCtestsusing Al-5Zn and 6111 alloys yield a stressexponentof
approximatelyn = 5 atlow strainrateandhigh temperatureasshownin Figures
7 and 8. This valueindicatesthe occurrenceof dislocation-climbcreep,[18].
The minimum stressexponentsneasuredby polynomialfitting to thedataaren =

4.9 for Al-5Zn anch = 4.8 for 6111. SRC test data for alloys 7150 and 6022 do
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Figure 13: Data from SRC tests on Al-5Zn plotted & against’ /E.
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not appearhere,but individual SRC testson eachof thesealloys alsoindicate
deformationby dislocation-climbcreep. The minimum stressexponenimeasured
for the 7150alloy in a SRCtestat 300°C isn=6.1. Thelow ductility of the 6022
causeckarlyfailure in the SRCtest,dueto neckingat low strains. This behavior
alsotook placein SRCtestsof 6111atlow temperatureyielding reasonablelata
only for thetwo highesttemperaturetested. Neckingduring SRCtestsskewsthe
apparenstressexponento a highervaluethanthe actualstressexponentof the

material. In a test conducted at 5@0the behavior of 6022
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—O— 1 /E = 7.547e-4
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Figure 14: Creep activation energy from SRC tests of 5182.
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Figure 15: Creep activation energy from SRC tests of 5754.

indicatesflow stressesindstressexponentsimilar to thoseof the 6111 material,
eliminating the possibility of solute-drag creep.

Figuresl4 through18 showthevaluesfor activationenergy,Q, calculated
atdifferentvaluesof ! /E. Datafrom 5182,5754,andAl-5Zn indicatea valuefor
Q of about200kJ/mole. Althoughthis resultis higherthaneitherthe 136 kJ/mole
of Mg in Al or 142kJ/moleof self-diffusionin Al, thevaluesfor Q in thesethree
alloysarevery closeto oneanother. This closenessf the Q valuesindicatesthat
the same mechanism,or two different mechanismswith nearly the same

activation energy, controls creep in these alloys. If self-diffusion of Al is
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Figure 16: Creep activation energy from SRC tests of 5182cc.

responsibldor the dislocation-climbbehaviorin Al-5Zn anddiffusion of Mg in

Al is responsibldor the solute-dragoehaviorof 5182 and 5754, the activation
energiesfor thesematerialswould not differ by much. Datafrom 5182ccand
6111alloysexhibitvaluesof Q ! 270 kJ/mole for 5182cc an@ ! 315 kJ/mole
for Al-6111. Thedifferencein Q valuesfor thealloys5182ccand6111compared
to the otherthree materialsindicatesthat anothermechanismnfluencescreep
behaviorfor eachof thesetwo materials. In 5182ccit is very likely that
particulates from additional impurities are present, causing strengthening. For
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Figure 17: Creep activation energy from SRC tests of 6111.

Example, SRC data at 400 and & = 10 s* reveal normalized strengths bofE =
2.8x10" for 5182and! /E = 3.5x10" for 5182cc. Similarly, 6111 containsSi in
amountsgreaterthan the expectedsolubility limit, which would impede
dislocationmovementlimiting the effectof self-diffusionin Al andchangingthe
activationenergy. Thus,the valuesof Q areinconclusivein determiningthe
soluteresponsibléor creepbehavior,but the trendspoint to Mg-causedsolute-

drag behavior for 5182, 5754, and5182cc alloys and self diffusion of Al in the
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Figure 18: Creep activation energy from SRC tests of Al-5Zn.

6111andAl-5Zn alloys. Furthermorethe presenceof additionalparticulatesn
the5182ccand6111alloysresultsin strengtheningvhich increaseshe activation

energy for creep beyond that for diffusion.
EF TESTS

The resultsof the elongation-to-failuretestsare presentedn Figures

19b21as plots of EF% againstthe logarithm of diffusivity-compensatedtrain
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rate, & D. Because EF tests are conducted at constant cross-head speeds, the

initial,

150 T
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Figure 19: EF data for 5182, 5754, 7150, Al-5Zn, 6111, and 6022 alloys
plotted as a function o&/ D .

true strainrateis usedin the calculationof & D. The diffusivity value is that of
Mg diffusionin Al, whichis calculatedusingD, = 5 x 10° m%s andanactivation
energyQ, of 136kJ/mole[7]. Appendix2 containsall thedatafrom EFtestsin a
tabular format. Figure 19 gives a plot of all the materialstestedwith the
exceptionof 5182cc. Maximum ductility is observedor & D < 10" m?, which
providesconditionsthat enablesolute-dragcreepto control deformation. The

5182 and 5754 alloys demonstratethis behavior, providing elongation of
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approximatelyl40%when & D < 10 m? The Mg content of these alloys is
responsiblefor this behaviorfor the samereasonsdescribedin the previous
section concerning SRC tests.

The 7150andAl-5Zn alloys exhibit ductility lessthan90% underall test
conditions. The ductility increaseswith decreasing® D, like the 5000-series
alloys, but this increasas not causedy solute-dragreep. 7150doescontain2.4
wt.% Mg, but exhibitsthe sameSRCbehaviorasAl-5Zn, which containsno Mg.
Furthermore the SRC datafrom the previoussection(Figure 8) show that at
valuesof & D = 10" m?there is a transition from the power-law breakdown
regionto dislocation-climbbehavior. Thus, it is this transitionin stressexponent
to n = 5 thatleadsto therisein ductility of 7150andAl-5Zn. Forthesematerials
it is moreappropriateto compensatatrainrate by the self-diffusivity in Al, but
Figure19 usesMg diffusivity in Al dueto the easeof comparingall the materials
on one plot. This is reasonablébecauseas previously noted, the activation
energief bothdiffusion mechanismarenearlyidentical(136 kJ/molefor Mg in
Al vs. 142 kJ/molefor self-diffusionin Al). Characteristicef solute-dragcreep
havebeenobservedn an Al-10Zn materialby MostafaandMohamed[9]. Zinc
hasa smallervolumetricmisfit in Al thanMg, -5.74%versus+40.82%,[8], and
shouldnot promotesolute-dragcreepaseffectivelyasMg. Accordingly, Mostafa
and Mohamedfound that dislocation-climbcreepoccurredwith rising stressin
Al-10Zn asdislocationsbreakawayfrom their soluteatmospheresif 10wt.%Zn

causedimited solute-dragoehavior,5D6wt.% Zn, asis foundin 7150 and Al-
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5Zn, is evenlesslikely to enableincreaseductility asa result of solute-drag
creep.

By far the lowestductility, whentestedunderidentical conditionsasthe
other materials,belongsto the 6111 and 6022 alloys. 6000-seriesmaterials
containa low weight-fractionof alloying additionsin comparisorwith the other
materialsin Table2. However,6111and6022both containa significantamount
of silicon, in excesof the expectedsolubility of Siin Al for all but the highest
testingtemperatures.The maximumsolubility of Siin Al is 1.6 wt.% at577°C
[19]. At thelower temperaturesf testsin this investigation the solubility of Si
in Al is significantly lessthanthis. Thus,it is reasonabléo assumehatthe 0.9
andl1.1wt.% additionsof Si in 6111and6022arenot completelydissolved. If
undissolvedsi is limiting ductility, 6111shoulddemonstrata transitionto higher
ductility at a lower temperaturghan6022,dueto its lower Si content. Indeed,
Figure19 showsthat6111attainssignificantly higherelongationthan6022asthe
temperaturencreasepast450°C. Additionally, both6111and6022experience
earlyfailure in the previouslymentioned SRCtests. 6111yields meaningfuldata
for SRCtestsat 450and500°C (Figure7), but 6022fails shortly after theinitial
prestrainstep,andthereis no possibility of calculatingthe stressexponentrom
thesetestdata. Thus,it is very likely that undissolvedSi impedesdislocation-
climb creepand hindersductility enhancemenantil much highertemperatures
than those experienced by the other alloys of this investigation.

Figure20 compareghe datatakenfrom EF testsof 5182and5182cc,asa

plot of EF% versus & D. The most evident aspect of this figure is the large
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amountof scatterin elongationvaluesfor the 5182ccmaterialin comparisono
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the values for 5182. Upon closer inspection, the 5182cc material follows different

Figure 20: EF data for 5182 and 5182cc alloys plotted as a function of
¥/ D, revealing the behavior of 5182cc at different strain rates.

trendsat different strain rates. For &= 0.1 s *, the elongation values
remainrelatively constantastemperaturencreaseantil 450°C, wherethe value
of elongationgreatlyincreases.For & = 0.01 s*, the elongation values increase
with temperaturemuchlike the regularlycast5182alloy, but at lower valuesof
EF%. Finally, for &= 0.001 ¢', the elongation values initially increase with the

samevaluesandaccordingto the sametrendasthe regularlycast5182alloy until
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300 °C where EF% beginsto decrease. This behaviorpoints to cavitation,
possiblybecauseof someadditional particulatesor proeutecticproductsin the
5182ccmaterialcomparedo 5182. Particulatesanactassitesfor the nucleation
of cavities. Continuouscasting,becausat is still a processunderdevelopment
for aluminumalloys, would be expectedto producea OdirtierQnaterial than
traditional processingmethods,resultingin an increasednumberand size of
undesiredoarticulates.Whencavitationcontrolstensileductility, elongationwill
decreasavith increasingemperaturdecausef anincreasan cavity growthrate.
This trendwould competewith enhancedluctility from solute-dragcreep. The
resultis aninitial increasen EF% astemperaturencreasesgdueto solute-drag
creep,followed by a decreasen EF% as temperaturdurther increasesfrom

enhanced cavitation. Thus, these two competing mechanisms could explain the
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Figure 21: EF data for materials from the present investigation compared to
commercial and scientific Al alloys from previous investigations,
plotted against the logarithm of the Zener-Hollomon parameter.

large difference in behavior with variation of strain rate.

The results of this investigation compare favorably with previous studies
of the creepbehaviorof 5182alloys andwith ternary,Al-Mg-Mn alloys. Figure

21 showsthat the behaviorof the 5182 and 5754 alloys lie alongthe expected

trendsfor an Al-3.0Mg-0.25Mnalloy andan Al-3.0Mg-0.5Mnalloy. In this plot,

strainrateis compensatetly the Zener-HollomonparameterThe alloy content,

in additionto Mn, doesnot appearto causemorecavitationor significantly limit

ductility. What remainsto be seenis the behaviorof 5182 and 5754 alloys at

lower valuesof diffusivity compensatedtrainrate. It would appearthat 5182
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shouldexperiencea furtherincreasan ductility accordingto the trendshownby
Al-3.0Mg-0.25Mn. However testsat lower valuesof &/ D were not investigated
becausef the limited commercialpracticalityof forming partsat high T andlow

K. Additionally, the 5182alloy in this investigation yields slightly lower values

of EF% than the investigation conducted by Ayres [20]. This is most likely due to

statistical repeatability or slight variations in test control and material processing.
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Chapter 4: Conclusions and Recommendations for Further
Research

It is possibleto obtainenhancedluctility in commercialAl alloysthrough
the mechanismof solute-dragcreep. This behavioroccursin 5xxx seriesAl
alloys containingMg, but notin 7xxx or 6xxx seriesAl alloys containingZn or
Si, respectively.The two materialsexhibiting solute-dragcreep,5182and 5754,
achievestressexponentscloseto three and valuesof elongationconsistently
greaterthan140%without grainrefinementat & D =< 10" m? Although 5xxx
seriesalloys are not usually heat-treatablethe performanceof 5182 and 5754
demonstratethe possibility of adding additional alloying elementsfor
precipitationhardeningafter forming, providedthe elementsemainin solution
during deformation. If the castingprocesgesultsin a Odirty@naterialwith many
particulatesthe ductility may be greatly diminished. Continuouslycast5182
displays behavior consistentwith undissolvedparticulatesand proeutectic
products. This causesa large amountof scatterin the ductility asa function of
&/ D, making prediction of values spotty at best. Furthermore, a rolling direction
orientedperpendicularlyto the specimertensileaxis contributesto a decreasén
ductility, enablingeasierlinking of cavities. Thus, it is possibleto enhance
ductility in commercialAl-Mg alloys usingsolute-dragcreepwhile addingother
alloy additionsthatdo not resultin undissolvedarticulatedor improvedmaterial
properties.

The tested Al alloys containing zinc, from the 7xxx and 6xxx series,

exhibit propertiesconsistentwith dislocation-climbcreep. Although they
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approachductility valuesof 100%, this occursat high temperaturesand low
strain-ratesunsuitable for automotive manufacturing. In addition, the
performances111and6022alloys provethe unsuitability of silicon additionsin
aluminumalloys usedfor forming at elevatedtemperatures.Silicon doesnot
remain in solution, except at the highest testing temperaturesjmpeding
dislocationmotion and causingearly failure. Also, zinc additionsshouldnot be
expectedo enhancevarm-temperaturéuctility in aluminumalloys or provide
materials suitable for automotive forming.

While the mechanicalbehaviorcharacterizedoy this investigationis
promising,it providesonly alimited understandingf the mechanism$eadingto
enhancedluctility without microstructuralkevaluation. Furtherstudyis currently
underwayto analyzethe grainsize,grain structure andcavity content,in hopesof
completely understandinghe mechanismsenhancingand limiting ductility.
Anotherinterestingtopic of further studyis the behaviorof 5182ccat different
strain-rates.More mechanicatestingof this materialshouldhelpto determinef
somefactorotherthan &/ D is needed to characterize its behavior. Additionally,
analysis of the material microstructures,using TEM, to determinewhat
particulatesarepresentould helpestablishthereasongor thelargedivergenceof
5182ccbehaviorfrom normally cast,5182 behavior. Finally, more mechanical
testing should be performedto determinethe statisticalvariancein ductility.
Although the few material teststhat were performedgive an indication of
commercialAl-Mg behavior,it would be unwiseto approvesucha materialfor

usein anindustrywheresafetyis of utmostimportance. With further studyand
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understandingit should be possibleto implementthe use of commercial
aluminum alloys in automotive body-panelforming that will increasefuel

efficiency and, hopefully, quality of life in the future.
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Appendix

Alloy | TCC) ! (sY 'JD (M EF%
5182 301 0.1 4.76E+15 51.2
5182 225 0.01 3.68E+16 44.7
5182 349 0.01 5.28E+13 129
5182 499 0.01 7.19E+12 138
5182 250 0.001 7.67E+14 87.1
5182 349 0.001 5.28E+12 143
5754 250 0.01 |7.67E+15 54.2
5754 350 0.01 5.06E+13 107
5754 400 0.01 7.19E+12 142
5754 300 0.001 5.00E+13 110
5182cc| 300 0.1 |4.97E+1%5 47.65
5182cc| 350 0.1 5.03E+14 51.55
5182cc| 400 0.1 | 7.16E+13 47.65
5182cc| 450 0.1 | 1.33E+13 94.75
5182cc| 250 0.01 7.60E+15 45.75
5182cc| 300 0.01 4.97E+14 57.65
5182cc| 350 0.01 5.03E+13 78.15
5182cc| 400 0.01 7.16E+12 96.35
5182cc| 225 0.001 3.65E+15 52.25
5182cc| 250 0.001 7.60E+14 70.35
5182cc| 300 0.001 4.97E+13 111.2
5182cc| 350 0.001 5.03E+12 92.7
5182cc| 400 0.001 7.16E+11 81.75
7150 224 0.01 |3.94E+16 27
7150 300 0.01 5.00E+14 50.9
7150 350 0.01 5.06E+13 76.1
Al-5Zn| 303 0.01 4.31E+14 28.4
Al-5Zn| 350 0.01 5.06E+13 89.4
Al-5Zn| 400 0.01 7.19E+12 85.5
Al-5Zn| 300 0.001 5.00E+13 85.3
6111 350 0.01 5.06E+13 23
6111 400 0.01 7.19E+12 42.6
6111 450 0.01 1.34E+12 85.3
6111 500 0.01 3.10E+11 108
6022 350 0.01 5.06E+13 31.2
6022 400 0.01 7.19E+12 38.8
6022 450 0.01 1.34E+12 58.4
6022 500 0.01 3.10E+11 90.2
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