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Abstract

Aluminum alloys AA5754 and AA6063 were thermomechanically processed (TMP) to
investigate tk relationship between structure, strength, and ductility, and effect on failure. Model
parameters from the SaimeWan Houtte (SVH) constitutive equation were determined from
experimentally measured strestgain curves and correlated to the evolving ostiucture of the
two alloys at various stages of TMP. Using the SVH equation and the concept of equivalent plastic
work, the yield loci for AA5754 after four different treatment conditions were modeled, allowing
for the balanced biaxial and plane strimading ratios to be found. Interfacial decohesion was
observed in both alloys by analysis of the fracture surface and is attributed to iron atom segregation
during cooling This guench sensitiviteffect can ideally beemoved through TMP. Nangmid
nudeation and growth ductile failure models were developed for both undeformed control and
prestrained AA6063 conditions to determine if the source of failure is present within the initial
microstructure, as proposed by Lloyd. The evolving fracture stideld,stress and intesbstacle
spacing at yield were all found to evolve with a temporal exponent of 0.3 and 0.2 for the control
and prestrained conditions, respectively. This evidence indicates that both TMP routes result in
failure initiating at precigates and that introduction of dislocations changes the diffusion kinetics
of artificial ageing.If the quenchsensitivity effectremained after TMP higher temperature
annealing at 23 was found to improve ductility, and is believed to be due to ptatgi of
AlgFe into the grain boundaries. The balanced biaxial conditions in AA5754 were determined from
the SVHbased yield locus model to be all located off the 1:1 applied stress ratio. The plane strain
conditions were determined to change due to ftifferdnces in work hardening in the two
directions. The plane strain condition is redefined as a net zero increase in minor strain, rather than

imposing a zero strain in the minor direction.
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Chapter 1

l ntroducti on

1.1 Motivation

In order to intelligently design new thermomechanical processes (TMP) for imgpitbe
structural properties of ingtrial aluminum alloys, an intricate understanding of the interplay
between structure, strength and ductility of the specific alloy system is required. The implications
of this understanding are paramount as companies continue to seekviglifer, strmger and
more ductile materials to fulfill a variety of applications from automotive to aerospace to consumer
products. Work performed by industrial scientists and engineers to modify a TMP for improved
material performance is commonly done through tnied arror, because it historically was the
basis for many successes, and leads directly to attractive empirical processing relationships. This
method though has several drawbacks including being costly, wasteful, the relationship having little
breadth beya the data set, and resulting in a product that may nftllgeunderstood. If a new
TMP is successful in increasing material performance, it is often implemented without full
comprehension of why it now works better. The new practice may be used tdlifiex@nt
aluminum series alloy where it often does not work without disrupting current properties, such as
loss of strength, due to the different deformation mechanisms involved for each specific alloy
series. However, if the fundamental reason for thproved performance can be thoroughly
understood, th@MP may be adapted for other alloys using analogous processes that would result
in similar effects (increased ductility) while retaining the other desired material properties.

Industrial aluminum alloysrefialloye d 6 wi t h s p e c tréate @addidgohaé¢ me nt s

obstacles at different length scales in the form of point defects, solute atom clusters, second phase



particles, and microstructural featuregichcontrol structural behaviour. At a more fundantal

level these obstacles control dislocation activity which determines yielding, plasticity, failure, and
overall structural materials performance. Therefore, an understanding of the alloy through a
systematic analysis of the individual contributionseaich microstructural component to the
strength, deformation behaviour, and failure of the material is required in order to identify the
mechanisms responsible for failure and the material performance. One of the most robust
approaches for connecting a mati al 6 s macroscopic behaviour
dislocation behaviour is by thermodynamically @ete constitutive equations. One of the first
approaches was demonstrated by HHrtgnd there have been many others taken sBjce [

In the preset work, constitutive relation analysis (CRA) of the Sairadam Houttg SVH)
relationship [3 is used to identify the deformation mechanism activagehardenable and nen
agehardenable aluminum alloysnder certain loading conditions by relating thecrnacopic
experimental conditions to the response of the internal microstructural variables. By coupling a
series of equations relating the failure processes to other tensile properties (yield strength, fracture
strain) a greater understanding of the defation and its connection to microstructure may be
realized.Such knowledge can then be usecexplicitly discuss how to develop new processing
methods tamprovethe material performance.

The thesis als@xaminea applications of the Saimotdan Houtte ®A in generating
accurate yield loci [4hnd its extension to muléixial stressstrain diagrams including balanced
biaxial and plane strain conditions. These material performance diagrams play an important role in
manufacturing processes, such as stamaird forming, to better understand material behavior
during component fabrication. Being able to connect improved performance in the yield loci to the
microstructure to changes in the material will ideally allow alloys to be tuned and created to
optimize pecific performance characteristics: energy absorptiank hardeningyield strength,

elongation or dctility.



1.2 Objective

The objective of this work is to provide an engineering solution which allows workers to
observe the quantitative trends of adjust®dP on the critical performance parameters of two
common engineering aluminum alloys. The solution will be used as a quality control parameter to
determine ifa nanavoid nucleation, growth and coalescence pro§¢es§| is indeed the active
failure mechaism or if it is being prempted by an alternative, less efficient mechanism. It will
explore the mechanisms responsible forgmmetive failure as well as methods that can be used to
detect them. Several possible solutiongdmoving thepreemptive faiure will be presented
depending on what point in the production process the problem is identified. The work will also
provide an alternative to crystplasticity finite element modeling (GPEM) for generating yield
loci for nonagehardenablaluminum #loys. A simple relation is developed in order to determine
the yield locus requiring very few tests to be performed in order to produce the required model
input parameters. Tensile testgatling direction(RD) andtransverse directionrQ) are needed
in order to capture the deformation behaviour andhvitr hardeningn both principal directions
of the materigl and the througlhickness texture measurements are needed to detetingine
Lankford coefficient Rrp 1o [7], and Taylor factorMgp 10[8].

Performing tensile testing at various states of TMP of each alloygivél understanding
of the microstructure features responsibledeformation and wktile failure in each alloy. The
changes in microstructure from the TMP will be correlated to thegelsam output model
parameterdy application of CRA to each of the stresgin curves. Properties such as yield
strength, work hardeningand limit and fracturestrain will be correlated to microstructure state
evolution with parameters suchiater-obgsaclespacingyacancy production rates, namoid sizes
and spacing, and vacancy concentratit limit strain.

Once the materials have been analyzed, the CRA parameters will be used to predict and

model the tensile quadrant of the yield locus of theenm@tthrough use of the SVH relation. The



changes in the yield locus with adjusted TMP will give an understanding of what pracgssse

the overall shegierformanceprimarily improvement in thelane strain failure condition.

1.3 Outline of Thesis

The aitline of the thesis is as followShe thesis is separated into two secti@tsucture,
Strength, ictility in Aluminum Alloys covered inChapters 25, and CRA for Performance
Evaluation Chapters 63. Chapter 2is an instructive review of the pertineiiteory of plastic
deformation of crystalline materials, which supports the methodology of CRA used in the thesis.
Chapter 3explains how the TMP will alter the structure of the material in order to correctly test
for the change in properties in both AA%7&nd AA6063 Chapter 4highlights the key results
through observation and analysis of the testing and characterization performed. These results will
be discussed in the context of the TMRCImapter 5and how they are related back to the inferred
structue of the materialChapter éreviews the theory of the yield locus and how the SVH relation
can be incorporated into the framework of the yield locirfodeling The results from experiments
in Chapter 4will be used as input model parameters for thedyieti analysis.Chapter 7
summarizes the key results from the models including the changes in yield loci shapaxialulti
stressstrain curves and identifying both balanced biaxial and plane strain conditions with changes
in the TMP.Chapter 8will discuss these results and the significance of the balanced biaxial and
plane strain conditions. The general conclusions for both structure, strength and ductility and those
from the yield loci and associated modelled ststssin curveswill be presented irChapter 9
Finally, Chapter 10suggest directions forfuture work and recommends methods for exploring

these phenomena.



Chapter 2

Rel abeitometemu SSBturreenagrnbuct i | ity

2.1 Background

Many industrial alloy systemsontaintwo, three, four or even fiveifterent types of
seconebhase parties present and/or solute atoms, each contributing to a unique set of material
properties The role of each of these particle species and the microstructure features (grain size,
particle distribution) on th@rimary material propertieof strength,work hardening strairrate
sensitivity and ductility/fracture, requires an intimate understanding of the physics involved for
each of these processes and how each specific feature influences each of these parameters. For
instance, one feature may control ductility exclusiviEly and have negligible contributions to
strength owork hardeningOther featuremayinfluence multiple parameters likeork hardening
and strengthbut not ductility. Further complications arise ierms of theTMP that must be
performed in order to taildhe material arising from the differences in atomic mobility for various
elements present as solutes within the alloys. The result is that it may be thermodynamically
i mpossible to aiéate taudioping ithierehgalunderstanding of the
roles of microstructure components on material propediegalloy may be developed and tailored
to its specific industrial application to optimize the desired propettising stresstrain curves
and applying CRA, the changes in model parameters can be correlated to the changes in TMP. The
regions of the stresstrain curve ardescribedrom yield to failure. The nanwoid nucleation and
growth model for ductile failure is presentedlinting alternative failure mechanisms that are less

favourable than nareoid failure.

2.1.1Structure

Due to the complexity of the materials and the vast number of microstructure features

present in industrial alloys, understanding each compsneiitence onthe various material
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performancs is required in order to establish a sound TMP schedule to improve the ductility in the
material. The various crystalline components and constituents found in polycrystalline materials
play various roles and in effect apresent the structurélere only the major components of

structure are briefly reviewed: grain boundaries, solute atoms;patioles, and micrparticles.

2.1.1.1Grain boundaries

Grain boundaries occur within material due to the fabrication praamedpresece of
impurities. Grain boundariascrease the overall strendtt0] of the materiahs controllingsources
for dislocations,and ashigh-energy obstacle® dislocation movement that limit threean slip
distance of dislocations. Grain boundaries als@aanks for point defects [J1land as diffusion
pathways[12] for solute atomswithin the alloy. Grain boundaries play a pivotal role in
understanding premptive failure in aluminum alloys with respect to the phenomenon of quench
sensitivity[13], andhow the solutes distribute themselves in and around the grain boundary region.
Depending on the extent of vacancy sinks or solutes present within the grain boundaries, varying
levels of macroscopic deformation and ductility may be realizdld The fractire surface features
of the grain boundaries at failure give important information inéodiéformation of the material
[9] that can be used to interpret the deformation modes prior to failudethe efficiency of grain

boundaries as sinks fppint deects.

2.1.1.2Solute atoms

All alloys are specified byheir chemistry, but whether the atoms are in the solute form or
as part of a second phase compound is dependent on the phase diadpatrial processing
results in norequilibrium solute concentrationscdihence depending on the temperature, solutes
may migrate to form more stable precipitates. Due to their difference in size with that of solvent, a
solute atom creates a strain field in the matrix which can interact with the strain fields of
dislocationsThe di sl ocati on and s ol udher, aandthence higher e f f e ¢

stresses are required for the dislocation to move past the solutd atstress levelare such that
6



thermal activation will mog rapidly enable this proces$]1Solutesatoms have increased mobility
within the grain boundaries and along dislocation caréscing the required temperature to permit
diffusivity [16]. Wolverton [1] has shown from first principles that certain solute atoms in
aluminum are more likely to a#ict vacancies anstabilize them [1B Clusters of vacancies have
been stabilized in quenching experiments in th&&kystem19], and alloying may act as nano
void sources or vacancy sinkghere the point defects may annihilate and disapfedute adms
within the matrix exceeding the solubility lirate thermodynamically driven to precipitatat of

the matrix in tle form of secongbhase particlesthe size, volume fidions, and degree of
precipitationall depending on the TMP, and the diffusiotieays available to transport the solute

atoms to where they nuclei may grow.

2.1.1.3Nancparticles

Nanoparticles are second phases with one or more dimension less than 100 nm. Nano
particles are typically introduced within a material through naiiN&) and/o artificial ageing
(AA) processes iagehardenablalloys. The mobility of supersaturated solute atoms increase at
higher temperatures driving the formation of mstizble particles of varying size (depending on
duration and temperature of heating). Ehparticles act as dislocation obstacles and increase the
yield stress of the material substantially dependintpeinsize, volume fraction, and interface type
[20]. The spacing of nanparticles can be determined from the change in yield stress between
gquenched alloys which are assumed to be in the ideal state of maximum solid soduitiefastest
quench rate to those of various aridity or naturally aged caseshe change imbstacle spacing
with ageingtime can determine if solute atom segation is a volume, planar, or pipe diffusion
process [2]L Depending on the size and type of precipitates found, the precipitates may be either
shearablg22], or nonshearabld23], which will change thevork hardeningoehaviour of the
material as well sithe type of dislocations generated during the deformation. If thepaaticles
are shearable, the shape change occurs similar to the matrix of a pure metal, aittanggn

7



stressUnshearable nanparticles generate geometrically necessary prisn@ips (GNPLS) [3]

in order to maintain strain compatibility around the rigid particles without forming cracks. Thus
loop formation replaces dislocation motion within this local volume. According to the Ashby model
[22], the formation of these GNPLs rétsuin a constant mean slip distance whijch is
characterized by parabolic hardenlmaying a stresstrainrelationship,, © 4 .

The nanesized precipitates are typically coherent with the matrix and create strain fields
attracting vacancies which can theoretically develop anith nudeation sites. The growth in
particle size with constant volume fraction decreases the particle density, and increases the inter
particle spacing which reduces stren@thith increase in size the particle interface becomes-semi
coherent to reduce the stidield on an energetic basis, and hence may lose its capacity to attract

vacancies.

2.1.1.4Micro-particles

Micro-particles are micrometaized particles that are formed during ingot casdimghot
workingandare desirable in aluminum alloys to facilitaterightion duringrolling, drawing and
extruding processeln the final microstructure, these unshearable particles generate prismatic loop
stacks duringvork hardening24] by crossslip of screw dislocation mechanisms, resulting in loop
formation on sliglanes other than the original onBsslocation loops are able to extend over very
large distances resulting in loop stack fufe at grain boundaries and obstacigsich according
to Brown R5 results in a linear work hardening behavioyr® 7. However, if other
microstructure features cause the friction stress around these sigiedoparticles to become
sufficiently large, the formation of loop stacks will be replaced by a different mechanism of lattice
rotational flow aroundhe partides [23, resulting in geometrically necessary dislocati@@hIDs).

This model gives rise to parabolic hardenifogming tilt walls into which vacancies may enter to

relieve the additional stresses by rearrangement of the rotational dislocations, ihurtgr e



necessary lattice rotation. These strain centers can serve as nucleation sites for recrystallization

[26], a process known as partikdémulated recrystallization.

2.2 Properties

A robust method to relate microstructural state with mechanical piepésby analysis
of stressstrain curves from tensile tesiBhe role of the stresstrain curve and how it may be
related to the structure, strength and ductility of the material will be explained. Aluminum is a face
centered cubic (FCC) materi@ndso explaining alpertinent theory in thgeneralframework of
FCC materialswill allow this theory to be applied ta wider range obther FCCmaterials The
common role b microstructure componentsill be stated and their influence on the apparent
strergth and deformation mechanic$ the material were givenThe role of nanevoid and
alternative failue mechanisms on the materaeexplained to gain insight into the design of the
TMP to testand modify thesearious processe3estingaluminum alloysat room temperature,

which isbelow 0.4T,, removes the effect of creep in the analysis

2.2.1The stressstrain curve

Understanding the movement of dislocations through obstacles and their influevmd on
hardeningvacancy production rates, nawoid growth &d coalescence requires a controllable and
reproducible testing method. Tensile testing is the pedanethod, performed by applying a fixed
displacement rate at a controlleEanperatureand measurinthe loadresponse from the material
to maintain themposed rate. The extension of a known length gauge section of the tensile sample
can be determined using an extensometer along with the dynamic applied load. The resultant load
extension curve is converted into engineering steasd straine,as

O, . . 30 )
i —Al@Q — (2.1)
(0] a

where F is the applied load, /& the initial crosssectional areap is the initial gauge length, and

Dl the current extensiofEquation2.1 is converted tdrue stress 0 trueatraid asl,
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., 1ip QATIA 1T 1p Q (2.2
However, dislocation motion only occurs once the material has entered the plastic regime, thus the
elastic strain must be removed from the total strain giving the plastic strain as:

, (2.3)

where E is the temperatudependent Yourég modulus. A comparison among the three stress

strain representams is shown below in Figu&1.
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Figure 2-1: Comparison of engineering stress versus engineering,sirg@rirue stress v&us true
and plastic strainfr an arbitrary alloy

Any stress applied above the proportional limit will resultighatation motion when using
stressplastic straircurves. @ssile dislocatios within the material will glideintil they encounter
andstacle and become pinned. I ncr eaddéaweédnoadi ng
the obstacles, occurring at the proportional limit until it reaches a maximum position, typically
taken atD.2% strainSo.2% after which the dislocation will bag-free or cut through the pinning
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obstacleq27] and begin to glide. The relation between the yield stress and spacing of these

obstacles is well understoagdfound as

) (2.4)

I
Tap

wheret . is the shear stress acting on the dislocation at 0.2% foungees (So.2v% - So)/M,

where M is the Taylor factpa n @™ i§ themodeledproportional limit These obstacles control

the yield stress and wiliften act as a sour¢28] of dislocatiors, generatngand multipying if a

pole mechanism is formed. Primary dislocation sources are found at interfaces such as grain
boundaries. As the dislocations from different sources interact, there is a strergéfundue

to increase infte number of dislocations thalfso act as obstacles. This increase in stress is known
aswork hardeningand the nature and extent wbrk hardeningwill depend on what the rate
controlling obstacles are and the resulting typeslislocations that are generated during the
deformation [10]. The nuances and regions of the siteam cuve will be covered in 2.2.3The
stresses will continue to increase under deformation as dislocations are producateuntil

Considere criterio [29] is met,

Q, (25)
g

Equation2.5 representshe point where the incremental increase in applied stress is greater than
the incremental increase work hardenindo withstand the logdnd a localized reduction in area

or neck will occurfollowed by loaddrop and dcalized ductile failureshortly after. Thisehavior

is shown graphically in Figure2 Thetotal strain to the Consé&te condition represents the total

elongation strain and is a measure of a forming limit.
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Figure 2-2: The clange inwork hardeningoefficiert, ds/de, and gplied stresss, with evolving
strain showing the onset of diffuse necking in uniaxial tensilsbested on the Considérgterion.
Wherethe two curves meet is the Caifisie pointand defines thelongationstrain,e,.

After the onsetofieckingat a t ot al e |, thenqiraliwdideformliocalig i n o f
to failure In forming operations the stresses and strains experienced are typically non

unidirectional, andhs a result a better representation on the formability of the materials is through

o

analysis of tylioandbsmgact ure strain, U
. .0 26
i I (26)
o]

where ¢ and t are the initial and final thicknesses of each of the tensile sampdggctively. The
ultimate goal in forming is to increase the fracture strain, hence ductility, while maintaining a

relatively high yield strength.
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2.2.2Relating micro to macroi Saimoto-Van Houtte relation

Much effort has been spent on attempting to dgvelonstitutive relations in order to
accurately model and fit tretressstraincurve to be used in finite element modelji8@] and other
sophisticated simulations methods in order to predict component response to loading for validating
engineering designprior to fullscale production.

Currently, the modifiedHollomon, , O T [31,32] and the VoceéPalm
[33,34 relations arghe most widely used tapproximatethe stressstrain curves incorporating
work hardeningn, andstrainrate m, dependence on the flow streBgth of these techniques do
not preciselyreplicate the stresstraincurve and fail to extrapolate to the largfeain behaviours
typical of rolling, wiredrawing, biaxial strain, crashorthiness, etc. Renodly, Saimoto and Van
Houtte B] developed a Hollomotype relation based on Taylor slip analysis, herein called the
SVH relation, which inarporatedislocation motion into a constitutive relation that relates the
movement of dislocations to the macrodcahear flowstress.

The physical significance of the SVH relation lies in its ability to satisfy the Orowan

relation B5] while being bas#ona quantitative measure of dislocation skipe mean slip distance

| =CutP 2.7)
is related to the flow sheatress
t =(s-so™)/M (2.8)
as
- - 29
R S )

wherea is the obstacle strengtmis the temperature dependent shear modulisthe Burgers
vector, P represents the length of dislocation createdtbeearea sweft typically close to ong
and A is the annihilation factor..@ndb are fitting parameters derived from the measured stress

strain diagram, and represent the obstacle spacing andaitke hardeningbehaviour of the
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material, respectivelyThe work hardeningerm red t e d can loe seen to fit in terms of the

Hollomon relation a8  —— and so the SVH relation can be rewritten in terms of what is known

as the advanced Hollomon relation, incorporating the steagsensitivity The CRA fits astress

strain cure using a twdit loci, their intersection occurring dgandgs, the point separating the

initia | | ocus c hdromasedmealr isz2 eady eb y¢ hfa(seeApperalix Nar &fdll by Db
explanation of the CRA procedure). The microstructural baseisigdoifurcation is different from

the definition of Stages | and Il for single crystals, and more closely resemble the transition from
Stages Il to I, though not exacti{n example of a CRA fit with key regions of the curve is shown

in Figure 23.
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Figure 2-3: An example CRA performed on a stressain cune  r e s u | at ni dregyfiaratimy b
the stresstrain curve into two locijescribed by the two curves

IntheCRA, t he challenge is to quantify the mea

1/f defined as
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P p o, Qr (2.10)

%o Qt gp
where (d/dg)o.2s is thework hardeningate at 0.2%g,. The calibration factor is used to precisely
replicatethe stresst r ain |l ocus by udssfRA Ch e P'[B6.Sipcar amet e
the primary obstacles contriol§ work haregeningremainconstanturing testing, this calibration
factor is assumed to characterize the plastic deformation process beyond the yield pherfomenon.
is related to the P/Aratio as

v C_%o (211)

o |
The P/Aratio equalthe perimeter of the spt dislocation segment to the area of the segf86éht
A higher P/A indicates that more of the dislocation line length is retained over that created,
compared to lower P/A values, in which more dislocation line length is dynamically annilagated
descrbed by adecreasedhitial work hardeningate.

There are certain situations when modifications to the calibration process must be
performed in order to accurately capture the evolving microstructural changes taking place in the
experiment. The most commanomaly observed are those due to yield points in the material
where the stresstrain curves display a yield point elongation (YB&gct due to the solute content
in the material37]. In order to accuratelyndertakdhe constiutive relationship argsis on such
a stressstrain curve, a®order polynomial fit based on minimizirige residualR?, is performed
beyond the yield point and then baektrapolated to find the initialork hardeninglope at 0.2%
on the polynomial fit (t/dg)o.-% This isthe starting point from which flis determined and after
which the CRA is performed to establigtei n i t woek hardeningate whichis again back
extrapolatedand a new (ddg)o.2x% how based on the initial CRA fis thenused to calculate the

1/ characterizing the starting material, which was impossible with the initial yieldgismaption

in the curveThis iterative process is basedoamsidering the yield point @ anomaly, a transient
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behaviour artificially introduced visolute atora at sourceyr prestraining37], and not actually
inherent in the largstrain plasticity.

Successfully fitting an equation to a strsf®in curve is not new, but new information is
possible in the posinalysis of the SVH relationship. Changes initfiernal state parameters are
of great interest as they give insight into the transition in active deformation and failure mechanisms
within the material, and could allow users to tune the effect of their TMP. In it remm®parison
by Brahmeet al. [38, the SVH relatiorwasshown to be more accurate in largieain predictions
than the Voce and Hollomon relations. The accuracy of this relation is inherent to its development
through Taylor slip analysis allowing it to be representative of the microsteuminditions of the
material. Any changes in the microstructbhyeTMP can beorrelatel tochangsin theSVH model
parameters, representing the deformation behaviour of the material. Systematic trends observed
with changes in TMP such as an increasiragk hardeningate or decreasing transition strain
with increasedgeingtime are examples of model parameter relations that may be correlated back

to the TMP and its influence on changes in microstructure.

2.2.3Work hardening

Work hardening or strain hardeng, is the incremental increase in flow stress with
increasing deformation stra/ork hardening has several stages, classically characterized by their
relation between @ and U and exactly how that
typesof dislocations producebly deformation depends on the obstacles contraliegplasticity
with each obstacleype having a characteristiwork hardeningelationship. The evolution of the
work hardeningoehavior changes during deformation and is sephiate four or more stages

based on the typical characteristics obser@8 Pnly the first four stages are described here.

2.2.3.1Stage |

Crystal plasticity was initiated upon observation of slip lines on polished surfaces of single

crystals and the charactation of thework hardeningoehavior was reviewed byabarro et al.
16



[40]. In stage lofd ef or mat i on, o f t -glide", the discatioesdvithin thea@ss f e a ¢

grown microstructur@are able to move along their glide plane with ease as the stnessbdto

cause dislocation motion are sufficiently low and there are little to no obstacles impeding their path.
This is classically observed immediately after the elastic regime as a nearly flat region in the stress
strain curveDue to the difficulty increating materials that are obstafitee, a lengthy stage |1 is

only observed in high purity, single slip oriented, single crystals with extremely low dislocation

densitied41].

2.2.3.2Stage Il

Stage llis typically characterized as having a nearly constamk hardeningate (linear)
[41] corresponding to a continuously decreasing mean slip distance that is very insensitive to
temperature during the initial production and multiplication of dislocations within the material.
Stage Il (2 for polycrystals) was gmally thought to be parabolis ( Ge) however, it is now
understood that depending on the obstacles producing the dislocations, hardening may be either
linear, parabolic or some combination of the two. The conditions for each of theseveases
outlined further inSection2.1.1 Different types of dislocatiomteractionswill contributeuniquely
to the vacancy production from dislocatidislocation interactions in both stage Il and lladrk

hardening

2.2.3.3Stage llI

The work hardeningate in stage 113 for polycrystals) decreases monotonically with
increasing strain as the maximum limit of dislocation density is approached. The onset of stage Il
is classically thought of to be due to the onset of thermally activatedsiiop2] in the material
due to the imposed requirement to increase strain/adlternative explanation for the stage 2
to 3 transition in polycrystalline materials was proposed to be due to osmotic pressure build up in
the cellular structure of the material brought about bgesx vacancy concentrations in the

localized region over the thermal equilibrium amgéd]. These vacancies move due to the large
17



vacancy concentration differences between the interstitial dipoles in the cell wall and the
intercellular structure.Sincethe onset of stage i8 a diffusionbased problem dealing with the
migration of vacanciest has a very large thermal and stredtte sensitivity component.his
theory will be exploredater in the chapter in the context of its effeat maintaining vaazy
concentrations within the matriar vacancydiffusion to alernative sinks such asagn boundaries

interfacesnanevoids or solute atoms.

2.2.3.4Stage IV

The onset of stage 1V (4 for polycrystals) occurs at high strains approaching 1.0 and is
characteried by a low, but constant work hardening rasddd. It is experimentally observed in
compression or torsiowhere these large strains may be readily obtai®eé explanation[39]
assumes that the vacancies generated by the straining initiate asstéadytuation of recovery
and hardening. In industrial forming processes, stage |V iempped by the void growth and

coalescence leading to ductile failure.

2.2.4Ductility

The ductility of a material islefined asts ability to undergo plastic deformatiamder
load. The greater the ductility, the greater the deformation a material can witlitaona failure.
Before exploring ductile failure, a question must be answered: is it possible to predittain at
failure, and hence ductili®/For this to b true, a relation must exist between some parameter and
the fracture ofailure strain of the materidlloyd [44] has previously shown a linear relation exists
between the yield strengthy 20, and fracture straimy, forage hardenable aluminum alloyBigure

2-4).
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Figure 2-4. Relation between yield strength and fracture strain presented by [4dydor
naturally ageand artificially aged AA6111

The relation holds for both naturally and artificégjed conditions of the same alloy. This
correlation indicates that the controlling mechanism for failure is inherent in the material
microstructure, which also controls the strength of the mat@iais a model wadeveloped by
Saimoto et al[5, 6] in order to predict and accurately analyze fracture and failure by quantitative
means. The weknown phenomenon leading up to failure is through nasid nuckation, growth
and coalescencdhis process proceeds by stable void nuclei being formed duridgfibvenation
of the material until a suitable cluster size of vacancies are thermodynamically stable at the given
testing temperature to form a stable napa@. These nanw@oids grow via vacancy diffusion as
the deformation progresses until neighbouriagawvoids become spaced at approximately three
times their diameter at which point the strBskls between nanwgoids interact, and subsequent
plastic flow between the voids resiitthe coalescence proce3$ie ductile failure mechanism

process will belescribed in detail along with alternative failure mechanisri&h occur at lower
19



fracture strain than nanmid formatiorgrowth mechanispand thusameans fotheirelimination

is sought through metallurgical processing.

2.2.4.1Nancvoid initiation

The homgeneous nucleation of nawoids occurs due to vacancy clustering in the matrix
of the material until a suitable vacancy cluster forms that is able to be thermodynamically stable.
Thismay not always bthe case since all industrial alloys have added eltsrand particles within
them resulting in loweenergy nucleation site3he heterogneous nucleation of navoids is
associated with coherent obstacles within the material due to the dilational or contractive strain
field introduced from the lattice mizatch between the matrix and patrticles. This strain can be
relieved by the introduction of vacancies, which are able to flow into the strain field region, relaxing
the contraction/dilation field. It is these strdiields which may be heterogeneous nudteesites
[5, 6 for the primary naneoids responsible for ductile failur@he initial spacing of these
particles and thus nanwoids,is determined from the yield stress of the material as these obstacles
control the initial flow of dislocations. Thister-obstaclespacing can be calctdal in a modified
version of Eq. 2.4s

| (2.12)

whereDt; is the effectivancrease irshear stress due to the specific obstacles present. In the case

final

of work-hardened sampleBtwh = (So.2%- So

final

0.0299/M, Wheres oo 020 iS thes g.0200Stress on the
bibackextrgpolated curves % is the 0.2% yield stresand M isthe Taylor factorForartificially
aged sampleDtaa = (So2% - So2wwg/M, wheresowwo IS the 0.2% yield stress of the water
guenched sample prior to artificiafjeingindicating that any increadn yield stress is due to the
precipitation of second phase precipitateibiting dislocation motionFor cases of sample

prestraining prior t@geing
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P oot Upg/M (2.13)
w h e res thé maximum stress during the prestraining period prior to unloadingganbis

used

2.2.4.2Mechanism for nanwoid nucleation

Aside from quenchedh voids, the excess vacancy concentration required to allow for
stable nanevoid formation has been empirically set at the end of stagenwdrsf hardening5].
During stage 2 ofvork hardeningdislocations areontinuously being produced, moving through
the latticeinteracting with forest dislocationand forming jogs,the dragging of which creates
vacanciesThevacang concentratiorsubsequentljncreasesbove thermal equilibriunand due
to the lower activatioenerg for vacancy transpobly pipe diffusionthan bulk diffusion, vacancies
can beransported by the ming dislocations as other vacancies are swept up formiranditri
vacancies.These defecteemainunstable and will continue to form and dissolve until the vacancy
concentration reaches a critical vahtdhe transition between stage 2 and &afk hardeninglt
is at this transition point that the nawoids responsible for failure are assumsi@ble in the
material and can grow through stage 3 of deformation. At this point, the heterogenecusidano
nucleation sites (coherewbstacles have nowbecome closer together due to the criterion of

constanwolume for plastic deformatiohus the particleésspacing can be described as

o o AgD— (214)
70

whereg; is the shear strain to reach theto b, (stage 2 to 3jransition within the material, r s
geometric factor for partie spacing decrease such thatjualsl or 2 for plane strain and uniaxial
tension respectively. This lengtha.n, Will serve as the initial nucleated namoid spacing in the
material & it enters into stage 3 work hardenin@nd the voids begin to grow and their inteid

spacing decrease
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2.2.4.3Nancvoid growth

Thenanevoid growth process is assumed to begin at the onset of stageBkdiardening
where the nucleated nawoids havestabilized. It is now possible for the namoid nuclei to grow
via diffusion of vacancies produced from dislocation jogs as other dislocations cut through them
[45] travelling a mean slip distande creatingl /b vacancies per jedrag. At g, the vacancy
concentration in the matial may be determined using [5

. & 0 r (2.15)
(0] r T Y C T -
0w TO C

where X is a fraction representing the average number of dislo@hsimeation interactions
responsible for vacancy production via{jdigagging, Nis the number of atomsfaf material, and
C., isthe concentration of vacancies. The rate of change of the concentration of vacancies in the

material during stage 3 @fork hardenings given by

C 1 (2.16)

o ® 0

< 0o 10 C
The mechaically produced vacancies can travel along the dislocations via pipe diffodtorse
pinned at nanwoids and vacancy clustet§thermodynamically favourablég.the change in the
free energy and chemical potential caused by radial effects ofahevaid spheres being
increasedmay contribute to void growth by being annihilated at the void/partitildscation
interface or being transported to larger voids neafllye chemical potential of the local volume
or system decreases with increasirgjua resulting in the driving force for nawoid coarsening.
As the nanevoids continue to grow, their size,, dhcreases according to

Q «a rr 0 (2.17)

while the intervoid spacing,,Idecreasing as

& a4 A@p— (2.18)
120

Thematerial continues to change shape until a critical voidspzeing ratio is reached.
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2.2.4 4Nanovoid coalescence and failure

From theoretical calculation$][it has been shown that once the void spasiag raio
reaches three, there is sufficient overlap in the sfrelsls around the nareoids resulting in the
coalescence of nanmids leading to the inevitable failure of the material. Through the deformation

of the sample, the intervoid spacing decreases a

& A®§7%— (2.19)

wherelyi s t he intervoid spaci:dheffirltseparation digtaneeaan 2 ¢
failure is givemgulay st he point when 2
Q & 1 6 (2.20)

with the final nanevoid size determined using

5 & Agb—— (221)

i 20
to give a final spacing ratio ¢§/d,. Experimentally this ratio is likely to be less than oeager
than threehighlighting the vacancefficiency of the failure mechanism active the event of./d,
> 3.0, a new |IMUsnared il thesfdilure, coatescence condition is met. At this
point stress triaxiality between neighbouring voids occurs with failure occughiogly after.An

illustration of theentirenancvoid process is shown in Figureb2
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Figure 2-5: An illustration of the nanwoid process during loading of a sample. The pertinent
equations at each ofdhstages are shown leading ughe limit strain where alternative failure
models take over to predicbw the nanevoid coalesce [5].

Although simplified, Figure 5 demonstrates how the voism andbecome closer
spaced due to the both void groveihd a decreasing precipitate spacing during deformasian

constraint of constant volume used in plasticity

2.2.4.5Ductile failure maps

It is possible to capture both the narmaid growth and the interoid spacing with evolving
strain upon failure byndersanding the extent of vacancy production during thiordeation
process of the sample@nce the critical criterion of,/d, equals thregs met, the coalescence
process is expected to occur. Byeasuringhe changes in vacancy concentrations at failuise it
possible taletermingf the TMP has allowed for a higher concentration of vacancies to be produced

prior to failure. An example ductile failure map is shown in Figufe 2
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Figure 2-6: An example ductildailure map for aluminum alloy3hel./d, = 3.0 defines the limit
St r aiinhe mddel.

Ductile failure maps serve as a basis for comparing whether the TMP prangssease
thel,/d, ratio. Since the method of calculation fgrigl directly related to point defect production,
the growth of voids may be reduced if sinks other than pasids exist, such as grain boundaries,
and hence extend limit strain to ductile failutas this premise, combined with thgd, ratio that

canbe used to compare the effectiveness of the TMP oneifiermmance of different materials.

2.2 .4 6Alternative failure mechanisms

Failure is not limited strictly to the nanwmid nucleation, growthand coalescence
processspreviously described. Other mechanisms such as crack propagation ebayadary
decohesiortan alsmccur, the latter commonlybservedn ductile failuresSince much work has
been conducted on improving the ductility of the material, specific criterion may be developed to

assess whether or not the namad process is the primary mechanisnpaessible for the failure
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of the material. The criterion is basedaductile failure map, see Figuré2which describeshe
concentration of vacancies at failure, and the nand spacinggsize ratio. The proposed nawoid
process should result in mouctile material performanceompared to agrain boundary
decohesion mechanisitine latterwhich will now be referred to as "pemptive failure”. If the
preemptive failure can be eliminated, large increases in ductility may be realized. If sufficient
understanding of the microstructurabmponents responsible for peenptive failure can be
identified, TMP may be performed in order to eliminate this phenomenon and delay the coalescence
to attain higher limit straiprior to nanevoid failure in the mateal while maintaining high yield
strength andavork hardening

It has been postulated that the occurrence of gpaimdary decohesion is due to the
migration of bulk vacancies entering into the gradsundaries effectively opening theimcreasing
grainboundary width resulting in a weakened structu#s]. The vacancies will undoubtedly
travelto the grain boundariesd becom#érapped therat energetically favoable sites likesolute
atomsor second phase particleather than travelling through tlgeain boundary to a free surface
to annihilate. Only vacancies produced near the glaimundar vy, wi thljwl a di st
contribute to this premptive failure mechanism. Vacancies produced towards the interior of the
grain are limited by diffusiorior travelling such large distangeand inthe perspective of the
vacancy, it will be attracted to the closest possible vacancy sink requiring the leastfenergy
annihilation As a result, many of the vacancies produced will contribute to-waidogronth.
However, those entering the grain boundaries may result in-lgoaindary pulout once the

applied stresses are sufficiently large to overcome the nowsti@ugth™" grain boundary.

2.2.5Methods of controlling microstructure

The first step in dealing witindustrial processed materials is to develop an accurate
understanding of the effect of an existing TM

directly control internal mi crostructur e, whi c
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this knowledge is needed to intelligently develop new TMPs to improve propéttiesxample
theaddition ofstrainingto specific steps in the TMP all®for additional phenomexto be studied
once theeffects of the previous TMP steps on the matesyatemareunderstoodThe following

experimental procedure describes the alloys and TMP steps used to facilitate such a study.
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Chapter 3

Experi ment al Procedure

3.1 Design of Experiments

Two experiments were designed to investigate the roles of different internal structur
features on strengthening and ductile failure in: (Apagehardenablaluminum alloy; and (2)
an agehardenablaluminum alloy. The two alloy types were chosen because they together cover
the widest range of technically advanced industrially pesaluminum alloys and have
distinctly different TMP cycles that result in characteristark hardening andr age hardening
behavioursThese alloy types will help establish the applicability of the G&RAn industrialike
setting.

In the first expernent a series of tensikests were performed on nagehardenable
AA5754 following unique processing routesA5754 strengthens by work hardeniagd is used
in nonvisible structural component&enerally, the first procedural step was to identify thgiro
of preemptive failure in the aluminum alloys by removing the @ngptive failure using TMP, and
subsequently reintroduce the gmptive failure mechanisms in the AA5754 sampfethe TMP
can be traced back to the changes in fracture strain &mar@gion behaviour, it will be possible
to pin-point the mechanis@nd microstructuréeaturegespmnsible for the early failurelhe TMP
is chosen to primarily change the mragehardeningelementssuch asFe within the AkFe
precipitatesvhich are postiated to controthe fracture of the material.

The second experiment is anagehardenable serieduminumalloy, AA6063, whereby
short high temperatumlutionizingimmediately followed by quenching maintains the soéuid
vacancyconcentration of the solutionizing temperatura the lower quench bath temperature
leaving thematrix in asupersaturatestate However, even at room temperattire solute mobility

is sufficient tomigrate to preexisting clusters formed during quenchirgd gradually [atelet
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structuresform with the resulting strengthening designated natural ageing. Anneialy at
temperatureabove room temperature is calledificial ageing andcauses formation of different
metastable phase

The precipitation of new particlesan change the yield stresgrk hardeningand failure
strains. In the first part, the effects of quersemsitivity, using water instead of air cooling, on the
solutionizing proceswasinvestigated.Prestréning prior to ageing waaddedto understandhe
effectof vacancy sinks within the material on ductile failure. Next, the traditional ductile failure
mechanism of nanwoid nucleation and growth process in variautficially agedAA6063 was
explored. Thisstudy coupled witha parallel series ofensile tests combiningrestraiing with
ageingto increaserfcture strain and overall energy absorpti@re usedo evaluatethe Lloyd
plot constructior{44] and determine the sources of ductile faillfiaally, both preemptive failure

removaland arfficial ageingwere alteredn unison to reduce TMP steps.

3.2 Sample Preparation, TMP and Testing

Each of the characterization and test methods required a unique method to properly and
reliably prepare test specingensile samples, hardness and textungpées were all fabricated
in-house using equipment available in the machine shop and metallography laboratory. The
chemical compositions of AA5754 and AA6068ed in this studgre given in Tabl&-1.

Novelis AA5754 (wt¥

Al Si Mg Cu Fe Mn Ti

Bal. 0.08 3.15 0 0.18 0.2 0
SAPA AAG063 (Wt%

Al Si Mg Cu Fe Mn Ti

Bal. 0.4 0.49 0.01 0.16 0.029 0.01

Table 3-1: Nominalchemicalcompositiors of the aluminum alloys.

3.2.1AA5754
AA5754 was received fronNovelisinc.i n t h e ([®Iom)xn @1IEm)Blléd sheet.

The thermal treatments were selected in order to determine the role of solute Fe wighairthe
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boundarieson ductile failure Tensile samplewith axes oriented ifoth the RD and TDvere
sectionedrom the sheethe cut edgese-surfaced with 60@rit paper and testedor each of the
four heat treatment conditionsshown in Figure d: CR13, CR15, CR/7, and CR19. CR13
consisted of heating to 285 for 20 minutes and water quenching (WQ). CR15 consisted of the
CR13 treatment with additional heating at 36%or 3 minutes and then WQ. CR17 and CR19

followed the same treatments as CRilE were heated @55'C for 5 and 20 minutes, respectively.

3 min
350 AA57-54 Y
Heating Schedule
300
(@) 5 min 15 min
2_250 A A
w 20 min
3 200
g WQ NQ  IWQ wWQ
a 150
€
2 100
50
A\ 4 A v
0 CR13 CR15 CR17 CR19
0 10 20 ) 30 40
time (min)

Figure 3-1: The heat treatment schedule floe AA5754 RD and TDtensile samples. All samples
were waterguenched to minimize diffusion of solutegrithg cooling. The up arrows indicate the
re-heating of samples after quenching such that the CRhplsa were quenched a total of four
times.

The tensile specimens were annealed in a salt batithtim + 2°C of the set temperature
in order to meet radrements of the heat treatment scheduke goal of the TMmeing to:(1)
precipitate out all solute Fe intogfkle (20 min at 25%C); (2) then resolutionized (3 min at 36&);

(3) followed by reprecipitation for 5 and 20 minutes at 285 In rolled aluninum sheetsecond
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phase particles lik&lsFe particles that are aligned along the rolling directeme, calledstringers,
and lead to early failure. How to remove this effect from the total failure mechanistasiets
The tensile tests were carriedtaising ascrewdriven Instron model 5969 with a 50kN
| oad c el (5.08m)doded 26301 1Beatensometeatnominalstrain rates of 0.00@2 for
the first 0.5% and increased to 0.02til failure. This slow and fast straining procediseypical
to clearly delineate the yield phenomenon, with the added benefit that the faster second rate

redudng thePortevinLe Chételier (PLC) effect found in AIMg alloys

3.2.2AA6063

The AA6063 was receiveds 50cm long segments of extrusiam both T4 and T6

condtions,with acrosssection shown in Figuss-2a and 2b.

EXTRUSION
DIRECTION
INTO

PAGE

ALL DIMENSIONS
IN MM

Figure 3-2: (a) Crosssection of the AA6063 extrusio(t) Angled view of the extrusioshowing
the different panelo,seftZd,onasnd atbvéd | ed as A Xo,

Sheet panels sectionsere extractedfrom the extrusion using a band salost
experimentswerper f or med on the AX0 and AlYomxg8&mel s, w

blanks.The samplesvere labeled andhachinedinto standard defonesizedtensilespecimens
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which were resurfaced using 6@ft emery paper to smooth thredgesto eliminate stress
concentration points.

Three sets of experiments were performedhenAA6063 All of the tensile specimens
were watequenchedfrom the heatreating temperatureim 15°C water within 2 seconds of
removal from the salt/oil bath. The first experiment investigated the rgjeesfchsensitivityand
prestraiiing on the fracture strain of the material treatedhe asreceived conditiongnd lab
processed conditions. To understandéffectof this treatmentthe firstspecimenwas pulled in
the asreceived condion to serve as a benchark. Tensilespecimensvere solutionized at 540
in the salt battior 15 minutes in order to dissolve any oé thardeningprecipitates preseifitom
the prior agéng processes. Onensilespecimerwas not pulledwhile others were each pulled 2
or 5% before artificiallyageingall threespecimens Thethree specimensere aged for 5 hours at
185°C in a silicon ol bath, quenche@nd teted at a strain rate of 0.0025sThe next set of
specimerreatments werperformed in pairs, ongpecimerprestrained 2% prior tageingand the
other not. These sets were also solutionized &G4 15 minin the salt bathnaturally aged for
1 hour one of thesavasprestrained 2% anehded by ageinfpr varying lengths of time at 18C
in a silicon oil bathFinally, T4 asreceivedmaterials cut into tensile specinsamere aged at 23C
for varying lengths of timen the sai bathto determine if the premptive failure could be removed

simultaneous to the artificialgeingprocess.

3.2.3Fracture thickness

To determine the fracture thickness of the samples, a 1.5mm long section was removed
from the fracture region of the tensfigecimensaftertesting. Thessamplesvere identified and
mounted vertically using dental compotthdt washardemdunder ultraviolet light. The samples
were placed in the SEM and imaged along the length of both sides of the sample. The narrowest
regiors of three different grains in five unique images of each sample (total of 15 measurements)
were made in order to reduce scatter in the results. If the samples were not mounted perfectly
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straight, the samples were tilted until perpendicular to the SEMmoko ensure the correct

thickness was recorded.

3.2.4X-ray diffraction samples

The grip sections of the tensile specimens were tosasisess throughickness texture of
the extrusion.Four incompletd 111}, {200}, {220} and {311} pole figuresvere measuredy X-
ray diffraction (XRD) in reflecting geometry using a Rigaku rotaflex generator with Cr source
operating at 50kV 190mA. r@ntation distribution functios(ODF) were calculated using the

MTM KULeuven analysis codetff]. Thetexturesamplesvere groud to thedesiredthicknesgs

(Y , Y2, %) by hand using 240, 320, 400 and 600 gritpaper | i shed wusi,agd 6em d

subsequently 0.05em colloidal s i | i bright.etché&dh e
30-60sto remove perceived surfacendage rinsed in HO, dipped in 5% nitric acid to remove
NaO layer fronbright etchantand rinsed in ethanaind blowdriedto reduce oxidatioriThe now
mirror-finished XRD sampleswere electropolished witlan A2 solution using a Jean Wirtz
magneticallystirred electropolisheoperating at 30V andl5°C for 20 second€oth the solution
and solutiorreservoirwere placed in a chemicahfe freezer for at least 4 hours-#°C. The
samples were removed once the pgotig cycle endedinsed and ultrasonidglcleaned in ethanol
for 30-60 seconds. The samples were bhined with little heat to quickly evaporate the ethanol

and leave @&lean surface.

3.2.5Hardnessmeasurements

The effect of ageing treatments on strengthening is typiozdiried out by hardness
testing. Here the Vickes hardness (HV) values were determingth a Vickers micreindenter
after the various artificial and naturalgeingconditions by avexgingthe measurements of 10
indents to reduce scatter and uncertainty in the results. A 100pt\{@8jmN)was used for the
measurements, loaded for 30 seconds, subsequently unloaded and miesteedally, thdarge

scatter in the naturalgeingcurvedataat low times is due to the time required to make the indents
33

pol |



T usually taking 20 minutes tmmplete the 10 indents with measuremémesulting in the indents

having to be made first and subsequently measured.

3.2.6Grain 9ze measurements

Grain size measurements werade onelectron channeling contrashages taken ima
JEOL JSM840 scanning elen microscope (SEM)The samples were prepared in an identical
manner as the XRD sampjdmit were not electropolished prior to examinatimdinstead were
exposed to gallium at 4C for 15 minutes talecoratehe grain boundaries tenhance the grain
size determinationMeasurements were made using the Heyn intercept method using a circular line
to reduce any directionality associated with the measureng@artgples from foudifferent tensile
tests were averaged at each of the thicknefssas inner suface (IS) to outer surface (O8)

reduce uncertainty in the total measurements.
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Chapter 4

Results and Anal ysi s

Chapter 4is divided intotwo sectionsreporting the AA5754 and AA6063results
separatelyThe role of preemptive failure in AA5754 is firgbresented since it is an easier case to
understand with fewer microstructircomponents being manipulatéy the TMP. Next, the
AA6063 series of samples presented beginning with quendensitivity, and the role of
prestraining on ductile failure. Théudy of nanevoid nucleation and growth in negprestrained
sampless presented with the prestrained samples failing due to thevwadi@rocess. Finally, the
most complicated case aigeing at 230C is presented, having multiple microstruur

componerd being manipulated simultaneously.

4.1 AA5754

The resulting stresstrain curvegrom the different heat treatments of the AA5754 tensile
samplesare shown in Figure-4 and 42 for the RD and TD specimens, respectivaliese test

resultsarefrom single saple measurements
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Figure 4-1: The AA5754 RD stresstrain curves.
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Figure 4-2: The AA5754TD stressstrain curves.
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From Figures 4. and 42, it is apparen that the yield strength andlork hardening
behaviour remains quite similar for both RD and TD samples, with only differences in the uniform
elongation For the RD tests, thetrain difference betweamiform elongatior( JJandfailure ( ()
increasswith the initial anneaCR13 it reduce after the second anneal at longer time with partial
re-solution of AkFe, CR15 but increaseagan after the higher temperaturerealfor CR17 and
CR19.In the case of the TD sangs, the elongation trends remain identical, increasing with the
first anneal,CR13, decreasing at the-solution of AlgFe, CR15,and finally increasing with
initiation of precipitation of the AFe grain boundaries particlesthe final anneals of CR1hd

CR19 The resultant fitting parameters from the CRA are listed in Tétile

SOfinal So2%
Sample a-used m(MPa) (MPa) (MPa) P/A 1/t b, b, | (nm)
RD-CR13 0.4 32012 37.8 90.0 0.116 107.9 0.349 1.583 0.71
RD-CR15 0.4 32012 28.3 88.2 0.140 89.6 0.514 1.985 0.65
RD-CR17 0.4 32012 37.0 88.2 0.135 92.9 0.320 1.545 0.71
RD-CR19 0.4 32012 31.3 88.0 0.122 102.2 0.421 1.729 0.63
TD-CR13 0.4 32012 28.2 84.8 0.096 130.8 0.498 1.556 0.65
TD-CR15 0.4 32012 19.7 85.5 0.107 117.1 0.654 1.784 0.54
TD-CR17 0.4 32012 35.0 84.4 0.101 1241 0.338 1.375 0.71
TD-CR19 0.4 32012 24.0 83.5 0.087 1439 0.566 1.942 0.62
G b)) GCb)

Sample (um) (M) t;(MPa) g l5(m) i5(m) C(g) e &
RD-CR13 0.053 0.49 63.2 0.283 0.276  0.058 0.520 0.178 1.78
RD-CR15 0.031 0.10 67.2 0.293 0.333 0.055 0.592 0.196 1.64
RD-CR17 0.070 0.66 63.4 0.288 0.323 0.058 0.608 0.185 1.79
RD-CR19 0.041 0.26 66.17 0.300 0.289 0.055 0.583 0.191 1.79
TD-CR13 0.027 0.47 64.49 0.318 0.255 0.057 0.329 0.202 1.56
TD-CR15 0.015 0.18 68.17 0.331 0.279 0.054 0.430 0.206 1.64
TD-CR17 0.056 1.13 61.16 0.304 0.270 0.060 0.377 0.202 1.67
TD-CR19 0.018 0.08 68.36 0.358 0.243 0.054 0.364 0.230 1.64]

Table 4-1: Tabulated CRA parameters for all AA5754 tensile samples.

The consistency in botheld stress andiork hardeningbserved in thetressstrain curves
with annealing is evidence that the components of the microstructure being modified by the TMP
arenot within the grain interiofn contrast, the elongation, fracture, and transition strain between

stages 2 and 3 of deindion are sensitive to the TMRFractography performed in secondary
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electron inaging(SEI) mode in the SEMf CR13 samples ishown inFigures 43 and 44 at the
same magnificatiorfor the RD and TD fracture surfagesespectively. RD,TD andor ND

directions are labelled in each figure.

Figure 4-3: Fracture surface of AA5754 RDR13sample annealed 255 for 20 min. The dotted
white line indicates the direction of coalescence. Takenundes&& b ar . 1 00& m

Figure 4-4: Fracture surface of AA5754 TOR13sample annealed 285 for 20 min. The dotted
white line indicates thprimarydirection of coalescence. Takenunder,SEIs cal e. bar 100c¢
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The two fracture surfaces indicate a distinct difference in failure modes of each sample
corresponding to a large variation in fracture thicknieasger holes appear aligned along the ND
in the RDorientedtensile incorporating localized stringer decohesiconnected by significant
nancvoid coalescence, compared to the TD tensile diredgaiture appears to hawecurredoy
voids aligning parallel to stringetas observed inFigure 44. There are a few characterizing
differences in the appearance witttie large voids indicating they are due to a separate mechanism

from the finerdispersoid cavities evident indare4-5.

PRI 8
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Figure 4-5: SEM-SEI image of slip lines on void surfaceislarged with scale barf 1 OTBee m
slip lines are indicated by the white arrow with the raoil regions located within the wki
circle.

The slip lines observed on the interior surfaces of the large voids resemble those found on
the surface of the tensile sampelicatedby the white arrowThe smaller voids are circled in
white to illustrate the clear differences in seféects from the two primary secondary phases
present: AlFe of micrometersize and AfFe of nanometersize.As seenin other work[9], this
observationsuggests that particle decohesion has occurred with subsequent plastic deformation

taking place. The extent of the plastic deformation is unknown, but it would be expected that
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decohesion occurs at lower strains followed by void coalescence to manifesteine=d slip lines.
For clarity of presentation, the evolution of fracture surfaces with changes in heat treatment will be

discussed in a later section

4.2 AA6063
The AA6063 samples werbeat treated and tested, beginning with a-fabcesed

replicdion of the industrial heat treatment schedule describ&hapter 3 The remainingesults
reporton the role of prestraininggeingand combinedageingand prestraining on nanmid
failure. The sectiorconcludes with the observations made indbgeingof T4 specimen at 23C

to verify if preemptive failure may be eliminated simultaneousith theageingprocess.

4.2.1Hardness and texture characterization

The basic characterization of th#fect ofageingtreatments on strengthas carried out
using Vickes mcro-hardness test§igure4-6 shows the naturalgeingand artificialageingHV

curves for samples that were artificially aged after varying levels of naiyeaig
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Figure 4-6. The Vickershardneswerais logageingtime curves for the AA6063 samples aged at
18C°C after naturahgeingor various lengths of times. The upper and lower bounds on the hardness
are given to provide the safe working limits of the material to simulate waiting times in the
prodwction process of extrusionkrror barsof one standard deviation determined from the 10
hardness measuremeatg only shown for the 24 hour NA case for clarity.

The artificial ageingkinetics of the material appears to be independent aduhegion of
naturalageingtime. The peak age based on hardness occurs after 9 hours°@t T8@ next
characterization performed was measuring the throbighkness grairsize evolution in order to

understand the lengtécales involved with failure in the materi@he throughthickness grain size

measuements arshown below in Figure-4.
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Figure 4-7: The evolution in grain size of the extrusion panel going from the relative out surface
position to inner surface pitisn averaged from the X and Y panels.

The average grain size on the surfaces wer
around 88 0em towards t he i ntWis gran size vagdompared with t h e
throughthickness texture for both th¥ and Y panels to gain understanding of the texture
dependence on ductile or peenptive failure. The evolution of the main texture componentse,

Goss and C@Gthroughthethickness of the X and Y panels are shown in Figur8saad 49,

respectively.
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Figure 4-8: Texture evolution of the thremain components in the AA6063 X panel. IS and OS
indicated the inner and outer surfaces respectively.
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Figure 4-9: Texture evolution of the thremain components in theA6063 Y Panel. IS and OS
indicate the inner and outer surfaces respectively.
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The identification of texture components afeund in the MTM KULeuven reference
manual [4T. There is a clear asymmetiry the texture componenthroughthicknessof the X-
panel likely due to its physical position in the extrusion, having one side towards the exterior and
one towards the interior of the profile resulting in a cooling gradient due to a lack of convection
during the extrusion. The -‘panelthrough thickness textuig significantly more symmetric having
a higher relative overall cube component due to its slower cooling rates being inner panels of the

extrusion struts, which give more time for recrystallizatioleation and growth.

4.2.2Quenchsensitivity

Quenchsensitivity refers to the fracture straihanging withthe quenching rate, whereby
the slower the rate the more prone the composeatimbsto low strainfailure. A quench
sensitivityeffectwas realizedvhen the lakprocessed sampiesultsnvere compared to those of the
industrial T6 samples. The main parameterdamonstrat¢he effect of quenckensitivityarein
the yield stress and fracture strain differences in theulemched versus industriakljow-cooled
samples subsequdo the solutionizing processable 42 compares these two parameters for two

A

lab-processed samples,andtwaras c ei ved T6 samples from the 0XG8

So0.2%
Panel Sample  (MPa) &
X T6 As-Rec  205.0 0.843
Lab contrc 211.1 1.37
v T6 As-Rec  205.9 0.774
Lab contrc  219.3 1.345

Table 4-2: A comparison of the yield strength and fracture strain for thee@sved and lab
processed AA6063 samples to observe the effects of qusenditivity.

The labprocessed samples were aged at@8nd 180C for 5h and 9h for the X and Y
samples, respectilye Samples from bothgedX and Y regiondaveyield stresses comparable to
the asreceived samples, while the fracture strain increased about 60 twonddaredhe industrial

processed condition. These results are shown graphically in the Lloyd plgticé4-10.
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Figure 4-10: The fracture strain versus yield strength for thegedcessed and aeceived T6
AA6063 tensile specimeri X0 and AYO refer to the panel type
The labprocessed samge do not follow the ficonventi or

suppor ti ngobjechive $o removen lpréamptive failure mechanisnNotably large
differences in the morphology of the fracture surfaces are realized when oldsethedSEM as

shown in Figires4-11a and 411b.
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Figure 4-11: SEI images of the tensile fracture surfaces. The large cavities are circled in@hite.
The T6 Xpanel ageceived specimen. (b) The Tépanel labprocessed spanen.Note the more
frequent occurrence of large cavitiega), butnot(b)Scal e bar is 500¢ m.

Figure 411b is a remarkable observatiortioé reduction of large holes within the fracture
surface on the order odgraih 8ife ofnthe matdrj@dnd provides s i mi |
further supporting evidence of grain boungalecohesionAccepting this result as themovalof

pre-emptive failure, the samples weeestraired prior to being aged.

4.2.3Role of prestraining on ductile failure

The role ofprestraiing on the tensileppecimensis observed for the Yanelsamples
prestained 0, 2 and 5% prior to being aged for 5h at@8RAfter pulling the tensilspecimensat

a strain rate of 0.0025' $he stresstraincurves are shown in Figurel®.
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Figure 4-12 The stress versusrain curves for the 0, 2 and 5% prestrained AA6063 samples with
the asreceived sample for comparison. Note the onset of the yield point with the introduction of
prestrain

The yield stress was found to decrease with the increase in prestrain corvéthtapss
in total elongationTable 43 lists the standard tensile test parameters along with the calculated

CRA parameters.

final
So So0.2%
Sample | a-used m(MPa) (MPa) (MPa) P/A 1/f b, b,
0% PS 0.4 32012 195.6 211.08 0.0722 173.19 0.00 0.49
2% PS 0.4 32012 192.1 204.6 0.0635 196.71 -0.26 0.83
5% PS 0.4 32012 183.5 197.44 0.0822 152.05 -0.13 1.23
Gb) Gb)
Sample | (nm) (hm) t;(MPa) g |3 (m) 3 (m) | (m) &
0% PS 1.226 443.2 12.301 0.110 1.305 0.298 0.065 1.37
2% PS 2.146 2575 11.044 0.109 1.420 0.332 0.080 1.54
5% PS 2.084 132.6 11.297 0.107 1.900 0.325 0.107 1.69

Table 4-3: Control and prestrained AA6063 tensile sample parameters detdrfrine CRA.

Subsequent to the tensile testing, the fracture surfaces wermneddétom the tensile
specimenand observed using SEM sisown in Figures-43a, b and c.The obvious trendseen

with increasing degree @irestraiing is the reduced presam of large holes within the material.
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There appears to be a complete elimination of large voids or holes within the material once the
material is deformed 5% prior to the artificeajeingprocess. The 5% prestraining does reduce the
yield stress by 6.5%ompared to the neprestrained sampléut increases thigacture strain by

20%. There are changes to other aspects of the mechanical behaviour, wock laardening

which will be dealt with in th®iscussionsection.

200p

Figure 4-13. SEI images of the (a) 0%, (b) 2% and (c) 5% prestrained AA6063 sarNptesthe
changeinscalein(b)andfc)o 2 00e m f r o Whe Slipttaceson the outerasyrface are
clearly observed.
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4.2.4Artificial ageing of lab-processed samples

The stresstrain curves for the artificially aged camitsamples are shown in Figurel4.
From inspection of the stresfrain curves, it is clear that artificial ageafectsthe yield strength
and the elongation to fracture. The CRA was used to quantify these changes. The CRA parameters

determined from the stresfrain data for each ag®ndition including the fracturgrains are given

in Table 44.
275
AA6063
Aged @ 180°C 48h
15h
250 9h
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Figure 4-14: The stressstrain curves for the laprocessed samples, solutionized for 15min at
540°C, naturally aged 1h and artificially aged at ABUfor various length®f time. Note the
eliminationof a very small yield point (arrasvby the peak age condition of the material at 9h.
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final
So So.2%
Sample a-used m(MPa) (MPa) (MPa) P/A 1/f b, b,
3h control 0.4 32012 163.5 190.5 0.120 104.5 0.43 2.37
5h control 0.4 32012 195.9 208.5 0.074 168.5 -0.11 1.07
9h control 04 32012 212.9 219.3 0.052 239.8 -0.36 0.54
15h control 0.4 32012 204.6 226.8 0.091 137.2 0.41 1.37
48h control 0.4 32012 216.4 229.6 0.069 182.6 0.07 1.26
G (b2)
Sample G (b) (m) (M) t3(MPa) g | 3(m) i5 (m) | (0m) &
3h control 0.29 1.4 21.4 0.148 1.40 0.171 0.074 1.71
5h control 1.50 104.8 14.2 0.137 1.35 0.258 0.066 1.55
9h control 2.60 580.8 10.8 0.128 1.32 0.340 0.062 1.35
15h control 0.44 40.3 16.9 0.155 1.59 0.216 0.059 1.21]
48h control 1.19 86.9 13.3 0.152 1.74 0.277 0.059 1.08

Table 4-4: The CRA parameters determintt the AA6063 samples aged at 18D for various
lengths of time.

A few significant trends are observiedthefitting parametewralues The work hardening
ratein the stage 2 regime is at a maximum for the peak aged condition (9h), and coincides with the
trends observed with the P/A ratio, suggestingt the most significant amount of dislocation
annihilation (lowest P/A) occurs when the volume fraction of precipitates has maximized, but
remain shearable to permit dislocation annihilation. These trends are also consistent when
observing the changeslh s aon din the 9h sample compared to the urdged and overaged
casesjn which they are all a minimum at this pealge condition. However, Figurels shows
that fracture strain relates to the yield stress rather than the aforementioned paravhaters

affirmsthe relation found by Lloyd for AA6111.
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Figure 4-15:. The relation between fracture strain and yield stress for the artéigahgof the
lab-processed AA6063 tensile samples.

Thusseparat mechanisappear taexist thatcontrolwork hardeningnd ductile failure
The speculation is that the nawoid nucleation and growth process is the major mechanism
resulting in ductile failure of the laprocessed samples wherein therk hardeningyenerates the
vacancies. The finalgeingbetween 15h and 48h results in very little change in yield strength with
a larger decrease in fracture strain, consistentthaleveling of the yield stress indicated in Figure

4-15.

4.2 5Prestraining and ageing of ld& processed samples

The goal of therestraiiing in the asquenched condition prior fgeingwas to assess the
role ofprestraifng onageingkinetics, particle growth and yieftacture relationsompared to that

without prestraiimng. Thetensilesamplesvere solutionized for 15min at 540, waterquenched,
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and subsequently pulled 2% in tension. The samples were then naturdlfpratje before being

aged for varying lengths of time at T8 Thestressstraincurves are showim Figure 416.

AA6063
. 15h
550 Pre-strain 2%
Aged @ 180°C 7h
g @ 9h 48h  5h
18h
3h
_.230
(T
Q.
2
b
210
190
0 0.02 € 0.04 0.06 0.08

Figure 4-16. The stresstrain curves for the AA6063 samplpestraired 2% prior to artificial
ageingat 180C.

A yield point phenomenon was observed in each of these samples, consistent with the
previous set ofests with 0, 2 and 5% prestrain, where the onset of a yield point was first observed
with introduction of 2% prestraifThere is a subtle yet noticeable decrease in the yield phenomenon
in the 48h aged sample. This is possibly due to the change in [teci@turegor due to coarsening
of the precipitates. Changes in fracture surface topology was observed with incieegesing
between neapeak (7h) and overaged (18h) conditions as illustrated in Figet@&a and 417b,

respectively.
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Figure 4-17. SEM-SEI image®f the AA6063 fracture surfaces after (a) 2% prestrain aged for 7h,
and (b) the 2% prestrainagedfor18hc al e bar is 200¢& m.

There is a change in the surface topology from a relatively hamogs structure to one
that contains several large voids. The reduction in yield stress in the 18h aged condition is consistent
with the premise of particle coarsening due to ageing A summary of the mechanical properties
and calculatedbstacle spacat yield(from Eq.2.11) of the material after the different TMP are

listed in Table4-5.

Sample S020%  Sprestain I (nm) €

3h + 2%PS 204.3 71.4 82.8 1.79
5h + 2%PS 214.5 70.2 76.3 1.65
7h + 2%PS 218.2 70.0 74.2 1.72
9h + 2%PS 219.5 70.4 73.8 1.68
15h + 2%P$ 225.7 72.1 71.7 1.65
18h + 2%P$ 211.4 73.1 79.5 1.55
48h + 2%P$  213.0 68.8 76.3 1.39

Table 4-5: The prestrain and yield strength, fracture strain and particle pinning distances for the
2% prestraired samples.

Table 45 reveals that there is a clear increase in the yield strength of the samples with
ageingiime; however the pealgel conditionoccurredsfter a longerageingiime compared to that

of the control cases. This suggests there is a diffeiiertbeageingkinetics introduced due to the
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prestraiiing. Plotting the fracture strain versus yield stress forpitestraired samples allows

determination whether nanmid nucleation and growth remained the dominant deformation mode,

shown in Figure 48.
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Figure 4-18 The relation between fracture strain and yield stress for the 2% prestrained AA6063
samplesAgeing times are indicated in hours (h).

Theprestraired samples do not follow the linear teda either,but a trend of decrease in

fracture strain with increasing yeektrengttis observed up to ¥bageng time. These samples had

beenprestraired and thus a component of their yield strength was due fwés#ailing process

andthe remaindedue to precipitation hardening\ detailed analysis to provide an alternative

approach for fracture strairield strength relationship as well as attempt to elucidate the

differences in kinetics between the prestrained and control artificially aged saviipfeiow in

the Discussionsection.
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4.2.6Artificial ageing of T4 specimen

Under the same testing conditions as the other AA6063 series tests;rdweiasd
naturally aged T4 specimens were subsequently artificially age€28@ water quenche@hese
specimengxhibited an initial decrease in yield strength followed by an increase with faghierg

as shown in the stresgrain curves in Figuré-19.

225

200 _
45 min @ 230°

90 min @ 230°C

. T4 As-Rec
175 15 min @ 230°C
5 min @ 230°C G in @ 230°C
—_ min
g 150
2
5125
100
75
50
0 0.05 € 0.1 0.15 0.2

Figure 4-19: The stresstrain curves for the T4 asceived specimen withgeingat 230C. Note
the initial decrease in yield stress and subsequent increasageitigtime.

The serrated flovin the stresstrain curves was reduced agidappearedvith increased
ageingtime. Unstable flowis attributedto the PLC effect due to the increase in Mg solute content
with initial dissolution of layered clusters prior to thesfarmation as nanparticles [48. The
fracture surfaces showed evidence of a reduction in -gegiohesion processes occurring with
increasingageingtime, as shown in Figures2D (af) which were all imaged using SEBEI

conditions at the same magnification
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Figure 4-20. SEM-SEI images of the fracture surfacdgshe AA6063 tensile samples aged at
230°C for (a) T4 ageceived(b) 2min. (c) 5min. (d) 15min. (e) 45min. (f) 90min. The scale
bar is 200¢gm.
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The changing morphology of the fracture surfaces afgeingindicates a change in the
fracture mechanism. Thaccurs concurrently with precipitation hardening of the material, where
nanavoid nucleation and growth dominates as seen by the changes in fracture surfage. Clo
examination of the fracture surface from 23Cor 15min reveals a vergquiaxed grain that

displayed larger wictility than the other regiorshown in Figure £€1.

Figure 4-21: SEM-SEI fracture surface of a T4 sample aged af@30r 15 minutes. There are

two very uniform regions approximately0 O e m i n wi dt h whicwareedualtotheé he c i r
material grain size. The thickness dimension at these occurrences are narrower than at other typical
areas indicating larger deformatichc al e bar is 200¢& m.

One explanation for this observatimthat since the centre section of the sheet has a large
cube texture component, an occasional cube grain is deforming to a strain egudihéhickness
of unity. The acurrence of these types of grains were found in six separate SEM imagesjrsgiggest

that a stronger cube texture may increase fracture strains. The Cpadiiheters for the aged

samples were calculated and are listed in Taiéle 4
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final

So S0.2%

Sample a-used m(MPa) (MPa) (MPa) P/A 1/f b, b,

T4 As-Rec 0.4 32012 70.8 86.5 0.0758 164.8 -0.137  1.064
T4 + 2min@23@C 0.4 32012 58.4 70.6 0.0648 193.0 -0.270  1.18H
T4 + 5min@230C 0.4 32012 71.3 82.9 0.0658 189.9 -0.286 0.975
T4 + 15min@23C 0.4 32012 123.9 132.4 0.0551 226.9 -0.349 0.978
T4 + 15min@23tC 0.4 32012 119.5 129.5 0.0591 211.4 -0.243  1.374
T4 + 45min@23C 0.4 32012 145.9 152.8 0.0511 2448 -0.388  1.194
T4 + 90min@23tC 0.4 32012 137.6 1445 0.0502 248.9 -0.462  1.153

Gb) Gb)

Sample (rm) (M) t;(MPa) g l5(m) ;z(m) 1(m) g

T4 As-Rec 0.60 16.6 29.82 0.201 0.488 0.123  0.246 1.61
T4 + 2min@23@C 0.91 15.2 25.41 0.187 0.527 0.144 0.381 1.98
T4 + 5min@23@C 0.98 34.1 22.18 0.150 0535 0.165 0.267 1.93
T4 + 15min@23tC 1.31 54.2 17.24 0.135 0.652 0.213 0.121 1.75
T4 + 15min@23tC 1.01  16.79 18.77 0.143 0.680 0.195 0.125 1.76
T4 + 45min@23tC 1.61  49.09 14.01 0.118 0.803 0.262  0.099 1.74
T4 + 90min@23C 1.69  49.55 13.90 0.107 0.708 0.264  0.107 1.74

Table 4-6: CRA parameters determined for the T4 sasplged at 23C.

The

increase inwork hardeningn the first stage, which might be associated with a change in the
precipitate size and distributiomhe ageingof the T4samples was marked by an initial decrease

in yield stress corresponding to an increase in fracture sti@icapture the relative magnitudes of

smal |

t r e nithecanesamore negadive ith auptima indicdting an

changes in these properties, both values were plotted versus th@abatifgngtime asshown in

Figure 422.
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Figure 4-22: The change in the fracture str&in) and yield stresd ) with increasinggeingiime
at 230C. The strength and fracture strain indicators appear to be inversely related.

The extent of the increase in fracture strain \&jeingappears to be significantly larger
than the decrease in Ydestress, which indicates that additional fracture strain is being realized
aside from that due to the nawmoid nucleation points moving apaffo pinpoint the pealage
strength of thesamples, Vickers hardness measurements were performed to estalalgginan
curve for the AA6063 arseceived T4 material at the new temperature of@38hown in Fgure
4-23.

The same trends were captured with the hardness, an initial decrease in hardness with
subseqguent increases until a plateau and decrease arouagkimgtime of 45 miutes An
integrated consideration of the evolution of the failure mechanigithdbe the focus topic in

Chapter 5
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Figure 4-23. TheVickershardness curves for the T4t@seived speaien aged for various times
at 230C and subsequently tested for hardness.
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Chapter 5

Di scussi on

The issues with respect to structsteengthductility are quite different fomonage
hardenable compared to the dgedenable alloys. The Mg alloys of the AAXxx series are
nonagehardenablewhile the AIMg-Si alloys of the AAGxx series are ageardenable. Hence,

the following discussion is separated into two sections.

5.1AA5754

In sheet forming of most aluminum alloys, failure often occurs parallel to the RIbdue t
aligned stringer particles, as these hard particles become centers for strain localiz&tion
Determining the mechanisms of this failure and a method to eliminate the phenomenon of stringer
failure will permit the increased formability dhis alloy ®ries. Here, two mechanisms are
proposedConsider a simple geometrical model for stringers in a shégguofe 51 where the RD

andTD are indicated.

RD

D

O O O O
O O O O
O O O O

Figure 5-1: A simplified distribution of stringer&ligned particlesyithin the sheet parallel to the
RD.
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If interfacial decohesion between the particles and matrékeate the voidst is apparent
that specimens oriented in the TD will fail at a lower total strain than RD specimens. Alternatively,
if decohesion does not occur, the configuration of the dispersoids will tend to permit greater plastic
extension in the regions where the matrix is less interrupted by particles. In this instance, the TD
oriented specimens will tend to show lower fracturarstiehe differences between the occurrence
of these two mechanisms is speculated to be due to the amount of Fe atom mobility during the
qguench, adjusted by the quenching rate, where an increased quench rate enhances the fracture strain,
that is less Fe aho segregation to interfaces with a faster quench €aienchsensitivityis not
usually associated with neagehardenablealloys, but the current observations suggest its
presence.

Letusconsider the industrial processing of AA5754 in greater details presenin this
alloy, and stable micrometesized AbFe particles areformed during the casting process and
solutioniang around600°C. On the other hand, the mettable nanasized AkFe can start to form
at 325°Cwith the supersaturation of Fe. tip hot rolling with exit temperatures near 325and
subsequent cold rolling followieby recrystallization near 380 for 1 h, Fe can segregate to grain
boundaries as the grains grow. The cause of this reaction is due to the inverse nature of solute
solullity in the bulk and iterface. Upon cooling below 380, the solubility of Fe solutes reduces
such that AfFe canprecipitatein both the matrix and the grain boundaries, fmetcipitationis
believed faster in the latter due to lower activation eneogysblute migration. Based on this
hypothesis, the anneal temperatures of°@5%specimen C13CR17 and CRI9and 365C
(specimen ®15) wereused The AA5xxx series are ideal alloys for observing the quench
sensitivity phenomenorhe primaryalloying elenentin AA5xxx is Mg, which has a very high
solubility in Al, which lessenghe formation of AIMg precipitatesand hence only the Fe is

manipulated by the annealing processes.
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It is further speculated that in Fe containing aluminum alloykjch are most of the
industrially produced aluminum alloythe mobility of the Fe during the quench is critical to
preserve Fe in a supersaturated state at the quench temperature. Many of these alloys are heated to
temperatures above 5@ and if slovly cooled, the Féas time to diffuse. The diffusion of Fe
results in a Felepleted region around the grain boundaries due to the higher solwiitiity the
grain boundariesEach Fe atom in solution may attract vacancies to its second nearest neighbor
position to loweits free energyl[7], effectively increasing the free volume near the grain boundary
and weakening the interface. If the Fe remains in solid solution at the grain bouadaigsund
to vacanciesit may serve as the source of the-preptive failure.The greater mobility and
solubility of Fe within grain boundaries allows the;iP¢ to be precipitated or dissolved at lower
processing temperatures than the grain interlarthe TMP used for the experiments, the first
annealing at 25% for 20 minute$CR13) should precipitate out any Fe remaining in solid solution
and standardize the-asceived samples. Thegkke would therbedissolved by annealing at 3&5
for 3 minutes (CR15), and subsequenthprecipitate out in the grain boundaries at Z5%or 5
(CR17) and 20 minutes (CR19). This microstructural framework is used to discuss the experimental
results.

Heat treatment for CR17 and CR19 restored the fracture strain with time*&t&%r the
previous 368C anneals (Tablé-1). This restorationsi believedo bedue to tte elimination of
interface decohesion caused by the precipitation of the Fe at the grain bouthddradlewsthe
previously bound vacancies to go to the gtaandarysinks. In this case, decohesiatstringer
interfaces woud tend to initiate localized plane strain grooves parallel to RD, which was typically
observed. If decohesion did not occur, then the plane strain localization would occur depending on
texture evolution with straining.

The microstructure of AA5754 consisiBgrain boundaries, micrometsized dispersoid

stringers, and finer metstable precipitates attributed tosP& (may include other elements such
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as Mn)for whichthe critical precipitation/rsolution temperature is near 325 Theoretically, the
02%y i el d s t"¥ feos the GRA dnodél should be the same for pure aluminum, but this
was not the case for AA5754. The stress difference is attributed to the presence mdntiales
which are assumed to act as namda nuclei, and grow by accumtilag vacancies as they are

generated by plastic flovb]. The pertinent parameters are listed in Table 5

Sample Iv (rrm) dv (nm) Iv/dv & Cv_slope Q/(glm) Qim €
CR13 0.537 0.177 3.033 0.283 0.187 0.052 0.56 1.78
CR15 0.508 0.167 3.039 0.293 0.217 0.057 0.51 1.64

RD CR17 0.538 0.180 2.998 0.288 0.201 0.055 0.54 1.79
CR19 0.481 0.160 3.015 0.300 0.196 0.055 0.55 1.79
CR13 0.476  0.157 3.037 0.318 0.169 0.050 0.61 1.56
™ CR15 0.402 0.132 3.039 0.331 0.185 0.054 0.58 1.64

CR17 0.525 0.175 3.002 0.304 0.169 0.050 0.61 1.67
CR19 0.456 0.149 3.050 0.358 0.170 0.052 0.62 1.64

Table 5-1: The final nanevoid spacing, size and ratios for the RD and TD AA5754 samples.

The slear strain required to nucleatenan@ i ds i s a szframmte@RALamd be at

t he | i miy, &t whch voi comlescefite occurs is modeled/ds= 3.0 [] in Figure 25.

The difference between the limit strain and the fracture strainitsuaéd to ductile flowThe study

of fracture is complex dute the existence of these multiple effects but careful examination of the
fracture surface with different TMP may resolve which specimens manifest decohesion
characteristics.

The fracture surfaceof the TD tensilespecimen ofFigure 52g contains many large
cavities aligned along the RD consistent watktringer decohesiomode of failure In the RD
tensile fracture surfac&jgure 52b,(TD axis vertical, ND axis horizontal), failure appearsdour
due to both stringer decohesion and raonl failure inferred from the heterogeneous hole
distribution.The larger holes are caudegildecohesion and subsequent plastic deformation while
the smaller holes are due to the naal procesitiated by precipitation of AdFe at the stringer

interface.
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Figure 5-2. SEM-SEI of fracture surfaces. (a) The TD CR13 sample showing directional stringer
failure. (b) The RD CR13 samp#howing a fracture sface attributable to stringer decohesion
coupled with naneoid growth and coalescencec al e bar i s 100¢m.

The fracture surfaces clearly show a difference in active fracture mechanism, consistent
with the above model on stringer failure in aluminunoylsheet. The appearance of stringers
would indicate that the particlmatrix interface is weaker than the grain boundari€ke grain
boundariesvere weakened by thgreater number of deformation vacanaiesving unfettered to
the grain boundary sinkssa i n t he case of the TD sampi} e. Sup
value being largerfor the TD deformationthanthe RD after theCR13 TMP. Therefore, the
concentration of vacancies at the limit straiexpected to have been lowarthe TDtest since
fewer vacancies remain in the grain interiofslower density of stable vacanceantributes less
to nanevoid growth and increases the limit strain to meet the coalescence criterion. The voids grow
f r ozmp umtil the limit strain, where lodaéd thinning occurs and th@anoevoids coalesce via
plastic deformation until the fracture strain of the matdsiaéached t;. TH# limit strain in the
RD case was less than that of TD, consistent with the elongation differences in these twaslirectio
due to a reduced production of vacancies in the TD samples requiring additional strain to meet the
void sizespacing ratio criteria of three in the remaining mateoiallined inChapter 2

Metallurgically, annealing at 366 for 3 min dissolves theldre precipitates allowing Fe

atoms to return to the grain boundaries, and it would be expected thatstolinections would
65



fail by stringer decohesion. It was found that the TD fracture strain increased with annealing, while
the RD decreased, batlowfailinga t; = 1J64. Thigesultis good evidence that both orientations

failed by the same mechanism, which is inferred from the very similar fracture surface

morphologies shown in Figures3a and 53b.

Figure 5-3: SEM-SEI of fracture surfaces. (a) TD CR15 sample showing stringer decohesion with
no directional preference. (b) RD CR15 sample showing stringer decohesion with no directional
preferenceSc al e bar is 100¢m.

A similarity in fracture suiaces for two different orientations both showing stringer
decohesion indicates that the other mechanism of-wakdonucleation and growth is peampted,
because vacancies are trapptttie grain boundariemnd stringer interfacds/ the Fe solutatoms
Two consequences of thigereexpected and observed.

F i r sstincrgasesAm increase in strain to reach stages due to less deformation
induced vacancidseingavailable within the grains during the first stage, and enhanced plasticity
at higher strains due to the ability to increase the vacancy doaib@m at the limit strain. The
stringer decohesion takes place earlier in the sgdsg ai n r e g pnoreasirg the h an
probability the internal free surfaces will deform during the test, which will result ilirsip and
deeper cavities. After aealing at 25%C for 5 and 20 min., the fracture strains increased in the

RD, but remained relatively constant in the, Tiiich is attributed to reprecipitation of&k. The
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restoration of the fracture strain in RD with annealing again supports the égisott stringer

failure being the dominant failure mechanism in the TD tensile tests and not RD, because stringers
align in RD. The differences in TD and RD fracture surfaces are illustrated in Figdeearts 5

4b, respectively. Figure-8a, shows aliged fracture features typical of stringers, while Figure 5

4b shows significant smaller voids associated with initial nasid formation.

(@) (b)

Figure 5-4: SEM-SEI of fracture surfaces. (a) TD CR17 samplewghg stringer alignmerdlong
white dotted line, showingimited nanevoid formation. (b) RD CR17 samples showing both
stringer and nanevoid failure alignedalong the TD indicated by the white dotted liBeale bar is
100¢&e m.

After 20 minutes at 25€,i t was obser vedsintreaseth Ifthe@AFe CRA t h
reprecipitation reaction at the grain boundaries is completed, the deformation induced vacancies,
which are free from the bourke (which is no lmger in solute form), camigratethrough the grain
boundaries to théree surface, decreasing the freelume retained near the interface. Stringer
decohesion failure along the RD within the TD sample is shown as the primary failure mechanism,
while nanevoid coalescence still takes place in regions with very few stringers. Finally, once the
Al¢Fe precipitation is completed at the grain boundaries, the fracture surfaces change to those

typical of Figures Ba and 5b.
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