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Abstract

The microstructuratvolutionandmechanical propertiest elevated temperatures
of a recentlyfabricatedfine-grainedAA6xxx aluminiumsheetwereevaluated and
compared tahe commerciallyfabricatedsheet of the samaloy in the T4P condition
The behaviour of the fingrained and T4P sheetsscompared at elevated temperatures
between 350°C and 550,@s well as room teperature The materials were tested at
various strairrates in the range of 5.0xIt%™ to 6.7x10's™. Static ageing at elevated
temperatures was conducted to examine the precipitate evoltiemno deformation
was involved and tensile tests were cucted at elevated temperatures to stuahhnthe
deformation behaviowsind the microstructural evolution during testinbhe grain
structure was examined before and after deformatitmoptical microscopy The level
of damage due to cavitation was reeied and the fracture surfaces of the samples were
examined after deformatiarsing optical angcanningelectron microscopyStatic
exposure to elevated temperatur@gealed that the precipitate structure of the-fine
grained material did not change emsively. The T4P material, however, underwent
extensive growth of precipitates, including a large amount of grain boundary
precipitation. At room temperature, the T4P material deformed at much higher stresses
than the FG material. The FG material, hoere achieved greater elongations to failure
than the T4P material. The greater elongation to failure of the FG material at room
temperature was related to the lower stresses which delayed the onset of void formation
and changed the mechanism of failuReformation at elevated temperatures revealed
that the finegrained material achieved significantly larger elongations to failure than the
T4P material in the temperature range of 35@%50°C. Both materials behaved similarly
at 500°C and 550°C. At terapmatures below 500°C, deformation resulted in elongation
of the grains. Above 500°@hegrain sizewas greatly reduceid the T4P material, and
only a slightly increased in the firggained material The final grain sizefter
deformationin both matealswasfound tobe smallerat highstrainratesthan at low
strainrates At temperatures above 450°C, the elongation to failure in both materials
generally increased with increasing streate. Cavitation played a large role in the

failure of both magrials, particularly at the highest temperatures and lowest-sti@s.



The poor performance of the T4P material at these temperatures was attributed to the
precipitate characteristics of the shemhich lead to elevated stresses and increased
cavitaton. The deformation mechanism béthmaterias was found to beontrolled by
dislocation climb, accommodated by the self diffusion of alitmmat500°C and 550°C
The deformation mechanism in the figeined materidaransitioredto power law
breakdow at lower temperatures. R60°C to 450°Cthe T4P material behaved

similarly to aparticle hardenedhaterial with an internal stress created by the precipitates
The reduction in grain size of the TaRterialafter deformation at 500°C and 550°C

was siggested to be caused by dynamic recdvecyystallization The grain size

evolution of the finggrained material may have been causethbysamanechanism

and/or grain boundary sliding effecteowever, nalear conclusion could be drawiithe

role ofa finer grairsize in the deformation behaviour at elevated temperatures was
mainly related to enhanced diffusion through grain boundaries, while grain boundary
sliding in the FG material at the highest deformation temperatures and the lowest strain
rateswas considered as a possibilityhe differences in the behaviour of the two
materialswere mainly attributed tathe difference in therecipitation characteristics of

the materialswhen precipitatesere present, they behavdifferently, and when
precpitates dissolat high temperatureshe materialsvith similar reduced graisizes

behavd similarly.
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Chapter 1 Introduction

The automotive industry is undever increasing pressure to produce more fuel
efficient vehicles in light of global warming causeddrgenhouse gas emissior®ne
solution to this problem has been to reduce the weight of vehicles through the use of
lighter materials such as aluminiuriVhile aluminium has seen significant increases in
its use in the automotive industry, it still lags far behind steel in chassis and body panel
applications. Reasons for the slow adoption of aluminium alloys include higher material
costs than steel asalvas increased forming process cqsis

AA6xxx aluminium alloys are used in the automotive industry for outer body
panels and bumpers because of their weldability, goodhagkenability, fomability,
corrosion resistance, good surface finish and low cost. In a traditional auto body panel
production operation, the sheet is formed at room temperature while in the T4 (naturally
aged) or T4Pdommercially preaged condition and then age haragehduring the paint
bake cyclg2,3].

While the formability of aluminium is low at room temperature, the ductility of
aluminium has been shown to improve at elevated tempesgduid]. Previous
investigationdhavefocusedon either warm (20@50<C) [4,8] or hotdeformation
(>350°C)[5,11]. Ingeneral, elevated temperatures have been shown to significantly
increase ductility, although most research has been conducted at significantly lower
strainrates than seen in industrial forming operations (3182]. Investigation of
material properties at highstrainrates is very important as part production times affect
the cost significantly. Additionally, higher ductility allows the production of more
complex parts which can lead to a retion in the number of fasteners or welding
operations require 3]. Refinement of the grain size has also been shown to
significantly increase the ductility of aluminium under certain conditj@8sl315]. It is
of interest to investigate and charactetlze effect of grain refinement and elevated

temperdures on ductity.



Chapter 2 Literature Review

2.1 Introduction

This study examines the deformation of fip&inedand coarsgrained AAGxxx
alloys and how the microstructure affects and is influenced by deformaidhis
chapter, an introduction fow temperatte deformation factors, as well high
temperature deformation mechanisanegiven. Thentheinfluence of high temperature
and deformation on the microstructure is reviewdgkxt, the mechanisms of failure at
elevated temperature are examined. Fin#@Ko6xxx alloys are introduce@nd some

related research is presented.

2.2 Low Temperature Deformation Factors

Crystalline materials deform at room temperature as a result of dislocation
processes as well as twinning. Aluminium has a FCC crystal structitbenefore
mainly deforms through dislocation movememtastic flow is a kinetic procesggich s
affected by factors such as strain, straite and temperature. The ideal shear strength is
defined as the stress at which the deformation of a perfggtbtis no longer elastic;
above this stress, the crystal structure becomes unstable. This st@ngthcalculated
with knowledge of the crystal structure and irdéwmic force§16,17] In real situations,
however, deformation occurs at stresses below the ideal shear strength by the movement
of dislocations. Deformation is therefore limited by the rate of nucleation of dislocations
and the rate at which these dislocasiglide through a crystal. The motion of these
dislocations is almost always obstatifaited. These obstacles can include: other
dislocations, solute atoms, precipitates, grain boundaries, or even the friction of the
crystal lattice itself18]. At low temperatures, below ~0(B4 T, where T, is the
absolute melting temperature, recovery mechanisms do not play a significant role in
affecting the ma[l8el9]iAasuéhsincredsiadre ansotint ofi strainu r e
in the material increases the number of dislocations present in the crystal structure. This
increased dislocation density causesrangase in the flow stressquiredto facilitate
the motion of the dislocations through and around each other; this is known as strain

hardening20]. At low temperatures, the effect sirainrate is generally small compared
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to the strain hardening effect, and is therefore often ignored when describingldhe
strength of materials. The flow stress can therefore be related to the straithasing
Hollomon equationEquation2.1.

s’ e" [21] Equation 2.1

Where s is the stresse is the strain, anch is the strain hardening coefficien&imilar

to strain hardening, particles within the crystal structure can limit the movement of
dislocations. When a dislocation meets a significantly hard particle, it must pass it by
some means tallow deformation to continue. At low temperatures, the two main

methods of passing a discrete obstacle such as a precipitate are by shearing the particle or
looping it via the Orowan mechanigi8,20,22] Each of these processes is illustrated

below inFigure2.1.

Figure 2.1. Dislocation passing of a partite by the Orowan mechanism (&) and by particle
shearing (df) [23]
Dislocations will pass particles with the shearing mechanism when the particle is small
(Figure2.1 d-f). Beyond a critical particle size, the dislocation will pass through
Orowan loopingFigure2.1 a-c). The relativeshear stressasquired for each of these

processes is illustrated Fgure2.2.
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Figure 2.2: Schematicexample of the kear strength vs. particle size for particle passing
mechanisms s h e ga n ch gl, o gfpepradyced fram [24]).

In the example showmhe maximunshear strengthequired, and therefore the maximum
strengthening, occutseforether, particlesize. Dependhg on the particles and alloy
system, the maximum strengthening can also occur &4 plagticle size.Further
increasing the size of the particles will lower the energy required to bypass the particle
due to the increased particle spacing resultingnfooarsening For this reason, the best
strengthening is provided by a fine dispersion of small, hard parfiig¢s Another
method of strengthening in a polycrystallimaterial isthrough the use of grain
boundaries. Grain boundaries are high energy defects in the crystal structure and
dislocations can not easily pass through th@&w.decreasing the average grain size, the
area fraction of grain boundaries is increased, and tiverdie material is strengthened.

This effect isusuallyillustrated by the HalPetchrelationship.

k
S, =S, t = [24] Equation 2.2

Jd

Where s is the yield stresss,, is the stress required to move a dislocation through the

lattice, k, is the HaltPetch strengthening coefficient, addis the average grain



diameter. This shows that as the grain size decreases, the yield strength will increase.
This relationship holds for most materials, however if the grain size is reduced to a very
small size (~<100nm), further reductions in grain sitkeeimay not affect the strength,

or softeningmayoccur. This is known as the inverse Hadtch relationshif25]. This

Is an area of ongoing research.

2.3 Elevated Temperature Effects

At elevated émperatures (>0.4), thermally activated processes are the primary
factor affecting mechanical deformatift®]. The deformation becomes highly
dependent on th&rainrateand tempeaature. Strain hardening has a much reduced effect
because of the increased effect of recovery procgs8¢9,26] This means thahstead
of describing a material based on its hardening potential, it can be characterized by its
creep resistandd9,26] Creep is defined as theni-dependent plasticity under a
constant stress at an elevated tempergfije At low temperatures, strain hardening
severely limits the amount of strain that will be producedcarestant stress, however, at
elevated temperatures, recovery mechanisms allow strain to continue, even at low
stresses.The general plasticity of materials in these conditions is summarizggure
2.3.

o = constant = o, £ =constant = ¢,

Ep

I 111

Figure 2.3: Constant stress and constant strakmate high temperature plasticity curves[26].

The three regions shown kiigure2.3 represent stage |, Il and Il creepuring
stage |, or primary creep, the straiite, or creep rate, is decreasing with increasing

strain. This is analogous to strain hardening, as in this region the dislocation density is



increasing. Stage Il creépcharacterized by a constant creep (e#e steadhstate
creep) In this region, there is little change in the dislocation density; thefate
dislocation generation equals the rate of dislocation annihilation (recovery). Finally,
stage Ill creep amurs wherfailure takes placevithin the materiaJ26]. Stage Il creep is
the most important regime foine studyof deformationas the largest portion of strain
occurs in this regionConsidering constant stramte experimentsf the testingstrain
rateis increased, thsteadystate stress will also increg@6]. The measure of this
change is known as straiate sensitivitym. The strairrate sensitivity is defined in
Equation2.3.

_edns g (18,26] Equation 2.3
- A ) L t .
8din &Y, | duation

T ands signify the strairrate sensitivity only applies to a single temperature and
structural stat¢l8,19,26,27] Most commonly, the strairate sensitivity is determined
using strairrate change tests. These tests involve straining a sample until a constant
stress is achieved, then increasingdti@in-rateand repeating the process. This

technique is illustrated iRigure2.4.

Ogs2 |~———————"——--Tooooooooo o=
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Osgi

Strain Rate Change Test

Figure 2.4: Graphical representation of the constant structurestrain-rate change test (modified
from [26]).
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Using the strairate sensitivity, we can show the general relationship between stress and

steadystatestrain at high temperatures as:

s & _
[18,26] Equation 2.4
# s"
WhereN is the stress sensitivity, afk1/m At elevated temperaturds,is typically
beween 3 and 10and hence the phenomenon is cafieower law creep[18]. To take
into account the thermally activated processes involved in deformation at elevated
temperatures, thactivation energy of the deformation mechani@nis added in the

form of an Arrhenius type equatipas seen ikquation2.5.

& ex QO N 118,26] Equation 2.5

g -
WhereR is the ideal gas constanin generalQ describes the energy required to
overcome an obstacle. This type equation will be further discussedtions that

follow.

Another property that temperature affects is the elastic mod&inse the elastic
modulus is related to the strength of the interatomic bonds in the crystal structure, the
elastic modulus decreases with increasing temperatuhe asams spread further apart.
Several studies on the elastic modulus of aluminium and its alloys have shown that the
elastic modulus decreases almost linearly with increasing tempefb8,28 30]. The
temperature adjusted elastic modulus is important because it is often used to normalize
data tested at different temperatures. This normalization is used to maintain thetconsta
structure requirement when determining the activation erjf@&jy Applying the

normalization tdEquation2.5, the relationship becomes:

~

& ex QCH
9

Ol

0 [18,26] Equation 2.6

»cl>

WhereE is the elastic moduluat the temperaturé



Additionally, sane forms of cregpsuch as grain boundary sliding and HafPern creep
are affected by the grain size of the material. An additional term is often added to the

creep equation to account for the effect of grain size, leadikguation2.7.
[31,32] Equation 2.7

Wherebi s t he B e digthagbtam siae anplis thegrain size exponent.

As stated earlier, decreasing the grain size, leads to strengthening of the material
at low temperaturesThere is evidence however, that this effect is suppressed at elevated
temperaturesin high purity aluminium, it has been sk in [33] that the HalPetch
constantky, decreases rapidly with increasing temperature as shokigune2.5. This

decrease in was attributed to rapid recovery esfadtich are prevalent at elevated

temperaturef33].
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Figure 2.5: Variation of the Hall -Petch constant with temperature in pure aluminum [33].



2.3.1 Power Law Creep
At elevated temperatures, dislocations can not only glide through a crystal, they

can also climb.These two mechanisms are often competing and can occur
simutaneously. The slower of these two mechanisms becomes the rate controlling
mechanism for deformatidi8,19,26]

In solid solution strengthened alloys suchfe&5xxx Al-Mg alloys, it has been
shown that the rate controlling mechanism is dislocation §@dge The resistance to
dislocation movement is causedtbg way dislocations interact with the solute atoms. It
has been reported that this type of creep occurs most readily in alloys where there is a
large disparity between the sizes of the solute and matrix atoms, as well as high
concentrations of the solus#oms[35,36] The drag force on the dislocations is caused
by the stress field in the crystal lattice around the solute atom, and the rate of dislocation
movement is contradld by diffusion of solute atoms out of the path of the dislocation
[37-40]. Therefore, the activation energy foreep limited by the diéfsion of solute
atomsis equal to the activation energy of diffusion of the solute atoms within the matrix.
The stress exponent for this type of deformatioN=8. This type of creep is sometimes
called thregpower law creep or viscotglide creed26]. The creep curve for AVg

showing thregpower law creep is shown kigure2.6
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Figure 2.6: Creep curve ofAl-2.2%Mg at 300C[26].

In pure metalssomealloy systemsand solid solution strengthened alloys at
higher stresses, the rate controlling mechanism is dislocation [dByt9,26,41,42]
Dislocation climb is the process by which dislocations move perpendiculaitlip
plane by the diffusion of atoms/vacancies to the dislocatiorj2ible Due to this
diffusion mechanism, the activation energy for creep is almost exactly the same as the
activation energy for self diffusiof18,19,26] The stress exponent for this type of creep
varies from 4o 7, although itis most commonly about 5. For this reason, this
deformation mode is often called fipower law creef26]. Creep by climb and
viscousdrag have been found to have grain size expsraip=0, suggesting that they
are not affected by grain sif&l]. The creep curve for pure aluminium is shown below.
Note that the data has been normalized with the temperajusteatsheamodulus G,
and the self diffusion coefficienDsg SO that multiple temperatures may be shown on the

same curve.
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Figure 2.7 Creep curve for 99.999% pure Al[26].

Whenever dislocation climb is discussed, sortwst stacking fault energy. A
stacking fault is an error in the stacking sequence of atoms inmdased planeg0].
Stacking fault energy determines the extent to which dislocations dissociate into partial
dislocations through a stacking fault. When the stacking fault energy of a material is low,
large separations occur between partiabd&tions, which can hinder clinfiecause the
dislocation must become whole before climb can ofr®f. High stacking fault
energies, such as those in FCC materials, make climb grebsiier. For this reason,
climb controlled creep occurs more readily in materials with high stacking fault energies
[19]. As a byproduct of dislocation climb, a heterogeneous dation structure is
formed within the graif19,26,43] This heterogeneous structure takes the form of cells,
or subgrains. The waltsf these subgrains consist of a relatively high density of
dislocations. The misorientation angle between these subgrains is lwdedrees)

[26,43] This substructure is formed during primary creep and remains relatively
unchanged during secondary credjhe size of the subgrains is a function of material

parameters such as stacking fault energy, and of the applied stress; higher stress means
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smaler subgrain$26]. The strength of materials during fipewer law creep has been
theorized to be related to subgraitig internal stresses they create and the effect of
polarized aslocationsand attempts to model this effect have been rivid7]. Figure
2.8 shows a schematic of cellularrations within grains as well as possible diffusions

paths for atoms and vacancies to accommodate climb.

DISLOCATIONS
MOVE MAINLY
BY CLIMB

Figure 2.8: Schematic of cell formation and diffusional paths during climb controlled creefl18].

2.3.2 Power Law Breakdown and Dispersion-Hardened Alloys
At high stresseghe normal fivepower law relationship breaks down, dxavill

increase in value (sdagure2.7). Although this region of creep is not well understood

[26], there are several theories asvtoy the increase in the creep rigeseen. Early

theories suggest that the ingasedstrainrateare caused by a shift from clingontrolled

creep to dislocation glidg.8], however the presence of a well defined subgrain structure

at these conditiongives evidene that dislocation climb is still the rate controlling

mechanisnj26]. Later theories suggest that dislocation climb is enhanced by an excess

of vacancies produced in the materiatlegse stress¢$9]. More recently, the enhanced

creep rates have been related to ficore diffu
diffusion of vacancies along dislocation stures such as subgrain walls. The activation

energy for this type of diffusion is lower than that of self diffusion, and matches well

with the activation energies seen during power law breakd2@jn
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While most creep work has been done on single phase alloys, some work has
gone into understanding creep of materials with a second hardening glasas metal
matrix composites Very little work has been done towards the understanoficgeep in
precipitation hardened materials, likely due to the time dependent nature of the structure
at the temperatures where creep is fouAdhardening phase is considered to be a small,
closely spaced, hard particle that is cohecgrgemicoherenhwith the matrix(48]. It has
been found that these materials behave differently than their pure counterpartN First,
has been found to be higher than would normally be expected for{eowereep (>5)

[48-52]. Additionally, the activation energy for deformation is found to be much higher

than thatfor self diffusion[48,52,53] It has been theorized that dislocations still bypass

these obstacles by dislocation clifa3], however it has been shown that the particles

prevent the creation of the subgrain struct{@$. This means thaioce-diffusion of

vacancies cannot be responsible for the incresisathrates seenas core diffusion

relies upon the subgrain boundaries for increased diffusion rategould it account for

the elevated activation enerf0,52,53] As a result, it has been theorized that the
existence of a 6thresholdd or O6backpressuredod
[50,52,53] This leads to a modification of the normal creep relationship, as shown

Equation2.8.

& %-—.S‘F)g Equation 2.8

& E 0 [50,52,53] guation 2.
(:, -

Where s , is the opposing stress induced by the particléne creep curves for Al,

showing pure (N=4.5), solid solution strengthened (N=3), and particle hardened (N>4.5)
variations areshown inFigure2.9. Note theparticle hardened material creeps at a much
higher stress than the pure material Figure2.9, the strairrate is normalized using the

ZenerHolloman parameter,Z which is another method of presenting the data.
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Figure 2.9: Various forms of creep in aluminium[52]

2.3.3 Low Stress Creep
At very low stresses, some unique forms of creep are seen. In the fiest, call

diffusional creep, deformation occurs entirely by diffusion rather than by dislocation
motion. This phenomenon was first describedNlaparro[54] and Herring55].
NabarreHerring creep involves the diffusion of vacandieough the graifrom grain
boundaries normal to the tensile direction to thummllelto the tensile directio(see
Figure2.10a). Later, Coble described a similar form of deformation, however at
relatively higher creep rat¢s6]. The increased creep rate was found to be caused by
grain boundary diffusion rather than diffusidmdugh the graifiseeFigure2.10b). As

both of these creep mechanisms involve diffusion from one grain boundary to another,
they occur more readily in materials with small grain siz¢abarreHerring creep was

found to have grain size exponent @2, and for Coble creep=3[31].
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Figure 2.10: Diffusional creep by a) NabarraHerring creep and b) Coblecreep (modified from[26]).

Another form of low stress creep was first described by Hapeé Dorn57].
This form of creepvas found to be different than Nabaitterring or Coble creep
because the creep rates seen were almost 1400 times larger than theoretically predicted
by those modelR26]. Also, the ceep appeared to only occur above a critical grain size,
below which, Nabarrdierring creep was se¢p6]. The stress exponem, was found
to be 1 and the activation energy to beaqa that of self diffusion. The exact
mechanism of deformation is heavily debated even now, 50 years later. Some believe
that the activation energy suggests ageedislocation climb mechanisf8], while
otherssuggest internal stress modg8], or network dislocation model60]. Some
others believe that this deformation megisan is simply a myth caused by inaccurate

measurements and interpretatjéa)].

2.3.4 Superplasticity and Grain Boundary Sliding
Superplasticity is the ability of a polycrystalline material to exhibigyJarge

tensile elongations before failure without the occurrence of ne¢Réjg It is generally
accepted that there are two forms of superplasticity: structural superplasticityeimal

stress superplasticityWWhile not generally considered a form of superplasticity, materials
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that deform by viscous glide of dislocatioms=0.33) have been shown to exhibit large
elongations before failure as wgd].

Structural superplasticity refers to superplasticity seen in materials with a fine
gr ai n st r uaduallyaeeleyated téngpenatures (>@)0B62]. In non
superplastignaterials, localizedecking occurs during tensile tests, resulting in an
increased local stress caused by the reduced-seatisnal area. This leads to failure
quickly at the neck. In superplastic materials however, necking is not a localized
phenomenon. When a neck ssao form, the localizedtrainrateincreases, but
superplastic mat er istaainsmtédegehdentv(hightvalue)s hisi s st r on
increase in flow stress counteracts the increase in stress due to the decreased cross section
and leads to a me diffuse or extended necking regi@3]. Generally, the strairate
sensitivity of a superplastic materialne>0.5 (N<2) [26]. This highstrainratesensitivity
is associated with grain boundary slidi{@BS)[26,6467]. With gran boundary
sliding, the bulk of the mechanical deformation occurs from grains moving relative to
each otherrather than elongation of the grains. As the grains slide relative to each other,
high stresses can be created at points where sliding of tims grestomes difficult, such
as grain triple points. Therefore, GBS must be accommodated by another mechanism to
allow the grains to change shape and reduce these stresses, lest cavifie8]fofimese
accommodation mechanisms can inclgd&nboundary migration, recrystallization,
diffusion flow anddislocation slig26]. The accommodation mechanism is thought to be
the rate ontrolling mechanisni26]. From a geometric point of viewhe smaller the
grains, the smaller the amount of accommodation required to allow the grains to slide

across one anothgs9].

Internal stress superplasticig/caused by high internal stresses in the material.
Sources of this stress can include prior plastic deformatior@efticient ofthermal
expansior{CTE) mismatch in multiphase materialsr polycrystalline materials with
crystal structures that have anisotropic expansion properties, such aglBi@B]. This
form of superplasticity is of particular interest to metal matrix composites as it allows

high ductility in a normally very brittle materifg6]. Normally, the stresses generated
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by the CTE differences generate microcracks along the boarders between the different
phases, however, if the internal stress is immediately accommodated by an applied
external stress, the material behaves superplastically. Extended deformation can be
acheved through continuous thermal cycling of the matgridl. Using this methodf
producing superplastic behavigstress exponent valuesifl have been achieved,
allowing Newtoniarviscous beaviour[66,70]

Recently, a model for structural superplasticity was proposed that uses internal
variables, rather than external variables such astthgrrate sensitivity{67].
Dislocation kinematics are considered to rev
tensors. These tensors are then related to observable defornaaigdieg67]. In this
model, superplastic deformation is split into two components: grain boundary sliding,
and accommodation by dislocation glide, i.e. grain matrix deformation (GMD
Superplastic deformation occurs via the superposition of these two mechanisms. The
model relies upon the inelastic straates taken over a broad range. A simple way to do
this is using load relaxation tests, where the generated load relaxaties carvprovide
inelastic strairrates over a broad range without appreciable changes to the internal

structure of the materi@f'1]. In their simplest forms, the equations for deformation are

as bllows:
T |
GMD 8 -8=exmEE -8 [67] Equation 2.9
|
R EY
1
GBS %g: g(s-—ag)glvlg [67] Equation 2.10
ch+ & a9 0
Total d=a+d [67] Equation 2.11

Wheres' is the internal stress is an internal resistance paramet#is the inelastic

strainrate associated with GMD# is the reference rate of dislocatiomvement

through a barrier and is the dislocation permeability through barriers. The varigple

is the strairrate associated with GBS, is the reference strairate, & ; is the static
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friction stress for interface sliding ai, is a material parameter analogous to the stress
exponentN [67]. These equations are fit to stress vs. inelastic statencurves

generagd from load relaxation tests using Aorear regression. Using this approach, it
is possible to determine the strates over which mechanism is dominant (GMD or
GBS+GMD). An example of this can be seelfrigure2.11.
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Figure 2.11: Application of internal variable approach to deformation modeling[67].

2.4 Deformation-Mechanism Maps

Each of the above describereep modeling equations describes the behaviour of
a material for a range of temperatures, stressessteaidrates. Changing any of these
parameters can altéme dominanmechanism. In order to conveniently show the range
of parameters over whidach mechanism is prevailing, Deformatiechanism Maps
were createil8]. The maps are created by inserting the material parameters into the rate
controlling equations, and settitige borders where two equations are equivalent. An
example showing the deformation mechanisms for pure aluminium is shdvguire
2.12.
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Regions such as those for dynamic recrystallization or Ha&bpen creep are

added by hand for regions that have been experimentally shown kaydispse effects

[18]. Deformationmechanism mapsereextendedy Mohamed and Langddo

include the effects of changing the grain §&&. In these maps the grain size and stress

are variedand the temperature is held as the constant variable in order to facilitate the

use of a twedimensional map A DeformatioaAMechanism map with varied grain size

for purealuminium at 250°C is shown below kigure2.13. DeformationMechanism

maps have not been plotted for precipitation hardened aluminium alloys.
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Figure 2.13: Effect of grain sizeon deformation mechanisms of pure aluminium at 250°C (modified
from [72]).

2.5 High Temperature Microstructural Phenomena
2.5.1 Grain structure evolution

25.1.1 Static Grain Growth
Static gain growth i.e. graingrowth occurring while not undergoing

deformationoccurs through the migration of grain boundaries so as to reduce the internal
energy of the materi§22]. Migration of a boundarywolves the transfer of atoms from

one grain to another. The transfer of atoms through the grain boundary requires
activationenergyto move through the disordered region of the grain boundanally

supplied by thermal energy. The direction of flowtled atomsi.e. flux, is dictated by

the internal energy of each grain. Deformed grains have higher energy than dislocation
free graind22]. Additionally, small grains have highemexgy than large grairj22].
Therefore, atoms will flow from deformed dodsmall grains into undeformed aod

large grains, causing the undeformed or larger grain to grow. Waetiftérential

energy between the grains is too small to overcome the activation energy for migration,

grain growth will stod22].
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25.1.2 Zener Pinning
Since a fine grain size is often dedireither for strength (HalPetch) or for

improved ductilitythrough grain boundary diffusion/creep and grain boundary sliding
mechanismsreducing grain growth at elevated temperatures is of great int€ast.

method of limiting grain growth ithroughtailoring the structure to contain a fine
dispersion obmall, hard particles throughout the material. When a boundary encounters
one of these particles, a pinning pressure is exerted on the boundary in opposition to the
driving force for boundary migrain [43]. This phenomenon is referred to as Zener
Pinning[43]. Thepinnedboundary then requires an extra inplienergy to overcome

this pressure, thus reducing or halting grain grovidéner pinning has a very large effect
on the recrystalization behaviour in age hardenable aluminium alloys, and is one of the
most important factors in determining the recrystadl grain siz¢73]. An example of
whereZener pinning has been usisdn AA6xxx aluminium albys to improve the grain

size stability at elevated temperatures ihe-grainedsuperplastic matel through the
addition of zirconium. Zirconium produced small precipitates which did not dissolve at
high temperatures and helped to prevent grain grfiMh

2.5.1.3 Dynamic Recrystallization and Grain Growth
Recrystallization is the process by which a deformed grain structure is

transformed into &ow dislocation densitgtructure. Recrystallization removes most of
the strengthening effects of strain hardening, thereby reducing the retgesred to
deform the materialDynamic recrystallization (DRX) is a general term describing
recrystallization that occurs during deformation of a matefiiaere are three variations
of dynamic recrystallization: continuous, discontinuous and ge@nagtmamic

recrystallizatior43].

Continuous recrystallization occurs via the evolution of small angle boundaries
(subgrain boundaries) into high angle boundaries and then theiongoathose
boundaries (grain growtti#3]. Subgrains themselves do not necessarily lead to
recrystallization because low angle boundaries have a much lower mobility than higher
angk boundarief43]. In continuous dynamic recrystallization, increasing strains lead to

more and more dislocations nucleating and dissociating via climb to subgrain boundaries.
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This caises the misorientation angle of the boundary to increase. Eventually, the
misorientation is high enough that the subgrain can be considered a new grain (~15°).
This process occurs in a fairly uniform manner throughout the mg3ial

Discontinuous dynamic recrystallizatioccurs when there are large particles
(>1em) present in the material. When a crys
high stresses build up around the particle due to mismatches between their elastic moduli
and yield strengths. These higheesses lead to increased dislocation nucleation rates
and therefore higher dislocation densities around the particle. This can lead to the
subgrains in the vicinity of the particle to increase in misorientation quicker than in the
rest of the materialSubgrains will then grow and consume the surrounding subgrains.

This is known as particle stimulated nucleation (PEIS).

Geometric dynamic recrystallization is a special versiotootinuous dynamic
recrystallization seen at high stresses and strains in some materials, particularly
aluminium[43]. At high strains, the grains of the matebabtome flattened and
elongated in the direction of the force. Also, the grain boundaries become serrated due to
surface tension effects generated by the subgrains within the grains. Eventually, the two
sides of a grain will touch and annihilate each other, effectively pigahie grain in two

[43]. This process is schematically showrrigure?2.14.

Figure 2.14: Schematic of gemetric dynamic recrystallization [43].
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In superplastic materials, it has been shown that during deformation, grain growth
occurs more rapidly than would normally be expected during stahealind74]. The
grain growth rate has been shown to be proportional to the strain in these types of
materials. It is theorized thdte grain growth rates are increased to help with
accomnodation of grain boundary sliding at grain triple poimns4].

2.5.2 High Temperature Precipitation and Precipitate
Coarsening

Precipitation in metals can occur either homogeneously ordgeteeously. In a
solution treated allgylarge undercooling levettue to quenching to lower temperatures
can lead to near homogeneous nucleation of fine precipitates distributed evenly
throughout the materialue to the high driving force for nucleatiomhe driving force
for nucleation is higlat large undercooling levels due to a large free energy difference
between the unstable single phase and the stable phases at the low temperatures
Homogeneous precipitatias seen in materials that are quencaed naturally aged or
materials that have been aged at low temperatufése driving force for nucleation is
low, such as is the case with low levels of undercooling, nucleation will only occur on the
highest energy sites within the material. Thegh knergy sites includeislocations,
grain boundaries and pexisting particles that were not solutionized. This is known as
heterogeneous nucleatif2?]. Grain boundaries are pgmularly effective at nucleating
incoherent precipitates, due to the inherent disordered nature of grain boufgjries
Nucleation and growth of precipitates on grain boundariksasvn as grain boundary

precipitation (GBP).

Coarsening refers to the growth of some precipitates at the expense of others,
leading to structure containing larger, more widely spaced precipitates. The driving force
for coarsening is to decrease energyhhving a small number of large precipitates
rather than many small precipitates, tb&al surface energy of the precipitates is
decreased. This is known as the Giblb®msomEffect. Diffusion helps coarsening to
proceed. The kinetics of coarsening dependent on the diffusioate (i.e. temperature)

[22]. Growth will occur preferentially at defects or interfaces which will lead to the

23



largest decrease in free energy of the syst&Jsually, this means preferential growth of

precipitates on high angle grain boundaries.

In general, grain boundary precipitates do not form as sheets along grain
boundaries, but as isolated particl&s.anidealizedsituation where the precipitateas
allowed to grow without outside influence, it would have the shapeaabated circles
on each side of the boundafsidure2.15).

Grain
Boundary

Figure 2.15: Idealized grain boundary precipitate (modified from [22])

The growth of a grain boundary precipitate occurs more rapidly than an isolated
precipitate in the matrix. This is because the boundary acts as arsstifute atoms,
which are theriunnelledeasily along the boundary (due to its disordered nature) to the
precipitate. The solute atoms can also trayv
the matrix, allowing the precipitate to thicken insteagusf growing along the boundary
[22].

The precipitate ifrigure2.15is an idealized shape, in which the precipitate is
incoherent with both grains with windt interfaces. It is also possible that the precipitate
could have a coherent or seatiherent interface with one or both of the grains.

Coherency or sentioherency with both interfacing grains is very unlikely as it would
require both grains to be gfied with a favourable orientation with the precipitate. If the
precipitate has coherency with one of the grains, it will grow into that grain along a single
direction. A coherent precipitate has a lower interfacial energy, but misfit can lead to
cohereny strain as the precipitate grows. An incoherent precipitate has a high interfacial
energy, but has no misfit strain. This means that in the case of a precipitate with one

coherent/semtoherent interface and one incoherent interface, the coherent/semi
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coherent portion may grow preferentially at some times, and vice [@2jsaEven
precipitates which are incoherent with both bounding grains can still grow preferentially
into one ofthe graingf a lower energy state is achieved when one of the facets of the

precipitate grows along a specific crystallographic direction in the ma]x

2.6 High Temperature Cavitation and Failure Mechanisms in
Metals and Alloys

2.6.1 Background
It is generally accepted that at elevated temperatures, most ductile materials fail

by cavitation[5,68,7687]. Failure by cavitation is a thregep process involving:
nucleation, growth and coalescence of vgit78]. Nucleation entails the formation of
a void, usially on a preexisting defect. Growtbf voids can occuthrough the diffusion
of vacancies int@re-existing micracavities (diffusion growth) or by deformation of the
surrounding crystalline lattice (plasticigpntrolled growth) Below a critical vad size,
growth is primarily diffusion controlled, while larger voids are primarily plastieally
controlled[79]. Finally, coalescence is the linking of adjacent voids to form an even

larger void. Coalescenceventually causes failure in the material.

2.6.2 Cavitation in Single Phase Metals
In single phase alloys, cavitation occurs primarily on grain boundaries transverse

to the tensile load directigB80]. The tensile load on these boundaries increases the free
energy of the boundary, making it a more favourable sink for vacancies. The vacancy
density will increase as vacancies are drawn to the area, and eventualkgawities

will form. This process is known as vacancy condens@®0h Vacancies travel easiest
along grain bounidracu iets R6a0fieAnit aifect dhatiuchert
increases the energy at a boundaryinarease the rate of cavity formation. One such
process is caused by dislocation file at the boundarg.g the end of a slip band

[81,82] Dislocation pileup creates a stress concentration at the boundary which can
increase the vacancy condensation f@0e82]. Another form of increased stress at
boundaries is seen during grain boundary sliding. Very high stresses caatsel at

grain triple points, particularly if the GBS accommodation mechanism is slow. This can

lead to increased cavitation rates at these triple p[&8t80] The small grain size of
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materialsexacerbates cavitation probleassociated with GB#&hen not accommodated
adequatelypecause the increased area fraction of grain boundaries allows easy diffusion
of vacancie$79]. Thesecavity formationprocesses are illustratedfigure2.16.

grain boundary or
interface

cavity

a) b) C)

Figure 2.16:. Cavitation at boundaries caused by a) grain boundargliding, b) vacancy condensation

and c) dislocation pileup [80].

2.6.3 Cavitation in Particle-Containing Alloys
Second phase particles in a material are also a significant source of stress

concentrations, which can lead to the formation of cavitiethe particles are found at

grain boundaries, the stress concentrations they cause can increase the rate of vacancy
condensatiofi80]. Additionally, particles on grain boundaries can act as initiation points
for slip, which can concentrate cavities that form from dislocationyglat these

particles, further increasing cavitation raf@3-85]. Particles in the grain matrix can also
nucleate voids either by dislocation pilp, or by vacancy condensation, however,

vacancy condensatiartcurs at a much slower rate without the aid of shincuit

diffusion of vacancies along grain boundaifi#8]. Large particles can also fracture or

lose cohesion with the matrdueto strain mismatch between the particle and matrix
creating a void, although this processti®ss controlled process, rather than a diffusion

controlled procesg6].
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Precipitationhardened alloys add an additional layer of complexity to cavitation
formation, particularly when inhomogeneous nucleation of precipitates, such as grain
boundary precipitation, is involved. When grain boundary predipitaiccurs, the
precipitates grovat the expense of matrix precipitates. This leads to an area extending
from the grain boundary that is relatively free of precipitatafied the precipitate free
zone (PFZ) The size of this zone is dependent on many factors, such as temperature,
time, and solute diffusivity83-85,87,88] The PFZ is important because nain
strengthening effect of precipitatidrardenablalloys haseen removed from this
region, leaving it weaker than the gramatrix[83,84] Under stress, this can lead to the
localization of strain within the PFZ due to the lower yield poiritis can strongly
increase the cavitation rate at the grain boundary precipjg8gsA schematic of the
formation of cavities at grain boundary precipitates in a precipitation hardened alloy is
shown inFigure2.17.

Figure 2.17: Schematic of cavity formaton on grain boundary precipitates(reproduced from [83]).

2.7 AA6xxx Aluminium Alloys

2.7.1 Background
AA6xxx aluminium alloys are a group of heat treatadleminium alloys

containing magnesiua andsilicon, as well azopperin a number of commercial alloys

AAG6xxx aluminium alloysare used in the automotive industry for outer body panels and
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bumpers because of their weldabiligyppod agehardenability formability, corrosion
resistancegoodsuface finishandlow cost[89]. Some alloys that are used in the
automotive industry includdA6009, A6010,AA6016 andAA6111[90]. AABXXX
alloys, such as AA601RAA6061and AA6113, also see limited use in the aerospace
industry[90].

2.7.2 Thermomechanical Processing Methods

2.7.2.1 Commercial Sheet Manufacturing Methods
An aluminum sheet begins as a cast ingot, or a casting frdimeat continuous

casting operationThe ingot is usually then allowed to cool to room temperature.
Following this, the ingot is reheated to approximately 500°C, and then passed through a
hot rolling mill several times, reducing the thickness to approximaté&yn.

Following this, the sheets are cold rolled to the desired thickness, then solutionized to
remove any work hardening effees well as dissolveonstituentsn heat treatable
alloys[91]. Prior to delivery to a manufacturer, sheet material often undergoes extensive
periods of natural agingThis is commonly referred to as the T4 condif®jp T4P is

used to describe the commerciallyjaged temper used by Novelis in the fabrication of
sheetmaterial[92]. The preaging process follows a proprietaryrntinuous process

involving solution heat treatment, followed by water quenching anagireg stagep?].

A schematic of this heat treatment process is showigimre2.18.
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Figure 2.18 Schematic of the thermal processing history for the T4P material.

2.7.2.2 Laboratory Scale Methods for Grain
Refinement

As stated earlier, a refined grain structure is advantagieecause it increases the
strength of the material, and it can improve the ductility of the material by alldvgihg
diffusion rates andeformation by GBS. The improvement in ductility is of particular
interest for AA6xxx aluminium alloys. It has besimown that obtaining a grain siaé
approximatelyl 0 eomlesscan produce a superplastic behavid,79,93] The two
most prominenprocesses used to proddire grain structures AAG6XxX aluminium
alloys rolling followed by heat treatment and severe plastic deformadierjescribed

below.

The first procedur@volving rolling and subsequent heat treatm@idneered in
t he 1%,BE) éand more recently appliehd expanded updry KovacsCsetenykeet
al. [96], Chunget al.[97] ,TroegerandStarke[10] andKaibyshevet al.[14], makes use
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of recrystallization facilitated by particle stimuldtaucleation (PSN)f dislocations

The general procedure behind each of these methods is as follows. First, a homogeneous
dispersion of overaged precipitates is produced. Next, the material is deformed heavily
deformed to nucleate recrystallized graanshe precipitates. Finally, the material is

statically recrystallized to grow the nucleated grains and produce a fully recrystallized
structurg[10]. SeeFigure2.19for a schematic of #hproceduraised by Troeger and
Starke[10].
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Figure 2.19: Schematic of particle stimlated nucleation applied to grain refinement applied

by Troeger and Starke[10].

The main difference in these methods lies in howtiigorm distribution of
precipitates is achievedovacsCsetenyiet al.[96] produced their overaged precipitates
by simply statically ageing after a solutionizing heat treatment. Céiualg[10]
attempted to produce a more uniform distribution of precipitates by first cold rolling the
material 10%, then statically ageing, in order to promote precipitation on dislocations.
However, it was found that 10% CW wagt isufficient to promote precipitation on
dislocations rather than other high energy sources such as grain boufidiriégoeger
and Starke had better success by nucleating pratgpion deformation bands produced
through 60% CW10]. Kaibyshewvet al.[14] had similar success by warm rollitg 70%
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reduction followel by overaging. The amount of CW after the overaged precipitate
structure was produced varied between 60 and 80%. The grain size produced by these
procedures was H1 06 Showmdelosylirsiguré2Pe ame the

precipitatestructure before deformati@nd grain structuresfter deformation and

recrystallizatiorfor the materialproduced by Troeger and Stafl€], and Kaibyshev
[14].

Figure 2.20: Precipitate structure after heat treatmentand grain structure after deformation and
recrystallization of heat-treated structure for fine-grained materials as produced by Troeger and
Starke, a) and b)[10] and by Kaibyshev, c) and d]14].
The second method of grain refinemeititich has beeapplied to AAGxxX

aluminium alloys is severe plastic deforinat(SPD). SPD is a general term for a
number of processes that impart very large strains to a material. These processes include:
equal channel angular pressing (EC[®B)100], high pressure torsion (HPT)01],
asymmetric rolling (AR]102,103]and accumulative roll bonding (A3 [104]. To the
best of the aut hor, ARBakiRhave beempmortedimbel y ECAP
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applied to AA6xxx aluminium alloysARB involves the repeated rolling, dividing and

stacking of alseet material. This allows basically unlimited strains to be applied to the

material. ECAP, by far the most popular form of SPD, involves the pressing of a billet,

or plate through an angular channel. This imparts very high shear strains upon the

materal. One of the reasons for this procedureds
dimensions after pressing, making subsequent pressings easy. All of these SPD methods

of grain refinement relgitherupon geometric dynamic recrystallization to prodadme

grain structureor the introduction of a highly deformed structure followed by

recrystallization Leeet al.[104] were able to produce anaverage ai n si ze of ~0.
using ARBatfter 6 rolling and stacking cycles; more cycles did not further reduce the

grain size Kim et al.[72] used ECAP to on solution treated AA606llowed by ageing

to produce a gXuatialnlO@]ieporedgorfaiIn. 4sesim.es of ~1. 3¢
produced using ECARfteras few a®nly 4 passessimilar to results found for pure
aluminum[105,106] Morris et al.[107] were able to produce a submicron grain

structure using ECAP in an Mg-Si alloy.

2.7.3 Precipitation Behaviour and Sequence
Precipitation involves the evolution of small particles, from their most unstable

form to most stable, through a series of metastable phases. The alloy chemistry and
processing history dictate which phases will be pres€he precipitation sequence in
AA6xxx aluminium alloys has been extensively stud[@®8-120]. One of the primary
factors that affects precipitation in these alloys is whether or not the material contains
copper the precipitéion sequence and strengthening precipitatifisrent if copper is
present Small variations in the composition of the allpgach as silicon concentration,
canalsolead to variations in the precipitation sequence and the precipitates themselves
[112]. The most common precipitation sequence will be deschbledvfor copperfree

and coppexcontaining alloys
In ternary 6000 series aluminium alloys {Mb-Si), the basic precipitmn sequence has

been described as follows: from supersaturated solid sol(i8B8) clusters of solute

atoms form, followed by the formation Gluinieii PrestonGP) zones. Next, precursors
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Figure 2.21: Precipitation sequence in AIMg-Si alloys[108].

The primary strengthening phase inreetdHies srhatpe
andthe lengths are aligned along ##800>4 directions In the peak aged conditiotine

bo pr eci A6l ard adesv nanametles in sidd5]. The exact size can very

greatly depending on the exact alloy composition and previous ageing higtoey
equilibrium b pdndcaregrowth eplsaetve r FlIR@GYRHEd | ar ge

In quaternary alloys (AMg-Si-Cu), such as 6111, the addition of copper
producesa new equilibrium phase is prockd. This phase is the quaternary Q phase.

high-copper alloys such as 6111, the precipitation sequence has been reported as

sss — MOSI ____, GP _, p 6 0¢—> Qobe——> Q+b
Clusters zones (or

Figure 2.22. Precipitation sequence in AIMg-Si-Cu alloys[120].

Here,theor i mary strengtheni nQoplmsesTchh e i @at es ar
phase has a lath morphologyhe length of the latehapedorecipitate lies along the
<100>, direction, while the habit planeormalto the {100} o plane[120]. Theaverage
equivalentradue f Q0 i n AA6111 H2amandhelengthas~80pmor t ed as
in the peak aged conditiammediately following solutionizingl15]. Again, small
changes to the composition and thermal processing history can greatly affect these
values. The equilibrium Q phasean grow to similarly | arge si
[115,120,122,75]
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2.7.4 Coarsening and Grain Boundary Precipitation
With extended exposure to elevated temperatures, the precipitation composition

of AA6xxx aluminium alloys has been shown to evolve from the peak aged condition
containing bo and Q06, to a strucfl20re cont ain
The formation of these precipitates has been shown to occur concurrently with an

increase in size, and decrease in number of each of these precjh2at@é22] The

thermodynamic stability of each of the equilibrium phases can be calculated. The

equilibrium phase compositions are shown for the common alloy AA6111 below in

Figure2.23.
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Figure 2.23; Calculated equilibrium phase compositions for AA6111123].

This shows that the primary phase ahperatures below ~450°C is the Q phase,
while theb p h a §5¢ is oMigant at higher temperaturé@éote that different
processing routes can have a very large effect on the proportion of each phase in the
material. The overaged microstructure of an AA6111 sample is showigime2.24
which highlights the morphologgnd orientation relationshipf each of the equilibrium

phases.
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Figure 2.24: Precipitate structure of AA6111 overaged for 21 days at 300°[220].

In this image, the large, plate shafied pr eci pit at es can be seen
the image), as well as the lagshaped Q phase (marked as (1) in the image). The curved
precipitates marked a8)(are chemically reacted M8i rods left as &y-productof the
etching process. The rowethdedprecipitates markeda)( ar e suspected to L
precipitate§120].

Heterogeneous nucleation of precipitates on grain boundaries has been shown to occur in
AAB6xxx aluminium alloysduring exposure to elevated temperat(it2g]. Shown in
Figure2.25is an example of grain boundary precipitation which occurred in AA6111

which had been cooled at a sloate from the solutionized state; the sample which was

guenched quickly does not show grain boundary precipitfi@4].
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Figure 2.25. Effect of quench rate, (a) 7°C/s and (b) 140°C/s, on grain boundary precipitation in
AAG111[124].

It was shown by Weatherbt al.[75] thatall the grain boundary precipitates in
their studyon overaged AA611tvere of the Q phase. It was also highlighted in that
study that the Q precipitates maintained a preferred orientation relationship with one of
the graingf the boundary did not contain a favourable orientation, which resulted in the

precipitate growing into that grain from the grain boundaby.

2.7.5 Mechanical Behaviour

2.75.1 Room Temperature Tensile Behaviour
The room temperature tensile behaviour of 6000 series aluminium alloys has been

well documentede.g.[3,125,126). The levé of precipitation in the alloy can
significantly affect the strain to fracture in the material. It has been shown that the
fracture strain varies linearly with the yield strenfftR5], while the yield strength is a
function of the aging condition of the alloyigure2.26 showsthe variation of the

fracture strain with yield strength in AA61hbed at various temperatuf@f5].
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Figure 2.26:. The scaling of fracture strain with yield strength in AA6111125].

As stated biere, failure in ductile materials such as aluminium is caused by
nucleation, growth and coalescence of voids. In 6000 series alloys, it has been found that
voids primarily nucleate on large, iron containing partifle&5]. Nucleation of these
voids happens rapidbt the onset of necking in the material, concentrated at a favoured

shear angle (~45{B,125] Figure2.27 shows a schematic of this process
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Figure 2.27: Void sheeting leading to ductile shear failurg127].
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It has been shown that teainratesensitivity of these alloys are very low
( mala])and as a result, there is very little resistance to strain localizatiich ¥eads
to the rapid necking and failuf@25].

2.75.2 High Temperature Tensile Behaviour
There has been very little work to study the tensile behaviour of AA6xxx

aluminium alloys at higheimperatures, likely due to treffect elevated temperatures
have on the agkardenability of the materiallThe body of work that does exist is
divided into two groupsdeformation otonventional alloys, andeformation ofine-

grainedmaterials

Li and Ghosh[4,12] have reported on the tensile properties of AA6111 under
warm deformation conditions (2€850°C). In these reports, AA61Iithe T4 condibn
was compared to several 5000 series aluminium aibyarious temperature and strain
rate conditions. It was found that testing at elevated temperatures increased the
elongation to failure, however, the improvement was not nearly as much as the 5000
series alloys.Additionally, the strain to failure was found to decrease with increasing
strainrate. Figure2.28 shows the elongation to failure as a function of temperature as
found by Li and Ghosh. Additionally, they foutitht the strairate sensitivitym, did
increase with temperature, but not significantiigure 2.28 showsthe value of the

strainratesensitivity as a function of time for the three alloys.
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Figure 2.28. Scaling of elongation to failure andstrain-rate sensitivity with temperature in several
Al alloys [4].
In a studyby Lassancet al.[11], AA6060 and AAG005A cast samplewere
tested at temperatures between 450°C&0dC [11]. They found similar moderate
increases ithe elongation to failureffom 28% at room temperature to 50% at 590°C
with elevated temperature3he straiprate sensitivity was found to be very high, almost
0.5 at the highest temperature, despite the low elongations. Failure was determined to be
due to void formation. Interestingly, they found that the volume fraction of voids
decreased with increasistrainrate They theorized that this was due to increased local
stress triaxiality around nucleating voids, leading to decreased growtlilrite$ hey
also found that void formation could be redu

intermetallics into roundfid. U intermetallics

In the finegrained class of reported tests, Troeger and Sfatk&3,93]have
reported superplastic behaviour caused by grain boundary sliding in A&Gd13
AA6111 with afine-grainst r uct ur e ( ~ l@combjnatipnrofoalingaedd by
heat treatment processes, as showkigare2.19. The reported maximum elongation

was 375% at atrainrateof 5x10%s* and a temperature of 540163,10,13] Failure was
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caused by cavitation. Highstrainrates led to increased cavitation ratdsgure2.29
shows the elongation to failure and streate sensitivity of thenaterial studied by

Troeger and Starkd 3].
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Figure 2.29: Strain-rate sensitivity and elongation to failure of &fine-grained 6xxx aluminium alloy
as found by Troeger and Starkg13].

Parket al.[15] testedan AA6013 alloy that had been produced through warm
rolling and annealingand achieved superplastic elongations of 370%starateof
1x10%s™ and a temperature of 560{05]. In each of these reports, superplastic
behaviour was only found in a very narrow rangstadinrates and temperatures.
Kaibyshevet al.[14] produceda fine grain structure in AA6061 modified with Zr
throughPSN, and achieved elongations of 580% strainrateof 2.8x10%s" and a
temperature of 570°(14]. Kaibyshevet al.[128] went on to test the same material at
even higher temperatures, where incipient melting occargt590°C, and produced an
elongation of 1300%. Melting was though to aid accommodation of GB$egair any
cavities that were generatgiP8]. Figure2.30 shows the elongation to failure and strain

rate sensitivity found by Kaibyshet al.[128] for their modified AA6061 alloy.

40



—~ 1400 —
r g 1 140039
H'I = - Ly
@ 1200 F 2 11200°g
2 1000 | 2 081 41000 2
L] - = —
C (4}
U 800 |- g Js00 W
2 ; & 06[ $
c 600 © Je00 T
o 400: 5 o
g P T 04f 190§
& oon b c | o
5 200 s | 1200 £
2 r g [ ] e}
w 01_5' """'|-4' """'I-a' ""'I_E ""'_1 60.2 1 1 Lo v v By v v b vy '0 |.u
10 10 10 10 10 460 480 500 520 540 560 580 600 62

Strain Rate (s”) Temperature (°C)

E
G

Figure 2.30: Elongation to failure and strain-rate sensitivity found by Kaibyshevet al.for a modified
fine-grained AA6061 alloy[128].

Kim et al.[72] produced a fine grain structure in AA60itough ECAPR and
managed to achieve elongations of 280%sitainrateof 3x10™s* and a temperature of
540°C. Figure2.31 shows the stresstrain curves for this testing conditio@nce again,
the strainratesensitivity was found to be=0.5, consistent with grain boundary sliding

mechanism for high temperature deformatiobélloys[72].
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Figure 2.31: Stressstrain curves for AA6061 processed by ECAP for 8 and 12 passes and the

unprocessed mateial, tensile tested at 540°C72].
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Chapter 3 Scope and Objectives

The present work aims to examine the praes of a recently developed fine
grained AA@51 aluminiumsheetunderroom andelevated temperature deformation and
relate these properties to microstructural changes within the material. The behaviour will
be compared tthat of thecommerciallyprocesedAA6451 aluminium alloyto assess

improvement in the properties

To achieve the goals of this project, several experineatsonducted. Each
material 6s grain st r waeéxamned atien\d@riopsrstagesop i t at e s
high temperaturexposure to determine the effect of temperature on the material.
Samplesare deformed avariouselevated temperaturesid strairratesto evaluate the
stressstrain properties and the mechanisms of deformation. The fracture santaces
examined to detemine the mode of failure, and the microstructoféhe deformed

samplesare reevaluated to determine the effect of deformation on the grain structure.

The testing procedures and equipment used in the evaluation of the materials
introduced in Chaptet. The results of the experimemte shown in Chapter 5, followed
by a discussion of the results in Chapter 6. Finatiyclusionsare drawn and
recommendations for future wodke provided.In order to provide a comprehensive
report, some of the egpimental results obtained by research collaboratealso

included and acknowledged.
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Chapter 4 Experimental Methodology

4.1 Introduction

This chapter on experimental methodology covers four topics: materials,
mechanical testing procedures, sample preparatidhoas and microstructural
examination procedures. A description of ea
thermomechanical history is given. This is followed by the procedure used to prepare
samples for elevated temperature uniaxial tensile tests and stressests, as well as a
description of the equipment used in these tedext, the mechanical polishing,
electropolishing and chemical etching procedures are described. Finally, each of the
microstructural investigation methods is described. Thesediecloavitation
measurement, precipitate examination, grain size examination and fracture surface

examination.

4.2 Materials

4.2.1 T4P AA6451 Aluminium
The AA6451 aluminium alloywassupplied by Novelis Global Technology

Center Thealloy composition is give in Table4.1.

Table 4.1: Nominal composition of AA6451 aluminium alloy (wt%)

Mg Si Cu Fe Mn Ti Zn \% Ni Cr Zr

064 | 0.77 | 0.31 | 0.26 | 0.23 | 0.024 ] 0.019 | 0.012 | 0.006 | 0.001 | <0.001

Theasreceivedsheet had a thickness of 1mm. The shaedtbeerabricatedrom aDC-
cast ingot and process#ddough hotrolling, cold-rolling and solution heat treatment
The material was supplied in the T4P condition. For the purposes of this document, this

mateial will be referred to as T4P.

4.2.2 Fine-grained AA6451 Aluminium
The finegrainedAA6451 had the same chemical composition as the T4P

material, howeverf was fabricated using a proprietd29] thermomechanical
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processing routeTheDC-castmaterial was hot rolled to a thickness of 5mm or 4.5mm.
Next, the material was solutionized for 15 minutes at 568A@,thergquenched in water.
The material was then allowed to naturally &) for 2 weels. This was followed by
80% cold rolling to a thickness of 1mm or 0.9mmaspectivelytotal cold

reduction=80%) Finally, the material was raripeaedat a rate 00.4°C/minuteto

380°C and held there for 20 minutes, tifamace cooledo room temperate. The
thermal processing history ofatine-grainedmaterial is given irFigure4.1. For the
purposes of this document, this material will be referred to as FG.

A
Solutionizing
15min
560°C
L
o
)
|_
<
o
H_J 80% Thickness Reduction
E (Cold Rolling) 20min
= 380°C
2 weeks
NA Ramp Heat
| o R 0.4°C/min S
27
Hot Rolled TIME

Plate

Figure 4.1: Schematic ofthe thermomechanical processing history for the fingrained sheef129].

4.3 Mechanical Testing

Mechanical testing, consisting of uniaxial tensile tests and stress relabestion
were conductedsing Instron test frames. Early uniaxial tensile tests were condatcted
the Novelis Global Research Center a servedrivenInstron 4400 test framig with an

environmental chamber. Temperature feedback was supplieetypehermocouples
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attached to the grips within the chamber. Data was collected using the Bluehill software
package from Instron. The strain was measured using a video extensometer. Load was
measured using a 10kN load cell, and crosshead position was meaghratinear

variable differential transformgtVDT).

The bulk of the uniaxial tensile tests and the stress relaxation tests were conducted
at the University of Waterloonan Instron 1331 hydraulic test frame utilizing a
FastTrack 8800 controllel.oad was measured using an Instron Dynacell 25kN dynamic
load cell(with a lower rated accurate range of ~1000M)ile crosshes position was
measured using dtWDT. The test frame was fitted widm ATS 3210 clamshell furnace
with three controllable teperature zones. The temperature was controlled via an ATS 3
zone temperature controlleFeedback was supplied to the controller by-ype
thermocouple positioned 1mm from the surface of the test specifests were run, and
data was collected usirige Bluehill 2 softwarg@ackagdrom Instron. Figure4.2 shows
the experimental setup of the mechanical testing equipment.

,;-._.. e ,7 i} ¢
N :
Clamshell .

|
Furnace [+

Temperature
Controller

Figure 4.2: Mechanical testing rig.
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4.3.1 Grip Design and Sample Dimensions
The specimen grips for the high temperature mechanical testingowigirelly

designed by Novelis to allow rapid insertion of a sample into the grips, so as to minimize
the time that the environmental chamber must remain opkeoriginaldesign was

modified by the authofor use with the clamshell furnace, while still maintaining the

same specimen geome(sp that the data from the two testing facilities may be

comparefl A rendering of the grips is shown kigure4.3.

Spemmen

Clamp

o)

Crosshead
motion

Figure 4.3: Rendering of high temperature specimen grips.

Due to the way the gripseredesigned, the specimen widktfas fixed, however
the length of the specimeould be vaied. For this study, thiellly reducedlength was
selected to b8.75inchesor 19.05mm. This length was chosen to maximize the number
of sample that could be made from the limited amount of material available, as well as
minimize the variation in tempature along the length due to convective effects within

the furnace. The specimen geometry is showkigare4.4.
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Figure 4.4. Tensile and stress relaxation specimen geometryigdensions in inches).

The reducedengthof the tensile specimenmas greaterthan 0.5 incheto allow a
transition zoneas is suggested BASTM standard$130]. The specimen geometry does
not matd those laid out by ASTM, and as such, the results of the mechanical tests should
not be considered directly comparable with tests done on standard ASTM tensile

specimens.

Tensile specimens were cut from the shéaetke rolling directingusing a CNC
machine. Prior to each test, the specimen width and thickness were measured using a
micrometer at three positions along the specimen reduced area and averaged. These
values were input into the Bluehill software to be used in stress and strain calculations
The gauge length was taken to be exat®y05mm as measurement thlis dimension is

not possible with any accuracy.

4.3.2 Clamshell Furnace
Prior to testinga number of trial runs were conducted to calibthéeclamshell

furnaceandto ensure the tempédtae was even over the length of the tensile specimen.
This was done by raising the temperature offtineace and grips to the desired point,
then allowing the temperature to stabilize. The furnace was then opened, a sample
inserted into the grips, anble furnace closed again. The specimenaliasved to soak

for 2 minutes at temperaturand thera handheld thermocouple and temperature reader

were used to check the temperature at var.i
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furnace was calibrateglich that the desired temperature was reached at the center of the
gauge length. The temperature varied by /g the gauge lengtivith the specimen

being hottest at the top and coolest at the bottom. Despite increasing the current output to
the lowest zone of the furnace and decreasing the current output to the upper zone, this
could not be improved. When a large sample, simulatsenple that had undergone an
elongation of 400%, was tested in this manner, the variation in temperature along the
length of the specimen increased to as much as £15°C. These variations in temperature

were attributed to convective currents within furnace.

Figure 4.5: Clamshell furnace showing three temperaturezones.

4.3.3 Static Ageing
Static ageing was conducted samples by placing the samples into a preheated

furnace for a predetermined amount of time. Samples were then immediately quenched
in water to halt any temperature related effects during cooAnBlueM chamber
furnace was used for the experiments, and temperature was controlled usipgea K

thermocouple positioned within 1.cm of the samples.

4.3.4 Uniaxial Tensile Testing
As stated earlier, some tensile tests were conducted at the Novelis Global

ResearciCenter, while the majority were conducted at the University of Waterlde
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early tests conducted at Novelis included all temperatustsaattrates of5.0x10%s™*
and2.0x10%s™, andat 2.0x10%s*at 500 and 550°C. Most of these experiments were
repeaded at the University of Waterloo to ensuepeatability anéccuracy. e same
procedurepreheat time and insertion metheds followed for every test.The test
matrix for each material is given irable4.2. Each test warepeated at least once, and
any sample that failed outside of thea m p leduced area was discarded.

Table 4.2: Uniaxial tensile test matrix for each material.

Initial Crosshead
_ 0.57 2.29 22.86 76.20 760.00
Speed (mm/min)

Initial Strain Rate

& 5.0x10* | 2.0x10° | 2.0x10? | 6.7x10? | 6.7x10™
S

Room Temperature X X X X X
350°C X X X X X
400°C X X X X X
450°C X X X X X
500°C X X X X X
550°C X X X X X

Prior to testing, the alignment of the gripas clecked to insure that the
specimerwas not twisted, and remaad vertical throughout the test. The crosshead
positioned so that the sampleudd be easily inserted into the gripBor high temperature
tests, the furnaceas closed around the grips Withe clamps in place, and heated to the
desired temperaturdn each test, the strain is produced through moving the crosshead at
a constant rate. The initiarainrateis related to this crosshead rate of travel by
Equatior4.1.

=— Equation 4.1
0

T | %

Where ¢ is the initialstrainrate ¥ is the crosshead speed alngis the specimen

reduced arekength. The crosshead speed and the specimen dimensogsntered

into the Bluehill software. When the temperature in the furhadstabilized, the
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furnacewas opened and the clampgreremoved. The specimaves then placed into
the gripsthe clanpswereplaced back into positioand the furnacevas closed The
specimerwas held in the furnace for two minutes before thewest started to allow the
furnace to equalize again, and allow the specimen to reach the desired temp&faure
testwasthen started with the Bluehill software. The tesk stopped manually when the
specimen failed When the testvas finished, the furnaceas opened and the specimen

was removed. Failed specimensreallowed to air cool.

In all high temperature test$ie strain reported is calculated from the motion of
the crosshead usirieguatiord.2.

X .
— Equation 4.2
I-O

Wheree is the engineering strai L is the current length of the specimen axdis the

distance the crosshead has traveled. This method of strain measurement is not ideal as it
includesany strainoccurringoutside of the gauge length, howeitehas been used often

in similar tess in literature[4,99]. The tests conducted at Novelis included

measurements from a video extensometer, and parison of this strain data with

crosshead strain showed than averaggethere wasa 10-20% underestimation of the %
elongation wherEquatiord.2 was used An example of a stressrain plot showing both

the strain measured Iblye crosshead motion and the strain measured by a video

extensometer is shown kigure4.6.
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Figure 4.6. Comparison of stress and strain measured by crosshead displacement andead
extensometer.
In tensile tests conducted at room temperatheestrain was measured using an Instron
2620601 Dynamic Extensometeil.he extensometer could support gauge lengths of
12.5mm, 25 mm or 50 mm, with a travel of £5 mitrhis allowed measurerant of the
strain,elastic modulus and yield streds these tests, the gauge length, 0.5 inches, was
used to calculate strain. It was observed defbrmation outside of the gauge was more

prominent at room temperature.

The stress reported in alhiaxial tensile tests is the engineering stress, as
calculated byequatior4.3.

S =— Equation 4.3

Where s is the engineering stresB, is theappliedload andA, is the crossectional

area of the undef oseduteslength. €fcdaition ef thengclkengi me n 6 s
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correctedrue stress of a rectangular specimen was not considered for gssigagion
due to the difficulties involved with measuring the cresstional area of the specimen in
reattime [131,132]

There are 4 important pieces of data that can baaet from a stresstrain curve:
elastic modulus (E), yield stress (YS), peak stress or ultimate tensile stress (UTS) and the

elongation or strain at failuree(). The elastic modulugas found by taking the slope of

thestressstraincurve in the linear region. The yield stressthe stress at which the

material begins to deform plasticallyas determined by finding the point where a line

parallel to the linear region, offset by 0.2% strain, crosses the-strasscurve.The

estimation of the elastic modulus was only used to ensure the accuracy of the tensile tests.
The UTS is the maximum stress on the stetsgmincurve this value is used to report the
strength at high temperaturethe failure strains difficult to deermine when testing at

high temperatures due to the highly ductile nature of the failure. In order to have a
consistent method of determining the failure strain, the point of maximum negative slope
at the end of thetressstraincurve was chosernExamges of the UTS and failure strain

are showrkigure4.7.
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Figure 4.7. An example ofa UTS anda failure strain measurement from a stresstrain curve.

To calculate the strairate sensitivitym, the procedure described thyedworth
and Stowel[27] and applied by Li and Gho$#] was used Using this method, the
strainrate sensitivity iglefined as b¥quation4.4.

|n aaSUTS,l 8
LN,
m= l : UTS,2 = [27'4]

1

Qo
2z __ﬁ:
I-O00

In
1,2 =

&

Equation 4.4

Where s 15, and s .5, are the UTS of two tensile curves (same temperature)@and

and & , are the initial straiates of those curvesThe average value of for each

temperaturés calculated byitting a curve to the log(ts) Vvs. Iog(g ) plots for each
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temperature, and taking the slope of that lillae activation energyQ, can also be
calculated using theame data, as given Eguation4.5.

a A# 6
aelnﬁ
&

O
I
Py

[133] Equation 4.5

vO)
i
e g
1
o1 e
-ODO

Where & and &, arestrainrates at temperaturef andT,, respectivelyat a constant

stress{l, andR s the ideal gas constanin practice, thetrainrates at various
temperatures and a constant stress were not measured, therefore, the data was
extrapolated from the curve fits described above. The valu@seported were taken as
the averag of the activation energies calculated at the lower and upper extremes of

stresses measured, and only on adjacent temperafitresietermination o andmare
illustrated inFigure 4.8.
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Figure 4.8: lllustration of the strain -rate sensitivity, m, and the activation energy, Q.

In Chapter 2, it was shown that lag¢s. log(#) plotsof data at different

temperaturemay be consolidateidto a single curvéy normalizing the data with the

54



elastic modulusk, and the self diffusion coefficienDsp (Figure2.7 andFigure2.9).
These parameters are calculaisthgEquationd4.6 andEquatiord.7, respectively.E is
taken from a curve fit to empirical data from Koster for pur@lBH].

E =77630-12.98T-0.03084T [134] Equation 4.6
— a- QSD Q .
Dy, =Dy expaeﬁo [18] Equation 4.7
(; -

WhereE is in MPa, T is the temperature in Bl is the lattice diffusion constant
(1.7x10*m?/s in Al[18]) andQsp is the self diffusion activation energy (142kJ/mol in Al
[18]).

4.3.5 Stress Relaxation Testing
Stress riaxation tests were conducted using the Instron 1331 hydraulic test frame

in the same configuration used for uniaxial tensile tests, and the preparation procedure
followed was the same. In the stress relaxation test, rather than strain the sample to
failure, the samplevas strained to a low level of strain, 3%, and then the crosshead was
halted. Loadss.time datavas gathered for 10 minutes after the crosshead has stopped.
The initial strainratechosen for the straining of the sampless chosen to be

4.37x10°s*, corresponding to a crobead speed &Omm/minute. This value was the
maximum possible without causing excessive vibrations within the system when the
crosshead was stoppetihese vibrations cauddarge fluctuations in the load reading,
overshadowing theelaxation data.The data capture rate was set to the maximum value
possible(200recordedsamples/secondo allow capture of the rapid relaxation seen
immediately after the crosshead was stoppedample load vdime curve for a sess

relaxation testip to a total of 50 secondsshown inFigure4.9.
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Figure 4.9: Example of loadtime curve from a stress relaxation test.

The procedure for determining thewl stress and inelasttrainratewaslaid out
by Lee and Har{71]. The first step in this process was to determine the elastic constant
of the system, or inverse of the system pbamce,K. This value can be calculated using
Equatior4.8.

6
88 [71] Equation 4.8

Where C_, is the machine compliance, is the length of gauge section less its elastic
extension,A and A, are the current and initial cresectional areas of the gayge
respectivelyand L, is the initial gauge lengthAccurate determination of the machine

compliancewas difficult, aswas determination of the elastic modulus of the material at
elevated temperature3he systentompliancewas thereforeneasuredor each test by
taking the slope of the linear region of the loading cuivigure4.10 shows an example

of a sample loading curve along with the system compliance.
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Figure 4.10: Example of extraction of system compliance from stress relaxation test.

To facilitate further processing, the resolution of the data was adjusted. A high
resolution was maintained at very early times, and as the time is increased, the data
resdution was decreased. At each point where the resolution was decreased, the data
point was taken as the average of surrounding data points. This gdaecatee with
many fewer data points while maintaining the shape of the relaxation curve. An exampl

of the recorded and reduced resolution data curves are shéugune4.11.
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Figure 4.11. Example of data point reduction of loadtime curve.

At any pant in time, L is given by the relationship iquation4.9.
P .
L=L,+X- K [71] Equation 4.9

Additionally, from the load vgime data, the ratef change of load with time#, is

determined DifferentiatingEquation4.9, the rateof change in the inelastic Iengtlﬁf, is

determined.
-4 .
= - o Equation 4.10

Where Iﬁ is the rateof change of the legth of thereduced length During a relaxation

test, howeversincethe crosshead does not move, this value eqaaero. Finally, the
stresq s ) and inelastictrainrate( &) is determined usingquation4.11 andEquation

4.12, respectively. The stress vsnelasticstrainrateis then plotted on a lotpg scale.

58



S =—= 71 tion 4.
. quatio

Once the plotare complete, theonstitutive parametefs *andy*) from Equation2.9
andEquation2.10 aredetermined. Thiss done by applying nelnear regression to the

equations, and fitting them to the data poiniagithe SigmaPlot software suite.

4.4 Sample Preparation for Various Measurements

This section describes the procedures by which the samples are prepared for
further microstructural examination. These preparation methods include: mechanical

polishing, electropolising and chemical etching.

4.4.1 Mechanical Polishing Procedure
All samples were polished prior toetallographic examination. Samples

prepared for grain size and cavitation measuremegatemounted in an epoxy resin
prior to polishing. Samples whistereto be electropolishedq. for precipitate
examination)werenot mounted.Samples were first ground to the apthne of the
sampleusing SiC paper with grits ranging from 400 to 50@@lowed by polishing in a

3 ¢ m a ndiamane suspension. Samples prepared for cavitation measureveeats
given a final polish irwater basedolloidal silica( ~ 0 . Oa#degipderal Samplesvere
washed with water and alcohol between each dtggure4.12 shows a schematic of the

polishing procedure.
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Figure 4.12. Schematic of mechanical polishing procedure.

4.4.2 Electropolishing Procedure
Electropolishing is an electichemical process by whighaterial is removed

from the surface of a samplén electropolishing setup consistsfotir major

components: anode, cathode, electrolyte and power supply. When the anode, or
specimen, is placed into the electrolyte bath, immediately a layer, called the polishing
layer, will be deposited on the surface of the material. This layer is\nsmeus than the

rest of the electrolyte and has a higher electrical resistance. Bumps on the surface of the
material will be closer to the surface of the layer, which means that there will be less
resistance. This means that there is higher currechirepathe bump, which causes it to
dissolve fastef135].

The basis for the electropolishing procedure used in this project has been
described by124]. This procedure has the additional effect of oxidizing any magnesium
containing particles on the surface of the sample, making them highly visible when
viewed in secondary electron mode in the scanning electron microscope (SHENY
procedure, the electrolyte used is 30% nitric acid in metHaidlat-30°C. Note that
mixing nitric acid with methanol is an exothermic reaction, and to reduce the risk of
explosion, the methanol should be cooled to at I851C before the nitciacid is added.
Cooling was provided by a bath of dry ice and methaiibke cathode usedas
commercially pure aluminium and the operating voltags 9 volts. The

electropolishing setup with each of the components is showigime4.13.
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1. BK Precision 1715A DC
power supply (60V/2A)

2. Fisher Thermik Magnetic
Stirring Hotplate 210T

3. Dryicein methanol cooling
bath

4. Stirred electrolyte solution
(30% nitric acid in
methanol)

5. Mercury thermometer

6. Pure aluminium cathode

7. Connection for sample

Figure 4.13. Electropolishing setup.

Prior to electropolishing, the mechanically polished samwalemasked using

masking tape so that only an aresmnf was exposed (seigure4.14).

.&

Sample Masked Exposed
Gripping Area Area
Area (~5mm?)

Figure 4.14: Masked electropolishing sample.

The maskedsample wagsonnected to the anode of the power supply, whichbean set

to keep a costant voltage of 9 voltsvith an alligator clip within the gripping ared he
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masked and expos@deas of the sampleeresubmerged in the agitated electrolyte, and
additional agitationwas provided by gently shaking the specimé&teither thealligator
clip, nor the gripping area touetithe solutionin orderto keep the current flow
concentrated in the masked ar&&e samplevas electropolished for 45 seconds, then
immediately rinsed in methanol. The masksthen removedaautiously so that the

expased area was not touched.

4.4.3 Chemical Etching Procedure
Many potential etchants wetged; however the etchant that gave the best results

was 5mL HF in 100mL of kD. The etchant was applied by swabling samplevith

cotton ballsfor approximately 1.5 munes.

45 Cavitation Measurement

Cavitation measurement was conducted usin@lgmpus BH60 optical
microscope equipped with amagePro Plus 5.1 image analysis softwarbese
measurements were conducted on the eseston ofthe failed tensile specimens.
Samples were mounted and polished, and a high resolution image of the entire sample
was taken. The image analysis software was then used to determine the area fraction of
voids present by measuring the area fraction of black areas (voids) in the integpe.
measurements were taken at intervals o250 0 €Quavitation measurements were
conducted byr. Sooky Winkler.

4.6 Precipitate Examination

Samples were statically aged for 15 minutes and 2 hours at elevated temperatures
prior to precipitate examination, howeyérshould be noted that only images from 2
hours are reported in this document. 2 hours was chosen to represent each material as the
longer ageing time leads to coarser, more visible precipitates, allowing better
differentiation between the condition¥he precipitate structure was examined using a
Jeol JSM6460 Scanning Electron Microscope (SENBlectropolished samples were
viewed under secondary electron (SE) mode at an acceleration voltage of 20kV and a
working distance of 10mm. It should be notbkdt as a side effect of the electropolishing

procedure, the precipitatesegr larger than they were before electropolishiagd Mg
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was largely eliminated124]. Particlechemical conpositionwasidentified using EDS
analysis.

4.7 Grain Size Examination

Samples for grain size examination were prepared for examination using the
above describedolishing and chemical etching procedur&amples were then
examined using an Olympus BHEMA optical microscope equipped with an ImagePro
Plus 4.5 image analysis software. Images were taken at a magnification that showed an
area of at least 30X30 grai(echieved witHLOOX magnification) Thegrain size was
measured using the mean linear inteteepthod in both the rolling (or tensile) and
transverse directionsThis method employs a grid of lines placed over the image, and the
grain size is found by dividing the length of the lines by the number of grain boundaries

that the line crosses. Atdst 6 measurements were taken and averaged for each sample.

Additional grain size measurements were conducted udtttzaSEM fit with an EBSD
detectorat the Novelis GlobalechnologyCenter set ata 7.5° boundary level cutodind
a st ep s iTestsweceftondueted By. Haiou Jin. Samples were

electropolished using a procedure similar to that describédtig

4.8 Fracture Surface Examination

The fracture surfaces were examined using the SEM. Failed tensile specimens
were cut and placed within the SEM so that the fracture surfaces were facing upwards.
The samples were viewed under SE mode at 20kV and a working distance of 15mm to
allow a large depth of fieldFracture surfaces were examined primarily on the Jeot JSM
6460 SEM, as well as some high resolution images tak@&r.looky Winkler on the
LEO 1530FESEM

63



Chapter 5 Experimental Results

5.1 Introduction

The results of the experiments described in Chapter 4 are described in this
chapter. This section is split betweendescbi ng t he ori gi nal mat er i a
and their characteristiedter exposure televated temperatures. Emphasis is placed on
describing the elevated temperature properties.

5.2 Basic Characteristics

In this section, the basic or baseline charasties of theFG and T4Fmaterias
are examinedbr comparison with the high temperatures properties

5.2.1 Microstructural Characteristics of As-Received Materials

5.21.1 T4P Material
An optical micrograph of thaitial grain structure othe T4P materialis shown

in Figure5.1. The grains are not initially elongated in either the rolling or transverse
directonsand havena aver age gr ai rniewed iatmerolliagrplareithe ~ 4 5 ¢ m
large black spots on the image are a result of the etchant reacting with large particles in

the material.

Figure 5.1: Optical micrograph of the T4P sheet revealing theas-receivedgrain structure in the
rolling plane.
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An SEM micrograph of thasreceived and electropolished T4P is shown in
Figure5.2. The microstructure consists of an array of small particles ghiaut the
material, and a small number of large particles, which have been circled for Cldray.
black circles around thearticles are an artefact left by the electropolishing procése
smallerparticlesare generally round or oval in shapgégure5.3 shows arSEM image
where the small particles were examined2DS. The scan showed that these particles
are primarily aluminium and silicon rictSpectrum 4 irFigure5.4 did not detect the
partcle. EDS analysis reveals that the large particles are iron containing parfities.
largeparticlesare arranged randomly throughout the sample, while the small particles

show a small preference fgrain boundaries.

Figure 5.2: SEM micrograph of the T4P as-receivedparticle structure (SE mode) Large particles

are circled for clarity.
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Spectrum 24

spectrum 4

Spectrum 1

Spectrum 3

) 20pm ' Electron Image 1
Average Compaosition (weight %)
Spectrum
Si 0] Al
1 7.4 17.7 Bal
2 6.7 14.0 Bal
3 7.1 15.7 Bal
4 0 0 Bal

Figure 5.3: EDS analysed image of T4naterial examining small particles found in the ageceived

condition and measured composition of particle$SE mode)
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J 100pm G Electron Image 1

Average Compaosition (weight %)
Spectrum

Si Fe Mn Al
1 6.9 14.4 3.3 Bal
2 6.7 19.2 4.4 Bal
3 6.2 24.4 4.3 Bal
4 2.7 8.0 24 Bal
5 6.7 17.0 3.8 Bal
6 2.0 1.7 1.2 Bal

Figure 5.4. EDS analysed image of T4P material (as seen in backscatter mode) and mead

composition of large particles.

5.2.1.2 FG Material
An optical micrograph of the agceived FG sheet is not produced tlue

difficulties in achieving amppropriateetch to reveal the grain boundaries of Hi&
material. An EBSDimageof the initial grainstructureis shown inFigure5.5. Again, the
grains are equiaxed, however the average grain diameter is approximatelgvértdge

grainsize of the T4P materiéile. ~11e nin the rolling plang
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=200 m; E1-3; Step=2 pm; Gridd50x500

Figure 5.5: EBSD orientation map of the FG material (image by Haiou Jin)

The SEM micrograpbf the precipitation structuref the asreceived FG material
is shown inFigure5.6. As expected,his material catains the same large iron containing
particles as the T4P materiak showrtircled inwhite. There are alsa large quantity
of smaller, round particlesThe dispersion of particles égdsomuch more evenompared
to the T4P materiathere does notpgear to ba preference fograin boundary

precipitation.
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Figure 5.6: SEM micrograph of the FG material asreceived precipitate structure. Large particles

are circled for clarity (SE mode)

5.2.2 Mechanical Behaviour at Room Temperature
5.2.2.1 Stress-Strain Behaviour

5.2.2.1.1 T4P Material
Figure5.7 shows the stresstrain curves for the T4P material at the lowest and

higheststrainrates. As can be seethere is very little variation in the tdtelongation,

yield stress, or UTS, even with large changes in the staéén There is a minor increase

in the yield and flow stress with increasistgainrate The small fluctuations seen in the
low strainrate curve are attributed to feedback credig the hydraulic pumps and
crosshead position control systefihe combined results of the tensile tests are shown in
Table5.1. The elongation to failure did not show any trend relating to stea&) and

fluctuations of thissalue were attributetb errors caused by sample variability.
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Figure 5.7: Stressstrain curves of T4Psheettensile tested at room temperature a6.0x10*s* and
6.7x10's™.

Table 5.1: Room temperature tensile propertieof the T4P material

Strain-Rate Elongation Yield Stress Ultimate Tensile

(s™h to Failure (MPa) Stress
(%) (MPa)

5.0x10™ 32.7 140.3 268.9
2.0x10° 30.6 147.6 267.8
2.0x10% 30.1 148.9 269.9
6.7x107 29.2 151.72 268.4
6.7x10" 30.2 154.7 272.0
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5.2.2.1.2 FG Material
Figure5.8 shows typical stresstrain curves for the FG material at the lowest and

higheststrainrates. Fluctuations in the stress are seen in thestoain-ratecurve, and

are attributed to the same mechanism as the T4P mdtexidlydraulic pump feedback)
The tensile properties are summarizedable5.2. TheFG material again shows that

there is little change in the maitd characteristicat room temperatun@ith changes in
strainrate The values are, however, quite different than the T4P material. The average
elongation to failure increases by approximately 10%, and the yield stress and UTS are
significantly reduced As with the T4P materialhe flow stressncreases slightlyith

the higherstrainrates.

120 ‘ \

100

80 -

— EG (RT, 5.0x10™s™)

1
| =~ FG (RT, 6.7x107s™) o
60 —f A ‘ — |

Stress (MPa)

wof S S

20 [ e e

0 10 20 30 40 50
Strain (%)

Figure 5.8: Stressstrain curves of FG sheettensile tested at room temperature a6.0x10*s*and
6.7x10's™.
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Table 5.2:

Room temperature tensile propertieof the FG material.

Strain-Rate Elongation Yield Stress Ultimate Tensile

(s™) to Failure (MPa) Stress
(%) (MPa)

5.0x10™ 38.7 41.5 112.6
2.0x10° 40.9 39.6 110.9
2.0x10 39.9 41.9 112.1
6.7x10 41.4 39.6 110.2
6.7x10™ 429 42.7 113.5

5.2.2.2 Damage and Fracture Behaviour
5.2.2.2.1  T4P Material

In the througkthickness view of a T4P sample tested to failure at 2840
Figure 5.9, the fractire surface is inclined at ~45°. There is minimal necking seen in the
sample, even up to the fracture surface. There is a very small amount of void formation
seen close to the fracture surface of the sample. As can be seen in the enlarged area of
Figure 5.9, the voids (black areas) seem to initiate from fractured large particles (grey
areasyand particle decohesi@s indicated by the arrowsigure5.10 shows the fracture
surface of a T4P sample tesdt® failure at2.0x10°s™. The fracture surface is dimpled
andalso shows evidence of she@ome areas show heavy dimpling, with the dimples

spaced closely together, while others areas have few dimples, and the dimples are widely

spaced.

72




Thickness

- g ‘“ -

Figure 5.9: Through-thicknessview of T4Psheettensile tested at room temperaturet 2.0x10°s™ a)

overall image and b) insert view(images by Sooky Winkler)
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Figure 5.10: Fracture surface of TAP sheettensile tested at room temperature a2.0x10%s(SE

mode).
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5.2.2.2.2 FG Material
Figure5.11 andFigure5.12 show thethroughthickness viewandfracture suface

of the fracture areaespectivelyof aFG sample tested & 0x10%s". Thethrough
thickness viewshows that there iminimal void formationin the material. If the sample
is examined closely, the beginnings of voids can be, seeimdicated bthe arrowsAs
with the T4P material, the initiation appears to be cabydte fracture of large particles
as well as decohesiofrrom the fracture surface, it can be seen that the sample has
thinned to smaller area prior to fracture than the T4P nahtefdditionally,using the
same magnification as in the case of the T4P mattr@blimples appear closely spaced

over the entire fracture surface.

> ) : 50um o

Figure 5.11: Through-thicknessview of FG sheg tensile tested at room temperaturet 5.0x10%s” a)

overall image and b) insert view (images by Sooky Winkler).

b)
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Figure 5.12: Fracture surface of FG sheettensile tested at room temperature a2.0x10°s*(SE mode).
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5.3 High Temperature Behaviour

In this sectionthe high temperature behaviour of the material is examined. First,
the effect of high temperature on the microstructure is examined under static conditions.
This is to determine the effect ohtperature alone on the evolution of the
microstructure, so that it may be taken into consideration when examining the properties
underhigh temperature deformatiorinally, full investigations of the tensile properties,
as well as the microstructural dution during high temperature deformatiare studied

using tensile tests, stress relaxation tests and failure mechanism examination.

5.3.1 Static Microstructural Evolution
53.1.1 Average Grain Size

5.3.1.1.1  T4P Material
The average grain size tife staticallyaged samples @asummarized iTable

5.3. These results show no significant change in the grain diameter of the material due to

exposure to high temperature.

Table 5.3;: T4P averagegrain diameter after statically heating for 15 minutes

Ageing Grain Diameter ( € m)
Temperature
(°C) I nitial =
350 46.19
400 46.75
450 47.14
500 44.40
550 43.44

5.3.1.1.2 FG Material
The results of the EBSD measurement&@milarly processeBG samples aged

at TO400AC Figures.13s hown i n
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Figure 5.13. Grain size evolution ofFG sheetafter isothermal heatingat various temperatures,
measured using EBSDbn planar surface crosssections(measurements by Haiou Jin)
Theseresuts indicate tht the grain sizes astableduring aging for one hour at

400°C. The grain size slightly increases during the first 5 minutes of ageing 4t 450
then remains stable up to 60 minut@&$e increase in average grain size becomes more
significant by inceasing the temperature to 500°C and 5508Cthese temperaturee
grain size appears ggrow rapidlyin the first~10 minutes, beyond which the grains grow
at a much slower rateThe grain diameter reachesl 4 ¢ m~ B&idd m hedh e n

treatmens at 500°C and550°C respectivelycontinue for 1 hour

5.3.1.2 Precipitation state

5.3.1.2.1  T4P Material
Figure 5.14 shows the precipitate state of fhéP material after statically ageing

for 2 hours at each temperature.
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Figure 5.14: Precipitate structure of T4P sheetafter ageing for 2h at (a) 350°C, (b) 400°C, (c) 450°C,
(d) 500°C(SE mode).

After ageing for 2h at 35, large blocky andelongatedorecipitateggrow on the
grain boundarieswhich were not seen in the-eeceived materialKigure5.2). The
interior of the grains can be seen to contain smatere homogeneously distributed thin
elongated precipitat§seeFigure5.15). Theprecipitatesat grain boundaries and in grain
interiors grow preferentially in certain directiofseeFigure5.16), however this
relationship is not as clearly seen at lower temperatures, as the grain boundpigtpsec
appear more oblong shap&he EDS spectrums iRigure5.15 show that the large blocky
particles within the grains contain silicon and oxygen, while the large particles on the
grain boundaries contain silicon, copper arggen. The oxygen content is due to the
electropolishing procedure, and the removal of the magnestueas immediately
around the grain boundaries and grain boundary precipitates have fewer of the smaller
precipitategseeFigure5.15). As the ageing temperature increases to 400°C, the
precipitates becomeparsey especially the ones on the grain boundariBise precipitates
in the grain interiors also become larger and coarser, and the spacing between them
increases. At 45, theelongatedorecipitates are not as prominemtthe grain
boundaries anah thegrain interiors. At the same time, blocky and round shaped
precipitates begin to dominate the microstructure. These new precipitates do not appear
to preferentially grav on grain boundaries. At 500°C the grain boundary precipitates
havesignificantly reduced, however, the bilgg and round precipitates in the material

seem to have grown in size and number
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Figure 5.15. EDS analysed image othe T4P material precipitation state after ageing for 2 hous at
350°C(SE mode)
A high magnification of a T4P sample that had been aged for 2 hours at 450°C is
shown inFigure5.16. This figure highlights the various phases present in the material.
The large particle could be a paltidocated below the surface of the sample or an

artefact left by the electropolishing procedure.
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Figure 5.16: High magnification view of the T4P material after isothermal heating at 450°C for 2

hours.

5.3.1.2.2 FG Material
Figure5.17 shows the precipitate structure of i@ material after ageing for 2

hours at each temperature.
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Figure 5.17: Precipitate structure of FG after ageing for 2h at (a) 350°C, (b) 400°C, (c) 450°C, (d)
500°C(SE mode)

At 350°C, the structure is very similar to theraseived material,e. a random
distribution of round shaped precipitates. When the temperature is increaafc,
there is a sudden drop in the volume fraction of precipitates in the material. As the

temperature is increased to 450°C, the precipgafmilation increasesFinally, at
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500°C, the precipitate structure coarsens, leaving a distribution of [ae@pitates.

The fine white lines seen in the 500°C sample (highlighted by the amaw)pe

chemicallyreacte6@ pr eci pi t at es a 9120]ie gveragededd61dy Wang e
or otherartefactproduced byhe electropolishing process, and not part of the

microstructure.A high magnificatim of a FG sample that had been aged for 2 hours at

450°C is shown irrigure5.18. This figure highlights the various phases present in the

material.

Blocky.. L

Ffarticle

® \.‘.

-0
L]

Figure 5.18 High magnification view of the FG material after isothermal heating at 450°C for 2

hours.

5.3.2 Mechanical Behaviour
Selectedstressstrain curves are shown to highlight how these curves change with

temperature anstrainrate Thestressstraincurves shown are typicaf the other
repetitions. The conditions selected to highlight are: 350P&trainrates, 450°Gall
strainrates, 550°Gall strainrates, 5.0x10%s*-all temperature2.0x10°s -all
temperatureand6.7x10"s"-all temperaturesTensile test data fro every test can be

found in tabular form in the Appendix.
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5321 T4P Material

53211

Strain-Rate Dependence

The stressstrain curves of samples tested at 350°C are summariagure

5.19. This graph shows that the shapé¢hafcurves arevery similar; a peak is reached

followed by a steady decrease in flow striessach case The figure shows a steady

increase in the peak stress of the sarbplacreasing the strairate In each case, the

peak stress is seenless than 10% strain (eend seen in all of the elevated temperature

tests) and this strain decreases with increasing statia

Stress (MPa)

120 [ \
‘ ; —S— T4P (350°C, 5.0x107s™%)
: | === T4P (350°C, 2.0x103s}
I ,uﬂ,--,',- -[L ,,,,,,,,,,,,,,,,,,, [ o .
100 L il | —— T4P (350°C, 2.0x10%s™%)
' ! "M !
I e L, - B - =X - T4P (350°C, 6.7x10°%%
X - EEARE NS A .
80 ,Ar,,‘,é?,,,@\,,,@g ,,,,,,, s S N T As T T4P (350°C, 6.7x107's ™)
. ! \O\‘ ><~ ‘. .
60 |
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0 | | | AN |
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Figure 5.19: Stressstrain curves of T4P sheettensile tested at 350°C.
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Figure 5.20: Stressstrain curves of T4Psheettensile tested at 450°C.

At higher temperatures, as sae Figure5.20, increasing straimates show larger
increases in the peak streékan is seen at 88C. At even higher temperatures, such as
those seen ifrigure5.21, therate of decrease of the flow stress changes with varying
strainrates At the lowest strainates, the drop in flow stress with increasing strain is not
as pronounced as the higlatrainrates. This is particularly prevalent at 550°C and

5.0x10%s* beyond 100% strain where the flow stress does not decrease significantly until

failure.
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